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A new theoretical model is proposed for describing the behavior of hydrogen when electrons are
injected from contacts in thin-film SiO2 in strong fields. Hot electrons dislodge hydrogen
from dangling SiO2 and Si2 bonds, creating traps for electrons and holes. Computations have
been carried out for hydrogen redistribution and charge accumulation in SiO2. The
experimental data of D.A. Buchananet al. @J. Appl. Phys.76, 3595~1994!# are used to determine
the hydrogen-formation reaction cross sectionsH.6310220 cm2 and the hydrogen-
photogeneration frequencynph5231026 sec21. An explanation is given for the accumulation of
an anomalous positive charge in the SiO2 film. © 1997 American Institute of Physics.
@S1063-7826~97!00103-8#

Hydrogen plays an important role in the growth of theSiO2 region and in the SiO2/Al region.
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thermal oxide SiO2 as a passivating impurity in silicon
metal–oxide–semiconductor~MOS! structures.1,2 By saturat-
ing the dangling bonds of silicon or oxygen, hydrogen elim
nates defect states in the bulk and at the Si/SiO2 and
SiO2/Me interfaces. It is assumed that defect states pla
key role in the degradation of devices based on silicon M
structures, and the possibility of predicting the evolution
the hydrogen profile in the subgate insulator therefore
great significance. Buchananet al.3 suggested that electron
heated in SiO2 can cause redistribution of the hydrogen a
result of its being dislodged from the bonds and migration
the boundary, so that it creates defects in the bulk and a
Si/SiO2 boundary. They also experimentally studied the h
drogen distribution in a film for various values of the tran
mitted chargeQ. The formation of defects accompanying th
injection of hot carriers has been considered in Refs. 4
and the migration of hydrogen atoms was studied in Ref
In this case, the main role was played by hole injecti
which weakened the SiH bonds at the silicon surface an
the SiO2 layer adjacent to it. In Ref. 10, as in Ref. 3, th
hydrogen distribution in SiO2 was experimentally studied
and two maxima of the hydrogen concentration we
obtained—on the SiO2 surface and at the Si/SiO2 interface.
The limiting hydrogen concentrations in SiO2 films grown
by various means have been determined. Unfortunat
there are no data in the literature on the theoretical stud
the hydrogen redistribution in a Si/SiO2/Al structure, and no
comparison has been made with the experimental data.
propose here a computational model that takes into acc
the hydrogen redistribution, reactions with hydrogen in
solid state, the creation of new trapping centers, the cap
of carriers on them, recombination of free carriers with t
carriers captured at the traps, and the effect of the elec
field on electron heating.

PHYSICAL MODEL

We assume that there is an inhomogeneous hydro
distribution in the SiO2 film, with two maxima, in the Si/
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saturates dangling bonds of the SiH or SiOH form, whi
can arise during the thermal oxidation of silicon or during
hydrogen processing. When free hydrogen migrates in a fi
reactions of the form

SiH1H→
k1

Si21H2 ~1!

or

SiOH1H→
k1

SiO21H2

are possible, where Si2 or SiO2 are dangling bonds, which
are neutral traps for carriers. The possibility of reactions
the form of Eq.~1! was verified by a quantum molecula
dynamics calculation carried out by Yu. N. Morokov usin
the semiempirical MINDO method. When hydrogen a
proaches a SiH complex, a new H2 bond appears. When thi
happens, the kinetic energy evolved is sufficient to break
SiH bond. The reaction constant of Eq.~1! can be estimated
from

k1~x,T!54pDH~T!rH•j1~x!, ~2!

whereD H is the diffusion coefficient of atomic hydrogen
r H is the interaction radius of atomic hydrogen with SiH
SiOH complexes, (;1.0–2.0 Å!, and j(x) is a parameter
that distinguishes the reactions in the bulk and on the s
face. Free hydrogen atoms are generated by electrons
jected into the SiO2 or created by photogeneration and co
lected in an electric field with energy« > «cr51.5 eV, or by
high-energy photons. Here«cr is the threshold energy neede
to break a SiH or SiOH bond in reactions of the form

SiH1e�
k3

k2
Si1H1e ~3!

or

SiOH1e�
k3

k2
SiO21H1e
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k3~T,x!54pDH~T!rH•j3~x! ~4!

and

k2~T,x!5sH~«,x!vd
e , ~5!

wherevd
e is the electron-drift velocity, andsH(«,x) is the

decay reaction cross section of the SiH bond, which depe
on the electron energy by the threshold relationship

sH~«,x!5H sH
0 for «~x!>«cr ,

0 for «~x!,«cr .
~6!

Here we have taken into account the dependence of the m
electron energy on the distancex from the injection site ac-
cording to a linear law

«~x!.a•x

before the instant of reaching saturation«sat at a given elec-
tric field E. The saturation energy«sat also increases linearly
with field E:

«sat.b•E.

Both laws follow from the calculations of Refs. 11 and 1
and the approximation constants are adjusted to these c
lated results. By the reverse reaction in Eq.~3! is understood
the possibility that the dangling bonds become saturated
hydrogen atoms, where it is assumed that these reac
occur differently in the bulk and on the surface@parameter
j3(x) has a different value for the reaction in the bulk and
the surface#. However, we should point out here that th
binding energy of the SiH complex is about 1.5 eV, where
it is much greater for the SiOH complex. Therefore, in wh
follows, we shall consider only SiH complexes and the p
cesses in them.

The system of equations for the model described ab
has the form

]CH

]t
5

]

]xSDH

]CH

]x D1sH~«,x!vd
enCSiH1nphCSiH

2k1~x!CSiHCH2k3~x!CHCSi2
, ~7!

]CSiH

]t
52sH~«,x!vd

enCSiH2nphCSiH2k1~x!CSiHCH

1k3~x!CHCSi2
, ~8!

]CH2

]t
5

]

]x
SDH2

]CH2

]x
D 1k1~x!CSiHCH , ~9!

]CSi2

]t
5s~«,x!vd

enCSiH1nphCSiH1k1~x!CSiHCH

2k3~x!CHCSi2
. ~10!

Hydrogen can also be generated by irradiating the sam
with light, as was done, for example, in Ref. 3, wherenph is
the frequency of generation of hydrogen atoms by light. T
next problem to be solved is that of the charge-accumula
kinetics in SiO2. To solve this problem, information i
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ters ~trapping centers!. Unfortunately, no generally accepte
physical models for these centers yet exist.1,2,13,14As a rule,
they are associated with lattice defects, which can be c
ventionally divided into those present in the starting mate
after synthesis and those that result from repeated treatm
with a field or with other external perturbations.

We assume that the neutral dangling bonds that app
are traps for both electrons

Si21e→
sn
Si

Si2
2,

SiO21e→
sn
Si

SiO2
2 , ~11!

and for holes,14

Si21p →
sp
Si

Si /-
1 , ~12!

SiO21p →
sp
Si

SiO2
1 .

Free carriers can recombine with carriers already capture
the traps:

Si11e→
srn

Si

Si2 , ~13!

SiO11e→
srn

SiO2

Si21p →
srn

Si

Si2 , ~14!

SiO21p →
srn

Si

SiO2 .

The charge-accumulation and current-relaxation eq
tions are

j n5 j in j
n 1 j ph

n , ~15!

j p5g• j n1 j ph
p , ~16!

j in j
n 5A•E2 exp~2af3/2/E!, ~17!

]CSi2

]t
5sH~ j n /e!CSiH2k3~x!CSi2

CH1k1~x!CSiHCH

2sSi
n ~ j n /e!CSi2

1sSi
rn~ j n /e!C11sSi

rp~ j p /e!C2,

~18!

]C1

]t
5sSi

p ~ j p /e!CSi2
2sSi

rn~ j n /e!C1, ~19!

]C2

]t
5sSi

n ~ j n /e!CSi2
2sSi

rp~ j p /e!C2, ~20!

where the electron current is determined by the condition
the contacts~the injection current is computed from the fo
mulas for tunneling through a triangular barrier,f is the
barrier height at the interfaces for electrons with a me
energy that exceeds the conduction-band edge, andA and
a are tunneling constants! and by the generation of electron
by photons. For the hole currentj p @Eq. ~16!#, the model of
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Ref. 15 for the generation of holes from the contact by h
electrons is adopted. Since for holes there are large bar
heights at the Si/SiO2 or SiO2/Me boundaries, the hole-
generation probability constant was assumed to be16 1023.
The quantitiesC1 andC2 in Eqs.~18!–~20! are the concen-
trations of holes and electrons, respectively, which a
trapped at dangling bonds, andCSi2

is the concentration of
dangling bonds in the neutral state. The free-carrier conc
trations were computed from

n5 j n /~e•vd
e!

and

p5 j p /~e•vd
p!.

In writing Eqs.~15! and~16!, instead of using the continuity
equations for electrons and holes, we considered the follo
ing points: ~1! The free electron and hole concentration
were usually several orders of magnitude~as many as six!
lower than the electron or hole concentration at the tra
(n;105–108, p;104–107cm23, C2, C1, CSi;1015

–1019 cm23! and were uniformly distributed over the thick
ness of the insulator, with the exception of thin;50 to 100-
Å-thick layers near the electrode.17–19 ~2! The electric field
distribution was also fairly uniform over the sample~Fig. 1!
and began to vary only when a charge of about 5.331022

C/cm2 passed through unit area of the structure, screen
the applied voltage.~3! The fields existing in the structure
did not exceed 107 V/cm, and therefore avalanche multipli-
cation processes can be disregarded.1 ~4! The photocurrent in
Eqs. ~15! and ~16! can be disregarded, since special filte
were used in the experiments to cut off the spectra of ph
tons whose energy exceeded3 5.0 eV. ~5! Current variations
due to capture processes can also be ignored because o
smallness of the free-carrier concentrations. Note that
role of the constant exposure used here reduced only to
citing the electron subsystem at the contacts~Al or Si!, and
that the already excited electrons with a mean energy ab
the conduction band edge then tunneled into the SiO2.

20

Since no current value was given in Ref. 3, it was impossib
to estimate the reduction of the barrier height in Eq.~17!.
The current was estimated from a charge of about 1.0
cm2 passing through unit area in a time of about 105

FIG. 1. Electric-field distribution profiles in the film.Vg5242 V for dif-
ferent values of the charge flux:1—531022 C/cm2; 2—531021 C/cm2.
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~15! and ~16! instead of the continuity equations with a
accuracy no worse than 0.1–1.0%. A similar approximat
has been used in the literature~see, for example, Refs. 16
21, and 22!. In the same way, we can write the equations
the charge kinetics at the trapping centers that appear du
the synthesis of SiO2 and Poisson’s equation:

]nt
]t

5sn~ j n /e!~Nt2nt!2s rn~ j p /e!nt , ~21!

]pt
]t

5sp~ j p /e!~Pt2pt!2s rp~ j n /e!pt2pt /tp , ~22!

]E~x!

]x
5~e/«!~pt2nt1C12C2!, ~23!

whereNt andPt are the concentrations of neutral traps f
electrons and holes,nt andpt are the concentrations of elec
trons and holes captured at the traps, andsn , sp , s rn , and
s rp are the electron- and hole-capture cross sections and
recombination cross sections of the electrons and holes
tured at the traps, respectively. The free electron and h
concentrations are omitted from Eq.~23! because they are
small.

The boundary conditions for the reduced system of eq
tions have the form

]CH

]x
~x50,t !50,

]CH

]x
~x5L,t !5JH ,

CH2
~x50,t !50,

]CH2

]x
~x5L,t !50,

w~0!50, w~L !5Vg .

Here we have used the conditions of nonflow and semitra
parency for hydrogen and the possibility of transmitting vo
age to the structure. Other versions of the boundary co
tions were also used in the numerical calculations. The ini
conditions for the system of equations are

CSiH~x,t50!5CSiH
0 , CSi2

~x,t50!5CSi2
0 ,

CH~x,t50!5CH
0 , CH2

~x,t50!5CH2
0 ,

C1~x,t50!50, C2~x,t50!50,

nt~x,t50!50, pt~x,t50!50.

Gaussian functions were used to approximate the initial p
file, CSiH

0 , CSi2
0 , CH

0 , CH2
0 , of the concentrations of trappe

hydrogen, as well as for the concentration of trapping cen
that appear during synthesis. We shall consider sample
which, in strong electric fields, electrons are accumulated
neutral traps.3

METHOD OF CALCULATION

We used an implicit technique to numerically solve t
system of equations~7!–~10! and ~15!–~22!. The time de-
rivatives were approximated with first-order accuracy. T
step in time was chosen to increase over time with a gro
increment ofdtn/dtn2151.1. A conservative technique o
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second-order accuracy on a nonuniform grid was used to
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approximate the spatial derivatives. The nonlinear system
difference equations was solved by successive scalar pa
using the solutions from the previous iteration. The accur
of the calculations was no worse than 0.1%.

RESULTS OF CALCULATIONS AND DISCUSSION

Despite the well-known object of this study—hydrog
in silicon oxide—until now the question considered in t
literature has been in what form does hydrogen diffuse, a
neutral particle or as a positively charged particle. For ato
this is in the form of protons, and for molecules in the for
of positive H2

1 ions. What boundary conditions can be us
for the atoms or molecules at the SiO2/Al and SiO2/Si
boundary: reflecting boundaries (]C/]x50), adsorbing
boundaries (C50), or transparent boundaries for the pe
etration of particles from one material to the other~the con-
dition that the fluxes are equal at the interfac
D1 ]C2 /]x5D2 ]C2 /]x? To answer these questions, calc
lations were carried out with various types of boundary c
ditions, and the drift component of positive ions of atomic
molecular hydrogen was taken into account in the expres
for the flow, Eq.~24!. The results of the calculations wer
compared with the experimental data of Ref. 3. An analy
of these data shows that molecular hydrogen does not
etrate into the silicon substrate. Therefore, at the Si/S2
interface, the Neumann condition can be used for mo
molecular hydrogen and the condition of equality of t
fluxes for atomic hydrogen, since the latter penetrates
the Si. Both types of boundary conditions,]C/]x50 and
C50, were tested at the Al/SiO2 interface.

It follows from the calculations that, for molecular hy
drogen, using Neumann conditions at both boundaries ma
it possible to have unbounded growth of the H2 concentra-
tion in the SiO2. It is easy to see this result from the form
Eq. ~9!, where the right side contains only the generat
term;k1CSiHCH , whereas the reflection condition is val
at both boundaries. As a result, for characteristic times
t;106 sec, a charge flow through unit area ofQ.1 C/
cm2, and the chosen parameterssH andsph, concentrations
of H2;1020 cm23 were obtained, which are not observed
experiment. It follows from this that either sinks for molec
lar hydrogen exist in the bulk, or the adsorption conditio
CH2

50, is valid, or H2 emerges from one of the boundarie
We have used in our calculations the condition that mob
molecular hydrogen equals zero. This limits the growth
the H2 concentration in the bulk. This type of boundary co
dition corresponds to the case in which part of the molecu
hydrogen emerges from the film. In order to bring the cal
lations into agreement with the experiment of Ref. 3,
parameterj1(x) in the reaction constantk1(2) was set equa
to ;1023. The latter is evidence that not every attempt
the mobile hydrogen to approach the Si–H or SiO–H co
plexes is accompanied by H2-molecule formation; i.e., the
reaction occurs with a certain activation barrier. A calcu
tion by the semiempirical MINDO method of a reaction
the Si–H1H system is evidence that it has a nonactivat
nature. Consequently, the SiO–H complexes apparently
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dominate in the system, reactions with which involve over
coming a reaction barrier.

We assume that mobile atomic and molecular hydroge
moves through the insulator in the form of ions. We there
fore added a drift term to the flux term in the diffusion equa
tions ~7! and ~9! in the form

jH152DH1

]CH1

]x
1E•q•mH1•CH1, ~24!

where the mobilitymH1 is associated with the diffusion co-
efficientDH1 by the Einstein relation. In addition, the charge
of the particles~molecules and atoms! was taken into ac-
count in Poisson’s equation, Eq.~23!

]E~x!

]x
5~e/«!~pt2nt1C12C21CH11CH

2
1!.

As follows from Fig. 2, with a negative biasVg
2 on the gate,

the electric field of about 43106 V/cm does not allow the
protons to drift to the Si/SiO2 interface, and the hydrogen
concentration at this site does not increase with time. It ca
therefore be concluded that hydrogen atoms in SiO2 diffuse
in neutral form. The situation with molecular hydrogen is
somewhat more complex. Its diffusion in the form of an
H2

1 ion does not disturb the qualitative picture of the proces
and gives fairly good agreement with experiment3 in both
cases~Fig. 2!. In our subsequent calculations, we assume
that the molecules diffuse as neutral H2.

As shown by the calculations, reactions such as Eq.~3!
occur in only one direction in the bulk~Fig. 2! @the param-
eter isj3(x)50#, and the dangling bonds~the surface states!
are saturated with hydrogen atoms only close to the Si/Si

2 interface. The cause of this behavior is that, after a hydro

FIG. 2. Distribution profiles of bound hydrogen in a SiO2 film, Vg5242 V,
k151023. 1—calculation withk3 Þ 0 in the SiO2 bulk; 2—calculation tak-
ing into account the positive charge of atomic hydrogen,q51;
3—calculation withk350 in the bulk andk3 Þ 0 close to the SiO2/Si bound-
ary, q50.
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gen atom is extracted from a bond, reclosure of the bo
and geometrical relaxation of the defect occurs at this site2,14

These defect complexes do not participate in charge accu
lation, as follows from the data of Ref. 3.

After we adjusted the parameters of the cross sec
sH of the reaction of Eq.~3! and the generation frequenc
nph at which hydrogen atoms are ejected by light from Si–
or SiO–H bonds by high-energy phonons, we obtain
sH.6310220 cm2 andnph.231026 sec21. The results of
a comparison of the calculated values and the experime
results of Ref. 3 are shown in Fig. 3. Here we have
dependence of the H concentration close to the Al/S2
boundary in a field of;43106 V/cm and without a field
(E50) when the sample is irradiated by light for abo
105 sec. The same figure also shows a curve~3! in which the
polarity of the applied voltage was changed. A smal
amount of hydrogen was evolved from the SiO2/Al region,
since the electrons are injected from the Al, and they nee
certain distancex in order to attain enough energy to eje
hydrogen from the bonds. When the injection is from the
all the electrons have high energy when they reach the re
with high hydrogen concentration~the neighborhood of the
SiO2/Al boundary!. Figures 4–6 show the evolution of th
atomic, molecular, and bound hydrogen profiles for vario
times. As can be seen from Fig. 4, as time passes, the
centration of atomic hydrogen first increases, then satura
and finally decreases; this occurs because it is lost thro
the boundaries and is consumed in the reaction in wh
molecular hydrogen is formed, and because the hydro
generation rate decreases. For molecular hydrogen, a m
mum is formed close to the SiO2/Al boundary during the
initial interval; this increases with time because of the re
tion in Eq.~1!, and then the H2 molecules diffuse toward the
boundary with Si. Because of the reflection condition at t
boundary, the H2 concentration increases, so that the ma
mum shifts from the boundary with the Al to the bounda
with the Si. For hydrogen, the dangling bonds of t
SiO2/Al boundary become saturated, and a second maxim
appears close to the SiO2/Si boundary. The dependence

FIG. 3. Decrease of the percentage of bound hydrogen at the SiO2/Al
boundary vs time:1,18—E50, sph5231026; 2,28—E5143106 V/cm,
sH56310220 cm2, nph5231026 sec21, 3—E5243106 V/cm,
sH56310220 cm2, nph5631026 sec21. 1–3—calculation;
18228—experimental values from Ref. 3.
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the hydrogen concentration at this boundary as a function
the transmitted charge is shown in Fig. 7, which also sho
the experimental data of Ref. 3. As can be seen from th
data, good agreement with experiment is observed.

For instrumental applications, it is essential to pred
how the charge accumulation evolves in SiO2. It was noted
in Ref. 3 that, for small fields, when small amounts
charge, 0.1 C/cm2, are transmitted through unit area in
SiO2, negative charge is accumulated at neutral traps. W
large amounts of electrons are transmitted into SiO2, nega-
tive or positive charge~anomalous positive charge! is accu-
mulated, depending on the polarity. The region of trapp
charge is rather extensive, being about 100 Å, and
charge does not disappear by tunneling through the interf
Buchananet al.3 conclude that there are no holes on t

FIG. 4. Distribution profiles of atomic hydrogen for various times, sec:1—
101, 2—102, 3—104, 4—105.

FIG. 5. Distribution profiles of molecular hydrogen for various times, s
1—101, 2—102, 3—104, 4—105.
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traps. The accumulation of positive charge in SiO2 was noted
for the first time by Withan and Lenahan23 and Bender
et al.22 attempted to model its accumulation. They assum
that an external stimulation gives rise to defects in wh
positive charge accumulates. This situation involves d
gling bonds as a result of the generation of hydrogen.
important point here is the method of appearance of hole
the insulator, since the SiO2/Al and SiO2/Si barrier heights
are too large for holes to appear by tunneling. However
our case, we have, first, high-energy electrons~with an en-
ergy of.2 eV plus the barrier height of 3–4 eV! and, sec-
ond, external irradiation by light, which excites a hole su
system and reduces the barrier height for hole tunneling f
the contacts—the Fischetti mechanism for hole injection i
SiO2.

15 We used this mechanism with a hole-generation
rameterg from Si equal to 1023 ~Refs. 16 and 20! and from
Al equal to 331024. We assumed that both positive an
negative charge can accumulate at the dangling bonds

FIG. 6. Distribution profiles of bound hydrogen for various times, sec:1—
101, 2—102, 3—104, 4—105.

FIG. 7. Concentration of bound hydrogen at the SiO2/Si interface vs the
transmitted charge density: the solid curve shows the calculated results
the dotted curve shows the experimental results of Ref. 3,Vg,0,
E543106 V/cm.
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with different values of the capture and recombination cr
sections. We used the following values in our calculatio
sSi
n 510219 cm2, sSi

rp510215 cm2, sSi
p 510215 cm2,

sSi
rn510218 cm2, and, for traps of the second type, as not

in Ref. 3, values ofsn54310218 cm2, s rn55310215

cm2, sp50, s rp50. Figure 8 shows the behavior of th
trapped charge as a function of the transmitted charge
both polarities. For a positive voltage on the gate,Vg.0 in
SiO2, a negative charge is accumulated, whereas, for a n
tive voltage, a positive charge is accumulated. If we dis
gard the accumulation of charge at the trapsNt ~the case
Vg.0), the accumulated chargeQ is always positive~Fig. 8,
curve3!. If we take into account the accumulation of ele
trons at neutral trapsNt , then, for small values of the trans
mitted charge, we have negative values of the accumula
charge, whereas, for large values of the transmitted cha
we have positive values. This behavior is caused by com
tition between the capture of holes and electrons at the t
and the recombination of the trapped carriers with free c
riers. An important element in this model is the hol
generation parameterg, which determines the value of th
hole current in the insulator. As can be seen from the figu
extremely good agreement was obtained between the ca
lated results and the experimental data of Ref. 3.
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Effect of electron irradiation on the electrical properties of n -type Pb 12xSnxTe (x.2)

in
alloys
E. P. Skipetrov and A. N. Nekrasova

M. V. Lomonosov Moscow State University 119899, Moscow, Russia
~Submitted February 26, 1996; accepted for publication April 8, 1996!
Fiz. Tekh. Poluprovodn.31, 264–267~March 1997!

The effect of electron bombardment (Tirr.300 K,E56 MeV, F<431017 cm22) on the
electrical properties ofn-type Pb12xSnxTe has been studied. Electron bombardment decreases the
electron concentration and produces conductivity-typen–p conversion. The difference rate
of the donor- and acceptor-type defect generation as a result of bombardment has been determined.
Anomalies are detected in the temperature and magnetic-field dependences of the electrical
parameters of the bombardment samples. These anomalies are associated with the appearance of
a hole-enriched surface layer as a result of electron bombardment. ©1997 American
Institute of Physics.@S1063-7826~97!00203-2#
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of electron-irradiated Pb12xSnxTe (x50.2) alloys is now
available. This model satisfactorily describes the reconst
tion of the spectrum of undopedp-type alloys during
electron bombardment and subsequent hydrost
compression.1,2 According to this model, electron bombard
ment results in the appearance in the energy spectrum o
alloy of a resonance donor levelEd in the conduction band
and a band of acceptor-type resonance statesEa , which is
located close to the top of the valence band and which
bilizes the Fermi level in irradiated crystals. It has been
tablished that the character of the variation of the char
carrier concentration as a result of bombardment w
electrons and the limiting characteristics of irradiated cr
tals are determined by a number of parameters, including
energy position and width of the resonance bandEa, as well
as the ratio of the generation rates of donor- and accep
type defects,dNd /dF anddNa /dF. In particular, for defi-
nite values of these parameters, deep electron irradiatio
p-type crystals can result in ‘‘soft’’ stabilization of the Ferm
level in the valence band, or can induce an extended insu
ing state in which the Fermi level is stabilized within th
band gap.

At the same time, experimental data obtained by stu
ing p-type crystals does not make it possible to predict w
adequate reliability how the parameters ofn-type alloys vary
as a result of bombardment with electrons: depending on
ratio of the generation rates of defects of donor and acce
character, irradiation ofn-type crystals can either causen–
p conversion of the conductivity type
(dNd /dF,dNa /dF) or can increase the electron conce
tration in the conduction band to the point that the Fer
level is stabilized at the energy level of the donor-type
fects (dNd /dF.dNa /dF). Moreover, the question of th
energy position of the donor-type radiation level and
character of the reconstruction of the energy spectrum of
irradiated alloys as the tin concentration in the alloy is var
remain undecided.

Our overall goal therefore was to study how the elec
cal properties of undoped single-crystaln-type Pb12xSnxTe
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order to determine the parameters of the energy spectrum
the charge carriers for these materials, to explain how th
properties vary, and, in particular, to see what limiting ch
acteristics of the materials can be attained as a result of
diation. In this paper we discuss single-crystal samples
n-Pb12xSnxTe (x.0.2) grown by the Czochralski method
To obtainn-type crystals with low electron concentration
we used prolonged annealing in lead and tin vapors~doping
by deviation from stoichiometry! and doping with zinc dur-
ing diffusion annealing. The parameters of the samples s
ied here before subjecting them to electron bombardment
given in Table I.

The original samples were irradiated at room tempe
ture on an E´ lektronika ÉLU-6 linear electron accelerato
(E56 MeV, dF/dt.1012 cm22

•sec21, F<8.431017

cm22). The temperature dependences of the resistivityr and
the Hall coefficientRH (4.2<T<300 K,B<0.04 T!, as well
as the Shubnikov–de Haas effect and the field depende
of the Hall coefficient (T54.2 K, B<6 T, Bi^100&), were
studied in each sample before and after irradiation.

It was established that, in all our samples, a slow
crease first occurs during electron bombardment, follow
by an increase of the resistivityr at liquid-helium tempera-
tures, with the greatest variations characterizing the sam
with the lowest initial electron concentration. The tempe
ture dependences of the resistivity of the original samp
have a ‘‘metallic’’ character, which indicates that there a
no local levels in the band gap of the alloys~Fig. 1!. In
samples with high initial electron concentration, the char
ter of ther(1/T) dependences does not change after irrad
tion, whereas, in sampleC-22, ther(1/T) dependences ac
quire a semiconductor form. An activation section associa
with intrinsic ionization of the charge carriers appears in
temperature region close to room temperature, wherea
low temperatures (T,20 K!, there is an activation sectio
with an activation energy ofDEa.0.2 meV.

The behavior of the Hall coefficient in our samples du
ing irradiation was more complicated. A rapid falloff of th
absolute value ofRH occurs in the low temperature region o

214214-04$10.00 © 1997 American Institute of Physics



theRH(T) depen

TABLE I. Parameters ofn-Pb12xSnxTe samples atT54.2 K.
Sample Composition,x n, 1017 cm23 r, 1024 V•cm mH , 10
5 cm2/~V•s! Fmax, 10

17 cm22

Nn-3 0.2 0.76 1.1 6.2 7.5
Nn-4 0.2 1.23 0.7 6.0 7.9
Nn-5 0.2 1.20 0.6 6.8 8.4
C-22 0.22 0.15 4.8 7.3 7.7
dences, and a broad maximum (T.30 K!,
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whose amplitude monotonically increases with increasing
radiation flux, appears~Fig. 2!. The subsequent behavior o
the Hall coefficient during irradiation evidently depends o
the initial electron concentration in the samples. In samp
with a high initial electron concentration, the Hall coefficie
retains a negative sign and increases in absolute valu
values that exceeduRHu in unirradiated crystals. At the sam
time, in sampleC-22, with a minimal initial electron concen
tration, the Hall coefficient changes sign at low temperatu
when the electron flux isF*.631017 cm22, and inversion
of the sign of the Hall coefficient as temperature increase
observed on the temperature dependences ofRH ~Fig. 2!.
Finally, at the maximum irradiation fluxes, the temperatu
dependences of the Hall coefficient acquire a ‘‘normal’’ for
typical of undopedp-type crystals.

In the neighborhood of then–p conversion point during
irradiation, the dependences of the Hall coefficient on ma
netic field atT54.2 K also have an anomalous charact
~Fig. 3!. For irradiation fluxes ofF,F* , the absolute mag-
nitudeRH rapidly decreases as the magnetic flux increas
and sign inversion occurs. After then–p conversion point
(F.F* ), the Hall coefficient remains positive in the entir

FIG. 1. Temperature dependences of resistivityr for sampleC-22 for vari-
ous irradiation fluxesF, 1017 cm22: 1—0, 2—4.4,3—5.5,4—6.5,5—7.7.
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with increasing field.
As a whole, except for the anomalous character of

temperature and field dependences of the Hall coefficient,
results ~increasing resistivity, sign inversion ofRH during
irradiation! indicate, from our viewpoint, a decrease in ele
tron concentration during irradiation all the way to inversi
of the conductivity type in the sample with the smallest in
tial electron concentration. According to the model of t
energy spectrum proposed in Refs. 1 and 2 for electr
irradiatedp-Pb12xSnxTe (x50.2) alloys, this means that, in
our n-type samples, the generation rate of acceptor-type
fects during irradiation exceeds that of donor-type defe
(dNa /dF.dNd /dF). Therefore, as the irradiation flux i
increased, the electron concentration slowly decreases,
the Fermi level moves downward along the conduction ba
In samples with a relatively high initial electron concentr
tion, the fluxes used in the experiment cause only an in
nificant ~10%–15%! decrease in the electron concentratio
whereas, in sampleC-22, whose initial electron concentra
tion is an order of magnitude lower, it causesn–p conver-
sion and stabilizes the Fermi level in a resonance band
cated in the valence band at the levelEa .

In sampleC-22, the hole concentration for the maximu
irradiation flux, calculated from the Hall coefficient a
T54.2 K, is pmax.1015 cm23, while the difference rate of
the generation of radiation defects, determined from the
sition of the point where the sign ofRH inverts on the de-
pendences of the Hall coefficient on the irradiation flux is

d~Na2Nd!/dF.0.02 cm21.

Unfortunately, these data were insufficient to calculate
position and width of the acceptor-type resonance bandEa in
terms of the model of the energy spectrum of the electr
irradiated Pb12xSnxTe (x50.2) alloy.2 To determine these
parameters of the model, experimental data are neede
how the hole concentration in the irradiated sample va
when the spectrum is reconstructed under pressure.

In samples with high initial electron concentration~such
asNn-3–Nn-5; see Table I!, the defect generation rate wa

d~Na2Nd!/dF.0.04 cm21.

It was estimated from the variation of the period of t
Shubnikov–de Haas oscillations after irradiation. Distin
oscillations of the transverse magnetoresistance are m
tained all the way to the maximum irradiation fluxes in the
samples, indicating a high uniformity of the generation
radiation defects during irradiation and high charge-car
mobilities in the irradiated crystals. The appearance of br
maxima in theRH(T) dependences can be associated w
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of
FIG. 2. Temperature dependences
the Hall coefficientRH for sample
C-22 for various irradiation fluxes
F, 1017 cm22: 1—0, 2—3.4,3—5.5,
4—6.5,5—7.7.
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the Fermi level in the irradiated crystals and thermal gene
tion of electrons from the conduction band to this level. A
increase of the amplitude of the maximum in this case co
be associated with an increase in the density of resona
states as the irradiation flux increases. However, in this c
the appearance of the maximum should more likely be
companied by an increase and not by a decrease of the
solute value of the Hall coefficient at low temperatures. I
also not clear how the appearance of a resonance donor
in the conduction band can be connected with sign invers
of RH in the magnetic-field dependences of the Hall coe
cient.

Another possible explanation of the anomalies obser
in this work can be that ap-type layer appears on the surfa
of the irradiated crystals. The possibility for the appeara
of a p-type surface layer as a result of electron irradiation
Pb12xSnxTe alloys has been discussed in Refs. 2 and 3
was assumed that its formation can be caused by inte
surface oxidation when the sample is irradiated in ozo
enriched air. Clearly, the effect of this layer on the para
eters of irradiated samples measured at low temperat
must increase as the electron concentration decreases i
bulk of the crystals. Here the Hall coefficient in classic
magnetic fields must be computed in terms of a model o
bilayer structure:4,5

s5~s1d11s2d2!/d, ~1!

RH5d
m1s1d11m2s2d21m1m2~m2s1d11m1s2d2!B

2

~s1d11s2d2!
21~m2s1d11m1s2d2!

2B2 ,

~2!

whered5d11d2 is the sample thickness, anddi , m i , and
s i are the thickness, charge-carrier mobility, and conduc
ity, respectively, for thei th layer.

The Hall coefficient at low temperatures must then
determined not only by the electron concentration in the b
of the sample, but must also depend on the hole concen
tion in the skin layer, on the electron and hole mobilities, a
on the magnetic inductionB. When ap-type layer appears
on the surface of the sample,n–p conversion as a result o
electron irradiation should start from the surface of t
sample, and, as the irradiation flux increases, thep-type layer
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possible that this is why the point where the sign of the H
coefficientRH inverts for sampleC-22 shifts toward higher
temperatures as the irradiation flux increases~Fig. 2!.

In conclusion, we should point out that the nature of t
low-temperature activation section on the temperature
pendences of the resistivity of electron-irradiated sam
C-22 is not yet clear. Starting from the model of the ener
spectrum of the electron-irradiated Pb12xSnxTe (x50.2) al-
loy and the value ofDEa , it can be hypothesized that hop
ping conductivity along the resonance bandEa exists in the
low-temperature region in the irradiated crystal. However
conclusively solve this problem, additional studies of irra

FIG. 3. Hall coefficient vs magnetic field for sampleC-22 atT54.2 K for
various irradiation fluxesF, 1017 cm22: 1—3.4,2—4.4,3—7.7.
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ated crystals in strong magnetic fields and also under pres-
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Transport phenomena in n -MnxHg12xTe/Cd0.96Zn0.04Te epitaxial films

ts
G. V. Beketov, A. E. Belyaev, S. A. Vitusevich, S. V. Kavertsev, and S. M.
Komirenko

Institute of Semiconductor Physics, Ukrainian National Academy of Sciences, 252650 Kiev, Ukraine
~Submitted March 11, 1996; accepted for publication April 8, 1996!
Fiz. Tekh. Poluprovodn.31, 268–272~March 1997!

The results of an experimental study of samples of MnxHg12xTe films grown by liquid-phase
epitaxy on a Cd0.96Zn0.04Te substrate are presented. It shows that, as a result of the
diffusion of cadmium from the substrate, a CdxMnyHg12x2yTe film with a variable band-gap
layer is formed close to thêepitaxial-film&–substrate interface. The appearance of this
variable band gap is revealed by the transport phenomena. The temperature dependence of the
band gapEg(T) is determined in a linear approximation onT from the results of a
theoretical analysis of the temperature dependences of the free-carrier concentration and
mobility. It is shown that averaging the semiempirical dependences for the ternary compounds
with the extreme compositions, using the virtual-crystal approximation, can produce
large errors when determiningEg(T) in a specific semiconductor. ©1997 American Institute of
Physics.@S1063-7826~97!00303-7#
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CdxHg12xTe, which are widely used in modern micro
electronics, the semimagnetic semiconductors of
MnxHg12xTe ~MMT ! system possess a number of adva
tages. MMT crystals are characterized by relatively high s
bility of the bulk and surface properties. The presence
magnetic Mn ions in the lattice makes it possible to e
ciently control the band parameters of the material by me
of a magnetic field. However, there are many questions
garding the technology and use of a set of components b
on narrow-gap semimagnetic semiconductors that have
been sufficiently studied. These questions include, in part
lar, the problem of liquid-phase epitaxy of MMT films on
wide-band substrate. It is a rather complex task to synthe
an ideal ~MnTe! substrate for the growth of such films
Therefore, substrates are made from other materials, w
possess the optimum parameters for this purpose. To
cessfully predict the properties of the indicated structures
is therefore necessary to determine the degree to which
‘‘nonideality’’ of the substrate affects the parameters of t
as-grown epitaxial film. In this paper we consider a solut
of this problem, in the particular case of a CdZnTe substr

The MMT layers were grown by liquid-phase epitaxy o
chemically and mechanically polished Cd0.96Zn0.04Te ~111!
A substrates. Single crystals of Cd0.96Zn0.04Te were grown
by the vertical Bridgman method. The dislocation density
these crystals did not exceed 53105 cm22. The epitaxial
films were grown at a temperature of 848 K, with a cooli
interval of 5–15 K. The films were then annealed in mercu
vapor at 523 K for 100 h. After annealing, the electron co
centration at liquid-helium temperature was about 115

cm23. The Hall coefficient and the resistivity were measur
by the van der Pauw method. Before the measurements
surface of the films was etched in a 2% solution of Br
dimethylformamide. The uniformity in composition wa
monitored by a Kamskan x-ray microanalyzer. The fi
thickness was also monitored by means of an MII-4 interf
ence microscope.
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over the thickness of the structure showed that cadmium
uniformly distributed in the epitaxial film. Here the percen
age of cadmium is so great that, strictly speaking, the res
ing films should be regarded as four-component solid so
tions of CdxMnyHg12x2yTe ~CMMT!. Figure 1 shows the
distribution profile of the components in one of our stru
tures (x'0.04,y'0.07), which will be used in what follows
as a characteristic example. At the substrate–film interfa
this structure contains a transition layer about 30mm thick,
with a large composition gradient. Here the variation of t
percentage of Cd qualitatively reflects the variation of t
band gap through the thickness of the structure. Thus
contrast with bulk crystals, in the epitaxial films studied he
the band gapEg ~the energy gap between the extremes of
G6 andG8 bands! is a function not only of composition an
temperature, but also of the thickness.

It is hard to predicta priori to what extent the presenc

FIG. 1. Distribution of the concentrationC of the components of the solid
solution through the thickness of the structure. The components are1—Te,
2—Mn, 3—Cd, 4—Hg; x is the distance from the surface.

218218-04$10.00 © 1997 American Institute of Physics
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of a variable band-gap layer will manifest itself in the tran
port phenomena at the temperatures that are critical for
use of CMMT-based devices. Therefore, after measuring
annealed structures, the substrate was removed by chem
dynamic polishing to a film thickness of about 10mm, in
order to eliminate the possible influence of the film
substrate transition layer on the measured quantities. It
found that, in the temperature regionT.70 K, the tempera-
ture dependences of the Hall concentrationn(T) differed ap-
preciably in films with a variable band-gap layer and witho
it ~Fig. 2!. Similar differences are also observed on the te
perature dependences of the Hall mobilitym(T) ~Fig. 3!. At
lower temperatures, these two dependences virtually c
cide.

The observed differences in then(T) dependences ca
be qualitatively explained in the following way: At low tem
perature, the Fermi level is close to the bottom of the c
duction band; consequently, the effective addition to the d
sity of the electronic states caused by the presence
variable band-gap layer is negligible. As temperature
creases, the contribution of the variable band-gap part
creases because the Fermi level increases and becauEg

increases more rapidly in the narrow-band part of
structure.1 This shows up on then(T) dependence as a
increase of the slope in the intrinsic-conductivity region,
flecting the fact that the density of electronic states in
conduction band of such a variable band-gap structure
creases more rapidly than in an ordinary semiconductor.

This assertion can be illustrated by using the se
consistent approach to a combined description of then(T)
and m(T) dependences. Even in bulk samples of CMM
such a problem is nontrivial, which is mainly attributable
difficulties in determining theEg(T) dependence. As will be
shown below, the use for these purposes of the well-kno
procedure of averaging the available semiempirical dep
dences for the ternary compositions2 can produce rather larg
errors. Therefore, to solve this problem, we have used
approach described in Ref. 3, where the temperature de
dence of the energy gap

Eg5EG6

k502EG8

k50

FIG. 2. Temperature dependences of the conduction2electron concentration
n in a variable band2gap structure~dashed curve! and in an epitaxial film
after removing the substrate along with the variable band2gap layer~solid
curve!.
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tal. The resulting dependence is then used to theoretic
describe the mobility. It can now be considered
established3–6 that, when m is calculated in the range
4 K<T<300 K for semiconductors of the given class, it
sufficient to take into account three main scattering mec
nisms: scattering at ionized impurities and at holes, scat
ing at the disordering potential, and inelastic scattering
optical phonons. Since the density of electron states in
conduction band has a substantial effect on the efficienc
the indicated mechanisms at each temperature, although
different way, agreement of the theoretically calculated cu
with experiment serves as a good criterion that theEg(T)
values thus obtained are correct.

The details of a mobility calculation carried out by
variational method4,7 and also a calculation of the main en
ergy parameters are given in Ref. 3. The parameters
were used for the materials and the results of the calculat
are given in Table I. In calculating the mobility, we took in
account the three-mode character of the phonon spectrum
well as the temperature dependence of the contribution to
high-frequency part of the permeability from virtual inte
band transitions over the entire Brillouin zone,8 kBG

510.4 2 10.37y 2 3x for T,100 K and kBG56.24
10.017(3002 T) in the range 100 K<T<300 K, assuming
kBG510.42 10.37f for MnfHg12 fTe.

9 The frequencies are
vLO
( i )'vLO

( i ) (kF), wherekF is the wave vector of the electron
at the Fermi level. The scattering efficiency at the disord
ing potential was calculated in terms of the coherent-ph
approximation,5 using the averaging

mdis5W@xyd1
21xzd2

21yzd3
2#21,

whereW is a function that depends on the energy parame
of the crystal;5 the di are the values of the disordering po
tentials for the ternary solutions CdMnTe (i51),
CdHgTe (i52) and MnHgTe (i53); z51 2 x 2 y; and
m dis is the electron mobility, limited by the scattering at th
disordering potential.

FIG. 3. Temperature dependences of the Hall mobility and the calcul
mobility of the conduction electrons, respectively, in a variable band2gap
structure ~triangles and dashed curve! and in an epitaxial film after the
substrate is removed along with the variable band2gap layer~squares and
solid curve!.
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As can be s

TABLE I. Parameters used for the materials.
Lattice parameter, 1028 cm a05(6.4605x16.3300y16.4820z) Refs. 9 and 14
Matrix element of the Kane model, eV•cm P58.131028 Ref. 2
Spin-orbit splitting, eV D51.08 Ref. 4
Luttinger parameters g152; g25g350

CdTe:17.311.1(12 x), Ref. 4
\vTO

( i ) , meV MnTe: 23.1, Ref. 6
HgTe: 14.511.5x Ref. 4

Insulator CdTe: 3.1x Ref. 4
lattice constants MnTe: 4.5y Ref. 15

HgTe:4.7(12 x2 y) Ref. 4

Disordering d15d32d251.9
potential, eV d251.6 Ref. 5

d353.5 Ref. 6

Constants of nonpolar p0529.3 Ref. 4
deformation potential, eV p155

Calculational parameters.

Sample without a variable band2gap layer Variable band2gap structure

Eg(T)50.01081912.41569e2 4xT,eV Eg(T)50.02332419.187e2 5xT,eV
ND52.5331015cm23 ND52.131015cm23

NA51.2731015cm23 NA50.931015cm23
een from Fig. 3, the theory gives a fairly
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ordinate is disregarded, it can be asserted that the indicated
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As

tie
ined
calcu-
good description of the experiment in a sample without
variable band-gap layer, whereas, a variable band-gap st
ture reveals a substantial discrepancy, which increases
temperature. Such a discrepancy is a good confirmation
the qualitative remarks made above, since it is observed
temperature range where scattering at optical phonon
dominant, and this can be correctly calculated only if t
Eg(T) dependence is taken into account correctly. Sin
Eg(T) was calculated in each case using Kane’s three-b
model, in which the dependence of the band gap on the

FIG. 4. Experimental~squares! and theoretically calculated~solid curve
without symbols! dependences ofm(T) in a film without a variable
band2gap layer. The calculations included scattering at charged impuri
and holes~dashed curve!, at the disordering potential (dis), and at polar
(PO) and nonpolar (NPO) optical phonons. The inset shows then(T)
dependence used in the calculation.
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discrepancy is associated with the effect of the varia
band-gap layer on the transport phenomena.

It should be pointed out that, for a variable band-g
structure, it is possible to make the experimental and th
retically calculated mobilities agree in the temperature reg
T,70 K by simply adjusting the total concentrations of io
ized donors,ND2, and acceptors,NA1. However, the error in
determiningEg(T) causes this concentration to be abo
25% less than the concentration of ionized impurities cal
lated for an epitaxial film without a variable band-gap lay

Figure 4 shows the temperature dependence of the e
tron mobility in the entire temperature interval studied he
for the case in which there is no variable band-gap layer.

s
FIG. 5. Eg(T) dependences: the solid curve shows the dependence obta
in this paper; the dot-dashed and dashed lines show the dependences
lated in the virtual-crystal approximation~see text!.
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2! In the temperature region where intrinsic conductivity
predominates, the presence of a variable band-gap layer
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ficient to take into account scattering at charged centers
the disordering potential, and at polar optical phonons. T
agreement of theory and experiment in this case is also
dence that there is no deep resonance acceptor center ca
of affecting the observed values. Thus, the approach u
here makes it possible not only to describe the set of exp
mental data, but also to establish the temperature depend
of the parameterEg .

It can be seen in Fig. 5 that the values ofEg(x,y,T)
calculated from different semiempirical dependences in
virtual-crystal approximation are substantially different n
only from each other~dashed and dot–dashed straight line!
but also from the dependences that we obtained~solid
curve!. The dependence indicated in the figure by the d
dashed line is obtained by using formulas for the extre
ternary compounds, given in Ref. 2. TheEg(x,y,T) values
shown by the dashed line are obtained using the data of
10 for CdHgTe, Ref. 11 for MnHgTe, and Ref. 12 fo
CdMnTe. Different experimental methods were used to
termine the semiempirical dependences ofEg on composi-
tion and temperature~for example, see the review articles
Refs. 10 and 13!, and the sensitivity of these methods pa
tially depends on the temperature and the parameters o
specific samples. On the other hand, these formulas,
rule, are not universal with respect to composition. It
therefore not surprising that the averaging of such dep
dences by the virtual-crystal method can result in signific
errors when one attempts to determineEg(T) in a real semi-
conductor.

The results of this work lead to the following conclu
sions:

1! As a result of the diffusion of Cd during the liquid-pha
epitaxial growth of MnxHg12xTe films on substrates o
type CdTe, four-component CdxMnyHg12x2yTe epitaxial
layers are formed.
221 Semiconductors 31 (3), March 1997
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close to thê epitaxial-film&–substrate interface manifes
itself in the transport phenomena. This circumstan
must be taken into account when calculating the ene
parameters of the structure.

3! Even in the absence of a variable band-gap layer,
temperature dependence of the parameterEg in narrow-
bandn-CdxMnyHg12x2yTe semiconductors must be sel
consistently determined in each specific case from
perimental data, since the averaging of know
semiconductor dependences for ternary compounds
these purposes in the framework of the virtual-crys
approximation can result in large errors.
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Scaling in the regime of the quantum Hall effect and hole localization in p -Ge/Ge12xSix

heterostructures

Yu. G. Arapov, N. A. Gorodilov, V. N. Neverov, G. I. Kharus,
and N. G. Shelushinina

Institute of the Physics of Metals, Ural Branch, Russian Academy of Sciences, 620219 Ekaterinburg, Russia
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Fiz. Tekh. Poluprovodn.31, 273–280~March 1997!

For multilayer Ge/Ge12xSix (x.0.03! heterostructures with two-dimensionalp-type conductivity
over the Ge layers, the temperature and magnetic dependences of the longitudinal resistivity
rxx and the Hall resistivityrxy have been studied in fields up to 12 T in the temperature interval of
T5(0.1–15! K. The observed decrease of the amplitude of therxx peaks with decreasing
temperature forT<2 K corresponds to a transition to the scaling regime under the conditions of
the quantum Hall effect. Scaling diagrams in the (sxy , sxx) coordinates have been
constructed for the region of fields and temperatures of interest. It is found that, on the whole,
the form of the diagrams corresponds to the theoretical predictions. It is shown that the
character of the flux lines on the scaling diagrams is directly connected with such a parameter as
the width of a band of delocalized states at the center of the Landau level. ©1997
American Institute of Physics.@S1063-7826~97!00403-1#
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The phenomenon of the integral quantum Hall effe
~QHE!, detected by Von Klitzinget al.,1 is closely associated
with the problem of electron localization in a two
dimensional~2D! system in a quantizing magnetic fieldB.
Laughlin2 and Halperin3 showed that, for the QHE to exis
narrow bands of delocalized states must be present clos
the middle of each of the Landau subbands~provided that all
the other states are localized!. On the other hand, forB50,
an earlier paper of Abrahamset al.4 used the theory of one
parameter scaling to conclude that quantum diffusion is
sent in 2D disordered systems; i.e., there are no delocali
states in 2D systems in the presence of even a small deg
of disorder. The conclusions of Laughlin2 and Halperin3 thus
contradicted the consequences of the theory of sin
parameter scaling of Ref. 4.

To explain the QHE, Pruisken5–7 and also
Khmel’nitski�8 proposed the hypothesis of two-parame
scaling, which results in the existence of both localized a
delocalized states~close to the middle of the Landau su
bands! in the spectrum of a disordered 2D system in a quan-
tizing magnetic field. The consequences of the theory of tw
parameter scaling in the QHE regime were experiment
verified by Weiet al.9 for InGaAs/InP heterostructures, b
Kawaji et al.10 for n channels in a silicon MOS transisto
and by Dolgopolovet al.11 for silicon MOS structures and
for AlGaAs/GaAs heterostructures.

In this paper we analyze the scaling diagrams
multilayer Ge/Ge12xSix heterostructures withp-type con-
ductivity over the germanium layers.

2. THEORY

According to the hypothesis of single-parame
scaling,4,12 the variation of the conductance~the inverse total
resistance! G as the macroscopic sizeL of the system varies
is determined by
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whereg5hG/e2, andb is a function of the single variable
g ~a function of the scaling!. If the conductance is repre
sented asg5sLd22, wheres is the conductivity in units of
e2/h, andd is the dimension, metallic behavior of the syste
corresponds to the conditions5const asL→`. For 2D sys-
tems, the concepts of conductance and conductivity coinc
and the condition of delocalization of the electronic sta
corresponds to the conditionb(s)50.

As shown in Refs. 4 and 12, whenB50, the function
b(s) is always negative for a 2D gas, and only when
s→`, which corresponds to the absence of disorder, doe
asymptotically tend to 0. Whens@1, it is b(s)5
2 1/2ps. Thus, for an electron in a disordered 2D system,
no true delocalized states~states with an infinite localization
radiusx! exist. In the framework of the hypothesis of singl
parameter scaling, for dissipative conductivitysxx , the con-
clusion that all the states in an infinite 2D system are local-
ized is maintained even in a magnetic field; i.e.,b(sxx),0
for all finite values ofsxx .

6,7 In the limit sxx@1, the scaling
function has the formb(sxx)5 2 1/2p2sxx

2 .
Pruisken5 was the first to express the idea that, in a qua

tizing magnetic field, it is necessary to consider renormali
tion for variations ofL of both components of the conduc
tivity tensor—the dissipative componentsxx and the Hall
componentsxy . The dependence ofsxy on L shows up
when one takes into account the closed currents at
boundaries of the sample that unavoidably arise in an ex
nal magnetic field~edge currents!. As a result, for noninter-
acting electrons in a chaotic impurity potential, we have
following system of equations of two-parameter scaling:
d ln sxx

d ln L
5bxx~sxx,sxy!, ~1!

222222-06$10.00 © 1997 American Institute of Physics
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Each of the scaling functionsbxx andbxy is a function of the
two parameterssxx andsxy ; i.e., the variations ofsxx and
sxy are mutually dependent whenL is varied. In the weak-
localization limit sxx@1, Pruisken obtained the specifi
form of the scaling functions:6,7

bxx52
1

2p2sxx
2 2D exp~22psxx!cos 2psxy ,

~3!
bxy52D exp~22psxx!sin 2psxy ,

wheresxx and sxy are given in units ofe2/h, andD is a
positive constant that contains information on the mic
scopic behavior of the system~for example, on the characte
of the chaotic impurity potential!.

It is convenient to study the consequences of the sca
equations by considering the motion of the points on
(sxy , sxx) plane asL increases~scaling diagrams!. It di-
rectly follows from Eqs.~2! and ~3! that two types of fixed
points exist on a phase diagram in (sxy , sxx) coordinates.
Whensxy5 i , wherei is an integer, we have

bxy50, bxx52
1

2p2sxx
2 2D exp~22psxx!,0. ~4!

Consequently,sxy does not change asL varies, while
sxx→0 asL→`, which indicates that the sample behav
like an insulator. Thus, for an infinite sample, we have
fixed point (i ,0) that describes a plateau of the QHE.

Whensxy5 i11/2, we have

bxy50, bxx52
1

2p2sxx
2 1D exp~22psxx!. ~5!

It thus follows thatsxy , as in the preceding case, is n
renormalized asL varies. It is further assumed6 that there is
a finite value ofsxx5s* , which is determined by the con
dition

~s* !2 exp~22ps* !5
1

2p2D
, ~6!

for which bxx50. In this case,bxx,0 for sxx.s* and
bxx.0 for sxx,s* . Then, asL→`, we havesxx→s*
~metallic behavior!, and the fixed point (i11/2, s* ) corre-
sponds to a delocalized state in the center of the Lan
subband.

By extrapolating Eq.~3! into the region of the strong
localization regimesxx!1, Pruisken6,7 obtained the qualita-
tive form of the scaling diagrams on the (sxy , sxx) plane,
i.e., the form of the trajectories of the matched transform
tion of the conductivitiessxx and sxy as L varies from a
value of the order of the magnetic length toL→`. These
diagrams have been repeatedly reproduced in the litera
~see, for example, Refs. 6–9 and 11!. In Fig. 1, we show a
section of the scaling diagram for one Landau level~the zero
level! from Ref. 6. The main features of the scaling diagra
are as follows: The presence of two types of fixed points
well as the existence of a universal trajectory~a separatrix!,
along which points on the (sxy , sxx) plane ‘‘flow’’ from the
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neighborhood of the point (i11/2,s* ) to the points (i , 0)
and (i11, 0) as L increases, were obtained by
Khmel’nitski�8 from the general properties of the symmetr
and periodicity of the functionsbxx andbxy . The numerical
calculations of Ando13 for a d-form impurity potential con-
firm the strong variation ofsxy asL varies~renormalization
of sxy) and the mutual dependence of the renormalization
the quantitiessxx andsxy .

Theoretical representations developed forT50 are ordi-
narily compared with experimental data at finite temper
tures using the concept of the Thouless lengthL in—the path
length of an electron from one inelastic collision event
another.14 The loss of phase coherence of the electron wa
function does not occur at this length, and scaling consid
ations are consequently applicable, withL in playing the role
of the effective size of the sample. It is well known tha
L in;T2p/2 at low temperatures. For electron–electron sca
tering in 2D systems,p52 for pure samples andp51 for
samples with impurities when processes with small ener
transfer are substantial~the Nyquist mechanism!.15 Since
L in→` asT→0, under certain conditions the experiment
sxx(T) andsxy(T) dependences, asT→0, can be compared
with thesxx(L) andsxy(L) dependences asL→`.

3. EXPERIMENTAL RESULTS AND DISCUSSION

We have measured the dependences of the longitud
resistancerxx and the Hall resistancerxy on magnetic field
B in multilayer, selectively doped Ge/Ge12xSix (x50.03)
heterostructures withp-type conductivity along the Ge lay-
ers. The heterostructures studied here contain from 15 to
periods, with Ge and Ge12xSix layers ~200–230! Å thick.
The Ge layers are undoped, but the GeSi layers are do

FIG. 1. Integral curves of the system of equations of two2parameter scaling
~2! according to the theory of Ref. 6. The arrows indicate the direction
motion of the (sxy , sxx) points asL increases. The symbolA marks stable
fixed points corresponding to plateaus of the QHE;C is an unstable fixed
point, corresponding to a delocalized state at the center of the Landau
band.

223Arapov et al.



c
th
G
c
d
t

f
ts
s

s
o
h
n

th

for

g-

l
es
ra-

-
n-

,
e
ive
all

cal-
ate

les

le, to
the

TABLE I. Parameters of the samples.

x

s of
with boron in such a way that spacers about 50 Å thi
remain between the doped part of the solid solution and
germanium layers. The top of the valence band in the
layer is located higher in energy than the top of the valen
band in the Ge12xSix layer. As a result, holes from the dope
part of the solid solution pass into the Ge layers. The grow
methods and the properties of thep-Ge/Ge12xSix hetero-
structures are described in more detail in earlier papers~see
Ref. 16 and the bibliography cited there!.

Samples in the form of Hall bridges with a size o
0.27 cm30.05 cm were fabricated for the measuremen
The measurements were carried out in a superconducting
lenoid in magnetic fieldsB up to 12 T in a temperature
interval T5(0.1–15! K. The hole concentrationp and mo-
bility mp at T50.1 K are shown in Table I for the sample
studied here. The hole concentration was determined fr
Hall measurements in a weak magnetic field and from t
period of the Shubnikov–de Haas oscillations for large La
dau level numbers.

Figure 2 shows therxx (B) andrxy (B) dependences at
T50.1 K for sample 1~see Table I!. The rxy (B) curve
shows well-developed quantum plateausrxx

i 5 ie2/h with
numbersi51, 2, 3 and 5. The absence of a plateau wi
i54 means that the 12 and 21 levels are not split~they
overlap!. The first two magnetoresistance peaks~from the
side of large fields! 02 and 11 correspond to spin-

Sample p, 1011 cm22 mp , 10
4 cm2/(V•s! B0, T

1 3.3 1.4 9.5
2 2.4 1.1 6.9
3 2.6 1.5 7.6
4 2.3 1.2 6.6

Note: B0 is the field at which therxx 0
2 peak is observed atT50.1 K.

FIG. 2. rxx and rxy vs magnetic fieldB for sample 1~see Table I! at
T50.1 K. The inset shows parts of therxx(B) andrxy(B) dependences at
T54.2 K ~dashed curves!, T51.7 K ~dotted curves!, andT50.1 K ~solid
curves!.
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nondegenerate~with 6 directions! Landau levels with num-
bersN50 andN51. The inset shows therxx (B) andrxy
(B) dependences in the region of the 02 peak at other tem-
peratures.

The scaling diagram in the (sxy , sxx) coordinates for
the same sample is shown in Fig. 3. The data are given
the interval 1< sxy< 3 ~in units ofe2/h), which corresponds
to the filling of the Landau sublevels 02 (1 < sxy < 2) and
11 (2 < sxy < 3). The points corresponding to a fixed ma
netic field ~or to a degree of filling ofr5p/nB , where
nB5eB/hc) for six different temperatures in the interva
~0.1–4.2! K are combined so as to form a set of broken lin
~flux lines!. The envelope curve is also shown for a tempe
ture of 0.1 K.

Figure 4 shows therxx and rxy dependences on mag
netic fieldB for sample 2, which has a lower hole conce
tration than sample 1. QHE plateaus with numbersi51, 2,
and 4 are seen on therxy(B) curve for this sample. No spin
splitting of the Landau levels withN51 ~and, consequently
of the QHE plateau withi53) is observed all the way to th
lowest temperatures. As shown in Ref. 17, the qualitat
difference of the pattern of quantum oscillations for sm
Landau-level numbers in Ge/Ge12xSix samples with differ-
ent hole concentrationsp is caused by the presence~for com-
paratively largep) or the absence~for small p) of filling of
the second quantum-well subband. Figure 5 shows the s
ing diagram for sample 2 only for the spin-nondegener
Landau level 02 (1< sxy< 2).

It can be seen from Figs. 3 and 5 that, for the samp
studied here, the motion of the points on the (sxy , sxx)
plane as temperature decreases corresponds, on the who
the predictions of the theory of two-parameter scaling:
flux lines tend to the fixed points~1, 0!, ~2, 0! and~3, 0!. The
formation of a quantum plateau withi53 @point ~3, 0!# as
the temperature is lowered is clearly seen in sample 1.

FIG. 3. Scaling diagram in (sxy , sxx) coordinates for sample 1. The flu
lines are shown for fixedB with a constant step ofD50.2 T. The data are
for T50.1, 0.36, 0.9, 1.1, 1.7 and 4.2 K. The arrows show the boundarie
the band of delocalized states for the 02 peak whenT50.1 K.

224Arapov et al.



a
r

n
t
n
e
f

Landau level caused by interaction with impurities. By using
e

, at

s in
eri-
ag-

ation
of

than

ty

te
by

vel

duc-
se
A certain asymmetry of the envelope of the curve rel
tive to the linesxy51.5 is seen in Fig. 3 for sample 1. Fo
sample 2, the asymmetry of the envelope for the 02 peak is
much more pronounced~Fig. 5!. Asymmetry of this sort is
associated with partial overlap of adjacent Landau levels a
is caused by a shift of the position of a delocalized sta
relative to the center of the Landau level because of mixi
of the states of overlying or underlying levels toward stat
of the given level.18 According to Ref. 13, the degree o
asymmetry is determined by the parameter\vc /G, where
vc is the cyclotron frequency, andG is the width of the

FIG. 4. rxx andrxy vs magnetic fieldB for sample 2 atT50.09 K. The inset
shows sections of therxx(B) andrxy(B) dependences atT54.2 K ~dashed
curves!, T52.0 K ~dotted curves!, andT50.09 K ~solid curves!.

FIG. 5. Scaling diagram in (sxy , sxx) coordinates for sample 2. The flux
lines are shown for fixedB values with constant stepD50.2 T. Data for
T50.09, 0.13, 0.17, 0.27, 0.37, 0.85, 1.15, 1.4, 2.0, 2.2 and 4.2 K are u
The arrows indicate the boundary of the band of delocalized states
T50.09 K.
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the formula for the widthG in the case of a short-rang
impurity potential,

G5A2

p
\vc

\

t
, ~7!

wheret is the relaxation time of the pulse, we find

\vc

G
5ApmpB

2c
, ~8!

wherempB/c5vct. Estimates show that, for the 02 peak,
the parameter\vc /G54.5 in sample 1 and\vc /G53.3 in
sample 2. Thus, smaller values of the parameter\vc /G in-
crease the asymmetry of the scaling diagrams.

It can be seen from the graphs in Figs. 3 and 5 that
T50.1 K, the 02 peak of sxx in sample 1 shifts in the
direction of smallersxy relative to the pointsxy51.5,
whereas, in sample 2, it shifts toward largersxy . This dif-
ference is caused by the nonlinear dependence onB, and
hence by the inequivalence of the Landau levels for hole
the 2D structures studied here, in agreement with the num
cal calculation of the energy spectrum in a quantizing m
netic field.17

The maximum~peak! value ofsxx(B) is reached when
the Fermi level coincides with the energyEc of the delocal-
ized states at the center of the Landau subband. The equ
EF5Ec corresponds to half-integral values of the degree
filling r5 i11/2 ~and also to half-integral values ofsxy). Let
us consider the temperature dependence ofsxx in the neigh-
borhood of the fixed point (i11/2,s* ), corresponding to a
delocalized state~point C in Fig. 1!. WhenT50 in an infi-
nite sample, all the states of the Landau subband other
states withE5Ec are localized. AsE→Ec , the localization
radiusj approaches infinity according to the law19

j~E!;uE2Ecu2n, ~9a!

wheren.0 is the critical index. For the short-range impuri
potential, the estimate20

j~E!>lS G

uE2Ecu
D n

~9b!

is valid, wherel5(cosh/eB)1/2 is the magnetic length. Ac-
cording to theory~Ref. 21 and the bibliography cited there!
and the experimental results of Ref. 22,n52.3 for the lower
Landau level. It is clear that, in a sample of finite sizeL,
states withj.L can be regarded as delocalized. At fini
temperatures, the role of the size of the sample is played
the Thouless lengthL in . Therefore, atT Þ 0, we see a band
of delocalized statesuE–Ecu < g, whose widthg is deter-
mined by

jg5L in , ~10!

wherejg[j(Ec6g). SinceL in(T); T2p/2, we have from
Eqs.~9b! and ~10! that g;T¸, where¸5p/2n. The experi-
mental value of this parameter for the lower Landau le
is23 ¸50.4.

To analyze the temperature dependence of the con
tivity, it is convenient to start from19,24

d.
at
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where f (E–Ec) is the Fermi–Dirac distribution function
ands(E) is the partial contribution to the dissipative co
ductivity of the states with energyE. Since only delocalized
states in the energy intervaluE–Ecu < g contribute to the
conductivity, we can write the partial conductivity as

s~E!5sc

g2

~E2Ec!
31g2 . ~12!

WhenEF5Ec , we find from Eqs.~11! and ~12! that

sxx~T!5
p

4
sc

g

kT
~kT.g!,

sxx~T!5sc~kT,g!.

The quantitysc[s(Ec) in Eqs. ~12! and ~13! at zero tem-
perature depends only on the linear sizeL of a 2D system.
This dependence is determined by the system of equation
two-parameter scaling,@Eqs.~2!#, which forsxy5 i11/2 re-
duces to two independent equations. We introduce the s
bol s* for the zero of the functionbxx( i11/2,s* )50, and
we expandbxx close to the pointsc5s* . We then obtain
the following expression from Eq.~5!:

d ln sc

d ln L
52h~sc2s* !, ~14!

whereh.0. Integrating Eq.~14!, we find

sc2s*;L2h . ~15!

It is clear from Eq.~15! thath is the scale dimension of th
longitudinal conductance close to the fixed critical po
( i11/2,s* ).25 WhenT Þ 0, replacingL with L in and using
the dependenceL in; T2p/2, we find

sc2s*;Tph/2. ~16!

Two regions can therefore be distinguished in the te
perature dependence of the peak amplitude ofsxx(T). In
low-temperature regionskT!g we realize the scaling re
gime, in which the temperature dependencesxx(T) is com-
pletely determined by the Thouless lengthL in , andsxx in-
creases with temperature according to Eq.~16!. The limiting
value ofs* corresponds toT50 in an infinite sample. When
kT.g, the scaling dependence of Eq.~16! does not hold,
and, according to Eq.~13!, the relationship of the width o
the interval of delocalized statesg;T¸ and the thermal
smearing of the Fermi stepkT becomes the main factor
Since the parameteŗ is ;0.4,sxx decreases with tempera
ture. The maximumsxx(T) is reached atkT>g.

Let us examine the experimental results. Figure 6 sho
the sxx(T) dependence for three samples. Curves1 and 2
relate to the magnetoresistance peaks 02 (sxy53/2) and
11 (sxy55/2) in sample 1, and curves3 and4 relate to peak
02 (sxy53/2) in samples 3 and 4. It can be seen that, in
samples studied here, the transition to the scaling regim
Eq. ~16!, in which the amplitude of the peaks begins to d
crease with decreasing temperature, occurs atT>2 K. As
T→0, thesxx(T) dependence is close to linear, which co
responds to a value ofhp/2>1 in Eq. ~16!. If it is assumed
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that the main mechanism at low temperatures is the Nyqu
mechanism for the loss of phase coherence,15 usingp51, we
find h>2. Extrapolating thesxx(T) dependences toT50,
we found the limiting values ofs*>0.33 ands*>0.30 for
the 02 and 11 peaks in sample 1 ands*>0.23 in samples 3
and 4~Fig. 6!. A theoretical calculation in the model of the
short2range impurity potential gives a value ofs*50.5 for
the lowest Landau level~see, for example, Ref. 26 and the
bibliography cited there!.

Let us estimate the parameters that characterize
localization-delocalization effects in the samples studie
here. LetDB be the magnetic2field interval corresponding
to the region of a QHE plateau on therxy(B) dependence
and dB be the field interval corresponding to the transitio
region between adjacent plateaus. It is easy to show that
ratio of the quantitiesdB and DB, within a factor of the
order of unity, equals the ratio of the width of the band o
delocalized states and the total width of the Landau subba
dB/DB>g/G. In the samples studied here, at the lowe
temperatureT;0.1 K, the fraction of delocalized states fo
the 02 peak is about 10% (g/G50.1 for sample 1, and
g/G50.12 for sample 2!.

According to Eq. ~9b!, the localization radius at the
boundary of the band of delocalized states (E5Ec6g) is
determined by

jg>lS G

g D 2.3. ~17!

In the samples studied here,l>100 Å andjg>1024 cm for
the 02 peak. According to Eq.~10!, this also gives an esti-
mate of the inelastic scattering length atT50.1 K. Thus, at
the lowest temperature of the measurements,L in remains
much less than the geometrical size of the samp
(531022 cm!.

As the temperature is lowered, the quantum plateaus
therxy(B) dependence become increasingly wider, while th

FIG. 6. Temperature dependence of the peak value ofsxx for the Landau
levels 02 ~1! and 11 ~2! in sample 1, and also for the 02 peaks in sample 3
~3! and 02 in sample 4~4!.
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transitions between them become increasingly sharper, in ac-

s
e

.

s
d
in

dia
d

l
e

ds
a

de
th
rr

em

iza
m

es
a
f-
r-

to
th

e

ts
-
H

th

o
s
re
f
e

limiting values*>0.3e2/h. The finite conductivity within a

ratrix
ling

n-
-02-
ch-

a-

-

an,

h,
d

.

n,

.
L.
cordance with the decrease of the parameterg. On the scal-
ing diagram, this process is expressed by the fact that, aT
decreases~andL increases!, the density of the points on th
(sxy , sxx) plane close to fixed points of the type ofA
~Fig. 1! increases, while, close to fixed pointC, it decreases
As T→0 (L→`), all the (sxy , sxx) points, except the one
in the region of the maximum ofsxx, should cluster around
the points (i , 0) corresponding to the QHE plateaus. A
noted above, on the scaling diagrams for the samples stu
here, a tendency is actually seen for the experimental po
to cluster close to the points~1, 0!, ~2, 0! or ~3, 0! asT de-
creases. However, by comparison with the theoretical
gram of Fig. 1, this tendency is far less clearly expresse
the middle part of each of the diagrams~in the neighborhood
of sxy51.5 or 2.5!. This difference of the real and idea
scaling diagrams is undoubtedly caused by the existenc
T Þ 0 of a band of delocalized states of finite widthg. The
point sxy51.5 in Fig. 3 corresponds to the fieldB059.5 T
~see Fig. 2!. We can estimate the interval of magnetic fiel
corresponding to the band of delocalized states from the h
width of the 02 peak ofrxx : dB>0.5 T. On the diagram
~Fig. 3!, the boundaries thus determined for the band of
localized states are indicated by arrows. It can be seen
the band of delocalized states on the scaling diagram co
sponds to a wide intervaldsxy . This property of scaling
diagrams is virtually independent of temperature: as the t
perature decreases, the absolute value of the half-widthdB
decreases and the transition region of the variation ofsxy

between adjacent plateaus narrows, but the intervaldsxy re-
mains nearly constant, which is attributable to the quant
tion of the Hall conductivity. It can be seen from the diagra
that the existence of states with nonzerosxx values as
T→0 leads to a pattern of almost parallel vertical flux lin
in the intervaldsxy . The density of flux lines, shown with
fixed stepD in magnetic field, is very close to the hal
integer values ofsxy and sharply increases in the neighbo
hood of the boundary pointssxy51, 2, . . . . Note that a
similar pattern of flux lines was observed all the way
80 mK on perfect InGaAs/InP heterostructures, where
scaling regime was attained atT,4.2 K.9

4. CONCLUSIONS

The study of scaling diagrams in (sxy , sxx) coordinates
for multilayerp2Ge/Ge12xSix heterostructures confirms th
main conclusion of the theory of two2parameter scaling: the
presence of self2consistent variation ofsxx and sxy as
L→` (T→0). A consideration of the motion of the poin
on the (sxy , sxx) plane makes it possible to distinctly ob
serve fixed points corresponding to the plateaus of the Q
An image of the plot of the dependence ofsxx on sxy is an
extremely sensitive method for studying the formation of
QHE plateaus as the external conditions change.27

ForT < 2 K, we observed a decrease in the amplitude
the sxx (rxx) peaks 021 and 11 as the temperature wa
lowered, which corresponds to a transition to the scaling
gime. For the samples studied here, the dependence o
peak value ofsxx on T in this temperature region was clos
to linear, and thesxx value, asT→0, tended to a finite
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band of delocalized states of appreciable width ofg;0.1G
even at the lowest temperatureT>0.1 K does not allow us to
decide between the presence or absence of the sepa
whose existence is predicted by certain versions of sca
theory.8
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Defects in intrinsic and pseudodoped amorphous hydrated silicon

he
O. A. Golikova

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
~Submitted April 12, 1996; accepted for publication April 24, 1996!
Fiz. Tekh. Poluprovodn.31, 281–284~March 1997!

The data on the dark conductivity and photoconductivity ofa-Si:H films obtained by various
methods in the soft-deposition regime are presented. It is shown that, regardless of the
substrate temperature, the material obtained in this regime is intrinsic. Deviation from the soft-
deposition regime results in the growth of pseudodopeda-Si:H, with an increased density
of defects~dangling Si–Si bonds! and with inhomogeneous structure. The defects in intrinsic and
pseudodopeda-Si:H are found, respectively, inD0 andD1 states. ©1997 American
Institute of Physics.@S1063-7826~97!00503-6#
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The conditions for obtaining intrinsic amorphous hydr
tion of silicon (a-Si:H) in a standard diode reacto
( f513.56 MHz) using undiluted silane (SiH4) are well
known: The optimal temperatures for depositing the films
Ts5230–250 °C, and the deposition rates a
r5122 Å/sec. Intrinsica-Si:H has the following param
eters at room temperature: a dark conductivity
sd510211210210 V21

•cm21, a photoconductivity~AMI !
of sph5102521024 V21

•cm21, and a defect density, de
termined by the constant photocurrent method~CPM!, of
ND5(5210)31015 cm23. Here the activation energysd is
close toDE5«c2«FuT5050.85 eV ~«c is the conduction
band edge, and«F is the Fermi level!. This DE value
corresponds to («c2«F)300 K5kT ln s0 /sd50.72 eV
(T5300 K, s05150V21

•cm21!.
IncreasingTs to 400 °C or decreasing it to 100 °C, as

well known, increases the defect density.1,2 In this case,«F
shifts, respectively, toward«c or «v ~the valence band edge!;
i.e., a pseudodoping effect is observed.3

On the other hand, the pseudodoping effect opens
possibilities of controlling the position of the Fermi level
the mobility gap ofa-Si:H not only by introducing electri-
cally active impurities, but also without introducing them
entirely by creating defects in the film-deposition process
is evident that the defects in the second case formally p
the role of a dopant. In this connection, the question arise
the nature of the defects in intrinsic and pseudodo
a-Si:H. The experimental results presented in this paper
our opinion, should help to answer this question.

2. EXPERIMENTAL RESULTS

We indicated above the conditions for obtaining intrins
a-Si:H, a deviation from which makes the material on
pseudodoped. However, Golikovaet al.4 were the first to
show that this depends on the type of reactor: the pseu
doping effect can be avoided if the film is deposited in
triode reactor (f513.56 MHz) when the anode–grid dis
tance is optimized and when the cathode and grid have
same potential. In this case, since the substrate is at the
ode, the discharge region is spatially remote from the gro
ing film. This means, first, that only long-lived SiH3 radicals
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film growth. Second, the intensity with which the surface
the growing film is bombarded by the charged particles
the plasma is minimized. The so-called soft-deposition
gime is thereby implemented: with no increase of the def
density with increasingTs .

Many other methods were subsequently developed
provided a ‘‘soft’’ regime for depositinga-Si:H films: a re-
mote silane–hydrogen plasma,1,6 catalytic breakdown of
SiH4 at a hot tungsten filament,7,8 and high-frequency~70
MHz! breakdown of SiH4 in a diode reactor.

9 It was recently
shown that the method of SiH4 breakdown in a chamber fo
magnetron sputtering in a constant electric field also make
possible to provide a soft-deposition regime.10 Figure 1
shows rather good agreement of the data ona-Si:H films
deposited by the indicated methods: regardless ofTs , the
material is intrinsic. At the same time, Fig. 1 illustrates t
result of pseudodoping for films deposited in a standard
ode reactor.11

Let us consider how the~CPM! defect density correlate
with the position of the Fermi level («c2«F)300 K of pseudo-
dopeda-Si:H. Figure 1 shows our data for films deposited
a triode reactor at constant temperatureTs5300 °C, but
with varyingV andP, whereV502200 V is the cathode–
grid bias, andP5502120 mT is the pressure of SiH4 in the
chamber. In addition, Fig. 2 shows data fora-Si:H films
obtained at a number of European scientific centers: Ph
University, Marburg ~FRG!; the Polytechnic School, Pal
aiseau~France!; BARI ~Italy!; and PATRAS~Greece!.12 The
deposition conditions of these films were different~reactor
type, temperature, composition of gas mixture, etc.!, but the
resulting data are in good agreement with each other, reg
less of this circumstance. We should also point out the ag
ment with the data obtained for films deposited in the El
trotechnical Laboratory, Tsukuba~Japan!.13 We therefore
conclude that the correlation between«c2«F andND shown
in Fig. 2 is universal.

Based on the above discussion, we shall next cons
the Fermi level («F) and also the photoconductivity (sph) of
pseudodopeda-Si:H as a function of the defect densityND

in the same way as is done for dopeda-Si:H, whereND

equalsNP,B, the atomic density of introduced impurities o
phosphorus or boron~Figs. 3 and 4!. It can be seen that«F

228228-04$10.00 © 1997 American Institute of Physics
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andsph are not one-to-one functions ofND ; i.e., the same
value of ND corresponds to two states of pseudodop
a-Si:H that differ in the position of the Fermi level and th
value of the photoconductivity. We should point out that, f
ND5const, the differences between«F andsph increase with

FIG. 1. Dark conductivity and photoconductivity~AMI !, measured at room
temperature for undopeda-Si:H films obtained by various methods, v
deposition temperature: in a triode reactor~1 and1a; the arrows show the
scatter of the experimental data!, by the remote-plasma method~2!, by cata-
lytic breakdown at a hot filament~3! and in a high-frequency~70 MHz!
diode reactor~4!, and by the SiH4-breakdown method in a chamber fo
magnetron sputtering in a constant electric field~5!. The dark conductivity
of a-Si:H films deposited in a standard diode reactor is shown by curve~6!.

FIG. 2. Correlation between the defect density in undopeda-Si:H and the
position of the Fermi level in the mobility gap. The films were obtained
A. F. Ioffe Physicotechnical Institute~1!, Philips University~2!, The Poly-
technic School~3!, BARI ~4!, and PATRAS~5!. The measurements for
~2–5! were made at Philips University.6—data for films obtained at the
Electrotechnical Laboratory.
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increasing value ofND . Note also that the maximum value
of ND in pseudodopeda-Si:H films do not exceed
1017 cm23.

3. DISCUSSION

Let us consider the curve of«c2«F5 f (ND) shown in
Fig. 3. Samples belonging to branches I and II of this cu
are, respectively, analogs of samples doped with phosph
and boron. In this case, the limiting values of«c2«F in each
of the branches correspond to the densities of phosphoru
boron atomsNP,B.1017 cm23 ~for doping from the gas
phase!;14 i.e.,NP,B corresponds in order of magnitude to th
maximum defect density in pseudodopeda-Si:H. Note that
the points belonging to doped samples lie on the cu
shown in Fig. 3.

It follows from a consideration of thesph5 f (ND) curve
~Fig. 4! that the defects in the samples of pseudodop
a-Si:H belonging to branches I and II are in different char

t

FIG. 3. The Fermi level as a function of defect density. The solid curve
for pseudodopeda-Si:H. Points1 and2 are fora-Si:H doped with phos-
phorus and boron, respectively.I andII denote the two different branches o
the curve.

FIG. 4. PhotoconductivityG.1019 cm23
•sec21, hn52 eV, T5300 K as a

function of the defect density. The notation is the same as in Fig. 3.
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product of mobility and lifetime! differs, and the difference
increases with increasing value ofND.

Since we can assumem.const, it is obvious that, a
ND increases, the difference between the electron-cap
cross sections increases, as ina-Si:H doped with phosphoru
and boron, where the defects—dangling Si–Si bonds—
predominantly in the charge statesD2 andD1. Therefore, if
the defect density is minimal in intrinsica-Si:H, and all the
defects are in theD0 state, then, in pseudodopeda-Si:H, the
ND2,D1 /(ND01ND2,D1) value increases at the same tim
that the defect density increases. We should point out tha
points that belong to doped samples lie on a reduced c
~Fig. 4!.

A long intense exposure ofa-Si:H films, as is well
known, increases the defect density, but the Fermi level
proaches a point corresponding to the intrinsic material~the
Stabler–Wronski effect!. It is also well known that the
photoinduced defects are in theD0 state. Thus, for a defec
density formed during the deposition of ana-Si:H film that
is the same as the photoinduced defect density, the F
level shifts in the opposite direction. We also conclude fro
this result that defects formed during film growth are
charge states that differ fromD0.

We also note in this connection the results of Hata a
Matsuda,15 who showed that laser annealing affects the d
sity of photoinduced defects and the density of defe
formed during film growth differently. These authors asso
ate this behavior with structural differences in the neighb
hoods of the defects. Actually, different charge states of
fects should have different effects on their loc
surroundings. Thus, in Ref. 16, it is concluded that the f
mation of photoinduced defects (D0) reduces the variance o
the angles between the Si–Si bonds. At the same time
creasing the density of the defects formed during film de
sition, in our opinionD2 or D1, has the opposite result.17

If it is assumed that pseudodoping ofa-Si:H is accom-
panied by the formation of charged defects, will the loc
neutrality condition be satisfied? In other words, in additi
to the formation of a charged defect~a dangling Si:Si bond!,
one should expect the formation of an oppositely char
center. It was natural to assume that there may be an e
from associated O, C, N, and possibly W and Cr defe
which are neutral if the film structure is formed in the so
deposition regime. They become electrically active when
viations from this regime occur. Our samples obtained i
triode reactor and in a magnetron chamber were there
studied by reverse Rutherford scattering. As a result, it w
shown that the O, C, and N concentrations are lower t
1020 cm23 ~i.e., they correspond to the level of the leadi
foreign laboratories18!, while no W and Cr impurities were
detected in our films.

As already indicated~Fig. 1!, if different methods pro-
viding soft deposition are used, intrinsica-Si:H is always
obtained. It was shown in Ref. 17 that only films of intrins
a-Si:H can be considered completely homogeneous.
density of defects~dangling Si–Si bonds! in such films is
minimal, all defects are in theD0 state, and the question o
electrical neutrality does not arise. As far as pseudodo
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increase in defect density is accompanied by changes
number of structural characteristics: an increase in the c
centration of bound hydrogen in the film, in the microstru
tural parameter, and in the Urbach energy; a shift of
Raman frequencyvTO ; and an increase in the half-width o
the TO peak (DvTO). Moreover, in sucha-Si:H films, the
total content of hydrogen, determined by the proton-rec
method, substantially exceeds the concentration of bound
drogen. It is apparently the inhomogeneity of the films th
makes it possible to satisfy the condition of local electric
neutrality. Thus, for example, in the opinion of Favreet al.,19

the predominance ofD2 centers that they detected in noni
trinsic a-Si:H films is compensated for by the existence
positively charged traps—tailing levels of the valence ba
It is evident that other models can be proposed, but furt
structural studies are needed for their development.

We hypothesize that, in the inhomogeneous structu
network of a-Si:H, which contains additionally, unboun
hydrogen, it is impossible in principle to expect defects
exist in only theD0 state. At the same time, it is evident th
we do not have in mind the formation of pairs of defec
D22D1, as was done in the model of Branz and Silver:20 in
this case, the Fermi level does not shift; i.e., the indica
model is not applicable to pseudodopeda-Si:H.

4. CONCLUSIONS

There is thus a close association of the defect densit
films of pseudodopeda-Si:H, the structural inhomogeneit
of these films at different levels~from close order to micro-
structure!, the predominance in them of charged defects
one sign, and the shift of the Fermi level in the mobili
band. Both in intrinsic and in pseudodopeda-Si:H, the de-
fects are dangling Si–Si bonds; however, in the first ca
they are in aD0 state and, in the second case, they are i
D2 or aD1 state. Intrinsica-Si:H in which the defect den-
sity is minimal, while its structure is homogeneous, is o
tained in a soft-deposition regime, regardless ofTs . When
deviations from this regime occur, the material becom
pseudodoped.
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Structural perfection of epitaxial layers of 3 C-SiC grown by vacuum sublimation on

6H-SiC substrates

A. N. Andreev, N. Yu. Smirnova, A. S. Tregubova, M. P. Shcheglov,
and V. E. Chelnokov

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, 194021, St. Petersburg, Russia
~Submitted April 17, 1996; accepted for publication April 24, 1996!
Fiz. Tekh. Poluprovodn.31, 285–290~March 1997!

This paper discusses how the processing parameters affect the structural perfection of epitaxial
layers of 3C-SiC grown on 6H-SiC substrates by vacuum sublimation. It shows that, at
constant temperature and using virtually undisoriented substrates, decreasing the growth rate
increases the size of the twinning regions in the films and reduces the total defect
concentration of the 3C/6H structures. Epitaxial layers of 3C-SiC with a defect density of
101–102 cm22 and a twinning area of up to 6 mm2 have been obtained. ©1997 American
Institute of Physics.@S1063-7826~97!00603-0#
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The high mobility@1000 cm2/~V•s!# and drift saturation
rate (2.73107 cm/sec) of the electrons and the large value
the electric breakdown field (43106 V/cm),1,2 in combina-
tion with a rather large band gap, have aroused interes
using silicon carbide in the cubic modification to fabrica
semiconductor devices for various purposes~high-frequency
devices, power devices, devices for high temperatures, e!.
To implement the high potentialities of this material, epita
ial layers~ELs! of satisfactory quality are needed. They a
difficult to produce because of the need for heteroepita
growth, which is usually done on silicon or silicon carbid
substrates of various crystal modifications~usually the com-
monest modification, 6H!. The use of silicon substrate
causes the resulting ELs to have a high defect level bec
of the large differences in the crystal lattice consta
(;20%) and the thermal expansion coefficients (;0.08%)
of Si and 3C-SiC.3,4

In the case of growth on 6H-SiC substrates, the struc
tural imperfection of 3C-SiC ELs is mainly determined by
the presence of a twin structure5–7 and is usually character
ized by the density of intertwin boundaries~dislocation-pair
boundaries, DPBs!. Some decrease in the DPB density w
increasing thickness of the epitaxial layer was observed
Refs. 6 and 7, but it was accompanied by an increase in
transverse size of these boundaries. The complete disap
ance of DPBs has not been experimentally observed.1! More-
over, in certain cases, the growth of fairly thick layers h
caused the formation of a polycrystalline structure.7 Powell
et al.9 used deposition from the gas phase to grow ELs w
a maximum twinning area of about 1 mm2.

A decrease of the DPB density can also be achieved
using 15R-SiC substrates,6 but this modification, like 3C, is
an uncommon one. To avoid DPB formation in ELs
3C-SiC, another, comparatively complicated method w
proposed in Refs. 10 and 11: growing layers on 6H-SiC and
4H-SiC substrates with a specially chosen surfa
orientation—(011̄4)6H and (011̄3)4H , respectively.

Our goal was to study the degree of structural perfect
of ELs of 3C-SiC grown by vacuum sublimation on silico
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processing conditions affect the size of the twin formatio
in the ELs and the defect density formed at the heterobou
ary of 3C-SiC/6H-SiC structures. It should be pointed o
that the question of the study of the transition layers at
heteroboundary and the structural perfection of the interf
of SiC-3C/SiC-6H structures is almost never mentioned
most papers.

2. THE TECHNOLOGY OF GROWING 3C-SiC EPITAXIAL
LAYERS

The ELs were grown at temperatures of 1800–1900
by vacuum sublimation in a closed growth system12,13on the
~0001!Si-face of substrates obtained by the Lely metho
Their surface-disorientation angle relative to the base pl
did not exceed 10–209. Immediately before growth, the sub
strate was sublimation etchedin situ to remove the layer
disturbed by mechanical polishing and to clean the subst
surface. The 6H→3C transformation of the modification
was achieved by two methods:~1! by high growth rates
(vg.3–4mm/min), and ~2! by substantial enrichment o
the vapor phase with silicon~i.e., with silicon vapor pres-
sures in the growth cell corresponding to its equilibriu
pressure over a silicon melt! for low values of vg
(0.4–0.8mm/min). The growth rate was increased or d
creased by varying the temperature gradient between the
por sources and the substrate14 and by varying the composi
tion of the vapor phase in the growth cell.15,16

3. METHODS OF STUDYING THE STRUCTURE OF 3C-SiC
EPITAXIAL LAYERS

In most papers connected with the growth of ELs
3C-SiC, either etching in an alkali solution6–8 or oxidation17

is used to reveal the DPBs and other defects; this allows
defects to be observed by optical microscopy. These te
niques make it possible to obtain information on the dis
bution of twin formations only on the surface of the ELs.

The degree of structural perfection of the as-grown E
was studied by x-ray topography not only in the Laue geo
etry by the Lang method, using MoKa1 radiation, and by the
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FIG. 1. X-ray topograms of a
3C/6H structure (vg53.2mm/min)
in the Bragg geometry. CuKa radia-
tion. Reflections from a—(113)3C
and b—(1.0.1̄.15)6H .
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CuKa1 radiation, but also in the Bragg geometry by t
method of skew-symmetric Barett–Newkirk reflections
CuKa1 radiation. The quantitative characteristics of the d
gree of perfection of the 3C/6H structures were determine
from the half-widths of the two-crystal rocking curves
(111)3C and (0006)6H reflections on CuKa1 radiation, re-
spectively.

To identify the twin structure on the topograms, we us
skew-symmetric diffraction spots of the type (113)3C in the
Bragg geometry. They have the characteristic that the
fraction conditions corresponding to the maximum intens
of a diffraction spot cannot simultaneously be satisfied
twins of different types, and the diffraction image is form
only by twin regions of the same modification. As a resu
regions of black and white contrast that correspond to
possible types of twins are observed on the topograms. T
conditions are implemented for twin regions of another ty
by rotating the test sample by 60% relative to the@111#3C
direction ~which corresponds to@0001#6H!; this reverses the
image contrast of the twin regions.

To study the degree of structural perfection of the E
substrate interface, we used (1.0.1.̄15)6H Bragg reflection.
Reflections from planes with such indices have no anal
for the cubic SiC lattice, and this makes it possible to obt
the diffraction image of layers of a noncubic structure that
directly under a 3C-SiC EL. Note that, on such topogram
the DPB outlines are maintained over the entire thicknes
the EL.

4. RESULTS AND DISCUSSION

Our studies showed that twin regions were present in
our 3C-SiC ELs, but their size varied significantly, depen
ing on the growth conditions~Figs. 1–3!. The degree of
structural perfection of the transition layers formed at
EL–substrate boundary was also substantially different.
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defect structure of the transition layer is mainly determin
by the presence of stacking faults, which are formed alo
the faces of the growth pyramids that appear at the ini
stage of growth on the surface of the substrate from sepa
nuclei of the cubic phase of 3C. For heteroepitaxial growth
the main cause for the formation of such defects is the
ference of the crystal lattice parameters of the substrate
the EL. On the topograms, the stacking faults appear as c
acteristic triangles or elements corresponding to cross
tions of the faces of the growth pyramids with a (111)3C

plane. Growth pyramids oriented with respect to each ot
at 60° relative to the (111)3C direction form twins of a dif-
ferent type~Fig. 4!, which can be seen on the topogram
from the analogous orientation of the stacking defects as
ciated with them~for example,A and B in Fig. 2b!. The
distribution and size of the twin regions in the resulting E
of 3C-SiC mainly correspond to the defect structure of t
transition layer, which is evidence of the determining role
the growth centers that appear on the substrate surface
creasing the number of such centers promotes the forma
of ELs with relatively large twins. Thus, by influencing th
nucleation processes, is possible to predetermine the cha
ter of the twin structure and, consequently, the degree
structural perfection of the growing ELs.

One of the parameters that can substantially influe
these processes is the growth rate. Starting from this prem
several experiments were carried out with the goal of o
mizing the growth conditions of the 3C-SiC ELs. At high
growth rates, caused by increasing the temperature grad
between the vapor source and the substrate and by enric
the vapor phase in the growth cell with silicon, ELs we
formed with a high DPB density and, consequently, w
twins of small size. The 3C/6H structures obtained unde
these conditions had a high defect density at the heteroju
tion. Typical topograms of such structures are shown in F
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FIG. 2. X-ray topograms of a 3C/6H
structure (vg50.9mm/min) obtained
a—in the Bragg geometry. CuKa radia-
tion, (331)3C reflection, b—by the Lang
method, MoKa1 radiation, (1.1.2̄.0)6H
reflection. 1—intertwin boundaries
2—dislocation structure of original
6H-SiC substrate.
1a and 1b. No appreciable decrease in the DPB density was
EL
n
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ous types~A andC! are observed in the transition layer, only
me

ed
Ls
by
ch

b,

r-

ed
observed all the way to the maximum thicknesses of the
(35–40mm). Their substantial defect concentration is co
firmed by x-ray diffraction data: the measured half-widths
the rocking curves (vuB) was 40–909 for various samples.

Most ELs obtained as the growth rate was decrease
vg50.4–0.8mm/min were characterized by comparative
large twins~Figs. 2a and 3a! and a lower defect density in
the transition layer~Fig. 2b!. For vg,0.6mm/min, the area
of the twins in the resulting films reached 5–6 mm2. We
should point out that increasing the area of the twins is
sociated in a number of cases with processes by which
are obliterated. Thus, for example, it can be seen by com
ing the topograms in Figs. 3a and 3b that, while stack
faults corresponding to the growth pyramids of twins of va
s
-
f

to

s-
ey
r-
g
-

one twin is present on the surface of the EL in the sa
section.

An increase in the size of the twinning regions produc
a significant increase in the structural perfection of the E
as a whole; this is confirmed by x-ray topograms obtained
the Lang and ATXR methods. The defect density in su
epitaxial films was 101–102 cm22, with stacking faults~and
not DPBs! being predominant. On the topogram in Fig. 2
the dislocation structure of the original 6H-SiC substrate is
clearly seen under the 3C-SiC EL, and this is evidence of a
high degree of perfection of the interface of 3C/6H struc-
tures obtained at smallvg . These structures were characte
ized by small half-widths of the rocking curves (14–309).

In a number of cases, less perfect films were obtain
by

of
n

FIG. 3. X-ray topograms of a 3C/6H structure
(vg50.6mm/min) in the Bragg geometry. CuKa
radiation. a—(113)3C reflection; regions corre-
sponding to twins of different type~A andB! re-
verse the contrast when the crystal is rotated
180° relative to theC axis. b—(1.0.1̄.15)6H reflec-
tion. A, B, andC are stacking faults; 1—intertwin
boundaries; 2—location of a step at the periphery
the sample, formed during preliminary sublimatio
etching.
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under the same conditions, which indicates that other facto
affect the nucleation processes. Examples of such factors
the specific state of the surface, i.e., the presence of trace
mechanical polishing~scratches! after insufficiently deep
sublimation etching; relief; or dislocations reaching the su
strate surface. The effect of these kinds of defects on t
nucleation processes during the growth of 3C-SiC ELs was
studied in Ref. 17. A characteristic example of the effect
relief is the presence of smaller twins and larger defect co
centration in the transition layer close to a step formed at t
substrate periphery after preliminary sublimation etchin
~see, for example, Fig. 2!.2!

According to the model proposed in Ref. 18, the numb
of growth centers that appear on the substrate surface dur
homoepitaxial growth is determined by the following param
eters: temperature, growth rate, and degree of disorientat
of the substrate surface.18 Here, depending on the relation-
ship of the indicated parameters, the growth process is co
trolled either by the incorporation of adatoms into the cryst
structure at terraces whose size and number are determi
by the degree of substrate disorientation~‘‘step-flow con-
trolled epitaxy’’! or by processes of random ‘‘two-
dimensional nucleation.’’ In the first case, the structural pe
fection of the resulting ELs is high, and this fact is confirme
by studies of homoepitaxial-growth processes of silicon ca
bide in Refs. 19–21. Other conditions being equal, increa
ing the growth rate strengthens the influence of uncontroll
nucleation. Small growth rates at high temperatures, on t
other hand, reduce its probability. Accordingly, when w
grew layers in the large-vg regime, we obtained structures
characterized by high defect density in the transition laye
whereas there were far fewer defects when there was exc
silicon in the growth cell, and we consequently obtaine
3C-SiC ELs with twins of large size. Our results are thus i
qualitative agreement with the model concepts describ
here.

It should be pointed out that this model probably can b
valid only if the growth occurs on a fairly perfect plana
surface~with a low density of structural defects!, from which
possible contamination has been removed. Otherwise, fi
additional effective nucleation centers arise close to vario
kinds of inhomogeneities; second, the growth is interrupte
in directions parallel to the substrate surface.17 These pro-
cesses unavoidably increase the DPB density in 3C-SiC
ELs. Thus, the factors that are essential for obtaining co
paratively perfect 3C-SiC/6H-SiC structures in our experi-

FIG. 4. Formation of various types of twins. The@111#3C direction is per-
pendicular to the plane of the figure.
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obtained by the Lely method, which to date have the m
nearly perfect structure; second, the use of fairly deep p
ishing sublimation etchingin situ immediately before the
growth of the 3C-SiC ELs.

5. CONCLUSION

Based on the fact that the characteristics of the tw
structure of 3C-SiC ELs that arises when the layers a
grown on 6H-SiC substrates are determined by nucleat
processes at the initial growth stage, an attempt has b
made to optimize the growth conditions. It has been sho
that, at a constant temperature and using virtually undis
ented substrates, reducing the growth rate of the ELs
creases the area of the twinning areas and decreases the
defect concentration of the structures. As a result, at sm
growth rates (0.4–0.8mm/min), silicon carbide ELs are ob
tained in a cubic modification with a low defect densi
(101–102 cm22) and a twinning area of up to 6 mm2.

This work was carried out with the partial support of th
University of Arizona.

1!The work of Furukawaet al.8 is an exception. They described the produ
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characterized by the absence of DPBs on the growth surface, but the l
size was not indicated.

2!The growth cell is constructed in such a way that the etching and gro
processes do not occur on the entire substrate surface, since its perip
region is covered by graphite fittings.
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Structure and electrical conductivity of polycrystalline silicon films grown by molecular-

if the
beam deposition accompanied by low-energy ion bombardment of the growth
surface

D. A. Pavlov, A. F. Khokhlov, D. V. Shungurov, and V. G. Shengurov

N. I. Lobachevski� State University of Nizhni� Novgorod, 603600 Nizhni� Novgorod, Russia
~Submitted March 12, 1996; accepted for publication May 5, 1996!
Fiz. Tekh. Poluprovodn.34, 291–295~March 1997!

This paper discusses how the structure and electrical conductivity of polycrystalline silicon films
grown by molecular-beam deposition are affected by the growth conditions. It shows that
the films can be improved by applying to the substrate a voltage in the range 50–300 V, negative
with respect to the silicon source. Such films also have higher conductivity. The results are
explained in terms of bombardment of the growing film by dopant ions. ©1997 American
Institute of Physics.@S1063-7826~97!00703-5#

INTRODUCTION source is applied to the substrate, whereas it decreases
5

tio
se
a
ce
-

ts
m
w
he

ob
lie
lm
fo

d
o
lm
io
-
m
.
n
e
ec

n,
an
ith

Th

b

e
th

n

ate
on,
een

be-

ks
re-

he
ica

ap
field

of
ion
f
s.
ring

ten-
-
s
of
ws
-

ra-
s.
ted
-
he
nm.
rizes

30
Polycrystalline silicon films~PSFs! are widely used in
integrated circuits and solar cells.1,2 Among the various
methods of obtaining PSFs, molecular-beam deposi
~MBD! has attracted the attention of researchers becau
can be used to obtain films at low temperatures, to elimin
background impurities, and to controllably introdu
dopants.3 Another advantage of this method is that the film
deposition conditions can be varied within very wide limi

Additional control of the parameters of the growing fil
can be provided by bombarding the growth surface with lo
energy ions.4–8 This has been demonstrated during t
growth of silicon4,5 and metal films6 in high vacuum, where
a reduction of the epitaxial growth temperature was
served, and continuity of the films was attained at an ear
stage. Electron-beam sputtering of amorphous silicon fi
with a potential applied to the substrate resulted in the
mation of large clusters~from 20 to 100 nm in diameter!.7

Polycrystalline silicon films have been virtually ignore
in those studies. At the same time, additional monitoring
the growth parameters is needed in order to obtain such fi
with given properties. Moreover, in establishing a connect
between the ion-beam parameters~the ion density and en
ergy! and the film properties, the film-growth mechanis
under the action of low-energy ions must be determined

Our goal in this study was to analyze the structure a
electrical conductivity of thin PSFs grown by MBD by th
sublimation of silicon when a negative potential with resp
to the silicon source is applied to the substrate.

RESEARCH METHODS

Polycrystalline films were grown by silicon sublimatio
using the technique described in detail in Ref. 3. A rect
gular plate cut from a single crystal of silicon doped w
gallium to a concentration of about;531019 cm23 was
used as the source of the silicon and dopant vapors.
dopant was chosen because it has been established4,5,9 that
there is an ionic component in the molecular flux from su
limating single-crystal gallium-doped silicon. The~Ga! dop-
ant concentration in the layer increases if the epitaxial lay
are grown while a negative potential with respect to
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potential is positive.The layers for this project were grow
with a negative potentialVb52(50–300) V applied to the
substrate.

The experimental setup is shown in Fig. 1. The substr
holder and the substrate, were cut from single-crystal silic
were heated by an electric current. The voltage drop betw
the ends of the plate was about;10 V. The films were
0.1–0.5mm thick. The substrate temperature was varied
tween 300 and 600 °C.

The grain size in the films and the size of the bloc
were calculated from the size of the coherent scattering
gions using electron diffraction~diffraction of a transmitted
electron beam! and transmission electron microscopy. T
surface morphology of the films was studied by a repl
method.

A coplanar configuration of contacts with a 1-mm g
was used in measuring the layer resistance. The electric
during the measurements did not exceed 102 V/cm.

RESULTS

Film structure.Our studies showed that the grain size
the PSFs increases linearly with increasing deposit
temperature ~Fig. 2a!. At a substrate temperature o
Ts > 500 °C, it is almost comparable with the film thicknes
At such temperatures, the size of the coherent scatte
region1! saturates~Fig. 2b!.

One can judge how the substrate temperature and po
tial affect the film structure from the variation of the diffrac
tion patterns. Figure 3 shows diffraction patterns of film
grown at 300, 400, and 450 °C with a potential
Vb52300 V applied to the substrate. This figure also sho
diffraction patterns from films grown with no potential ap
plied.

When a potential was applied at low deposition tempe
tures (Ts < 300 °C), the film structure remained amorphou
Only a certain sharpening of the diffraction peaks was no
in this case~Fig. 3, curves a and b!. When a negative poten
tial of Vb52300 V is applied to the substrate, the size of t
coherent scattering region increases from 2.8 to 3.3
Since this parameter for an amorphous material characte

237237-04$10.00 © 1997 American Institute of Physics
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the short-range ordering region, it can be concluded
bombardment by low-energy ions during the formation of
amorphous structure causes the structure to become ord

Figure 3 also shows the diffraction patterns of film
grown at Ts5450 °C. Both films~curves1c and 2c! are
polycrystalline. The potential affects the substrate by mak
the diffraction peaks narrower and more intense. In fil
grown with an applied potential, the size of the coher
scattering region, which in this case should be identica
the size of the blocks inside the grain, increases from 10
12 nm. The additional irradiation thus plays a positive role
forming the film structure.

FIG. 1. System for growing silicon films by subliming silicon while th
growth surface is irradiated with low-energy ions.1—substrate holder,
2—substrate,3—screen,4—source.

FIG. 2. Grain size~a! and block size~b! vs the deposition temperature o
polysilicon films.
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The result obtained at a growth temperature
Ts5400 °C is the most interesting result, in our opinion.
this case, the film structure in the absence of bias is am
phous~Fig. 3, curve1b!, whereas a polycrystalline structur
is formed with bias~curve2b!. The differences in the mate
rial’s structure can be clearly seen from micrographs of c
bon replicas of the surface of these films. The surface of
amorphous film~Fig. 4a! is characterized by small irregular
ties, while we see a well-developed grain relief on the s
face of the polycrystalline film~Fig. 4b!.

It should be pointed out that varying the negative pote
tial from 50 to 300 V did not cause any additional diffe
ences in the film structure. The fact that there is additio
irradiation is apparently more important than the energy
the bombarding ions.

Electrical conductivity of the films.Measured results for
the layer resistanceRs of the films at room temperature as
function of deposition temperature, the potential applied
the substrate, and the film thickness are shown in Table
can be seen that the resistance decreases with increasing
strate temperature. Films grown with an applied negative
tential have a resistance one or two orders of magnit
lower than do those grown with no potential.

DISCUSSION

The effect of substrate temperature on the PSF struct
An analysis of the experimental results indicates that incre
ing the growth temperature improves the film structure. T
is consistent with the existing model of PSF growth by t
vacuum method and by gas-transport deposition.10 Accord-
ing to this model, the adatom mobility is low at a low grow
temperature, and the film grows from virtually rigidly fixe
nuclei. As the growth temperature increases, the silicon a
toms become more mobile, and the coalescence of the nu
increases. As a result, the films grow with larger grain si

FIG. 3. Diffraction patterns of silicon films at various temperatur
Ts °C: a—300, b—400, c—450.1—with no bias on the substrate,2—
Vb52300 V.
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of
FIG. 4. Micrograph of carbon replicas of the surface
silicon films grown atTs5400 °C with no bias on the
substrate ~a! and with Vb52300 V. Magnification
16 000.
New nuclei are generated on the bare sections of the sub-
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strate, and they either migrate to larger nuclei or expa
independently.

How the application of a potential to the substrate a
fects the PSF structure.Our experimental results show th
applying a negative potential to the substrate when the fi
are being grown improves their structure, as does increa
the substrate temperature. The application of a negative

TABLE I. Layer resistance of silicon films grown in different depositio
regimes.

No. Ts , °C d, mm Vb , V Rs , V/h

256 400 0.1 300 2.93 109

257 450 0.1 300 1.13 108

258 450 0.1 0 9.33 109

259 400 0.1 0 1.231010

260 400 0.1 150 3.53 109

262 400 0.1 0 3.031010

263 450 0.5 300 5.73 107
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substrate. From the various qualitative concepts in the lite
ture concerning the mechanisms by which ionic bomba
ment affects the structure of deposited films, we can se
strengthening of the surface diffusion of adatoms.11 At the
early stages of film growth, ions incident on the surfa
cause the formation of nuclei~clusters! of larger size than
when deposition is carried out without the action of ions. T
increase in the cluster size is probably caused by the incr
of the adatom mobility and by the breakdown or decay
small nuclei as a result of ion bombardment. Clusters wit
certain subcrystalline size decay into free adatoms under
action of incident ions.12

The surface diffusion of the adatoms can itself be acc
erated by the formation of small collision cascades on
surface. The film growth with uniform-size grains observ
in our experiments when ions act on the growth surface
apparently caused by the fact that virtually no new nuclei
generated on the intercluster sections.

Other mechanisms for the effect of ion bombardment

239Pavlov et al.
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our experiments. For example, the ion flux striking t
growth surface has a thermal effect, which is usually app
ciable if the energy contributed by the ions excee
1 W/cm2

•sec.11

How the application of a potential to the substrate a
fects the electrical conductivity of the films. The experimen-
tal observation that the films show reduced resistance w
they are grown while a potential is applied to the substrat
associated, in our opinion, with a change in the mechan
by which the dopant~gallium! is captured by the growing
silicon layer. When films are grown without applying a p
tential to the substrate, as in the case of the growth of
taxial silicon layers, the gallium segregates on its grow
surface, and only a small part of it is incorporated into t
growing crystal.13 The application of a potential to the sub
strate strengthens the bombardment of the growth surfac
low-energy ions. When this occurs, some of the gallium io
that appear on the growth surface are incorporated in
grain as recoil atoms.5 Moreover, the probability that the
dopant is incorporated into the crystal is also increased
the strengthening of the surface diffusion of the gallium a
toms. The impurity-capture process can also be activated
the generation of defects when the film surface is bombar
by the incident ions.

CONCLUSIONS

1. Amorphous and polycrystalline silicon films grown b
the sublimation of gallium-doped single-crystal silicon on
substrate with a small negative bias have a more nearly
fect structure than do films grown with no bias. The limitin
growth temperature that determines the transition from
formation of an amorphous to a polycrystalline structure
reduced in this case. The improvement of the film structur
240 Semiconductors 31 (3), March 1997
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sion of adatoms as a result of ion bombardment of
growth surface.

2. The experimentally observed increase of the electr
conductivity of PSFs grown with a negative potential appli
to the surface can be explained by the increase of the p
ability that the growing layer will capture gallium as a resu
of bombardment with ions and by the improvement of t
structural characteristics of the material.

1!The coherent scattering region in polycrystalline materials is often sma
than the grain size and is usually identical with the average size of
blocks into which the grains break up. This sizeD is computed from the
angular broadening of the diffraction maximaDs, using the Scherrer for-
mulaD54pk/Ds, wherek is the Scherrer constant ('1).
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Quasi-static capacitance of a MOS-FET upon saturation of the carrier drift velocity

ne-
M. V. Cheremisin

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
~Submitted March 29, 1996; accepted for publication May 5, 1996!
Fiz. Tekh. Poluprovodn.31, 296–301~March 1997!

The effect of the saturation of the carrier drift velocity on the voltage-capacitance characteristics
of the gate capacitancesCgs andCgd of a MOS transistor has been examined. The voltage-
capacitance characteristics are studied analytically for three different approximations of the
dependence of the carrier drift velocity on the field,n(E). It is shown that the voltage-
capacitance characteristic can be computed with satisfactory accuracy by means of a very simple
piecewise-linear approximation. On the other hand, the voltage-capacitance characteristics
must be computed on the basis of more realistic analytical dependences ofn(E), since a crude
piecewise-linear approximation in this case results in serious errors. A comparison of the
experimental voltage-capacitance characteristics with the theoretical results can serve as a criterion
for estimating the actual law of saturation of the drift velocity. ©1997 American Institute
of Physics.@S1063-7826~97!00803-X#
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The analytical modeling of the capacitance characte
tics of metal–oxide–semiconductor~MOS! transistors plays
an important role in the design and creation of logic circu
and analog circuits. An analysis of the equivalent circuit
an MOS transistor in the small-signal approximation1,2

shows that the total capacitanceCgs1Cgd , whereCgs is the
gate–source capacitance andCgd is the gate–drain capac
tance, determines its most important parameter—the cu
frequency. A model of the capacitance in terms of a qua
static approximation was first proposed by Meyer1 in 1971.
Ward and Datton3 improved this model by taking into ac
count the charge of the depletion region of the invers
channel of the transistor. The charge induced in the cha
was taken into account separately for the source and
drain of the transistor. The calculational technique of Wa
and Datton3 made it possible to achieve the best converge
and accuracy with numerical modelling of the voltag
capacitance characteristics of short-channel transistors.

The most complete and consistent approach to com
ing capacitance was developed by Shur4 on the basis of a
unified model of charge control.5 The proposed model mad
it possible to compute the voltage-capacitance characteri
of a transistor in all the regimes of its operation, from t
subthreshold regime to the saturation regime. At the sa
time, the drift-velocity saturation for carriers in an electr
field was consistently disregarded as indicated by Rhoet al.4

The drift-velocity saturation of the carriers is most im
portant in short-channel FETs, where the longitudinal el
tric field E in the channel can greatly exceed the charac
istic saturation field of the carrier drift velocity,Esat. The
distribution of the potential, the electric field, and the surfa
carrier concentration in the transistor channel is comple
determined by then(E) dependence. The very simple an
widely used piecewise-linear approximation of the carr
drift velocity n(E) gives a qualitatively good description o
the current-voltage characteristics of a transistor. More ac
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As will be shown in this article, the voltage-capacitan

characteristics of a transistor, in contrast with the I–V ch
acteristics, are more sensitive to the form of then(E) func-
tion. Expressions for the voltage-capacitance characteris
of a transistor operating in the triode regime are obtained
the basis of Meyer’s simple model. Three different appro
mations of n(E) are considered, including the piecewis
linear approximation. The use of Meyer’s very simple mod
stems from the fact that it allows one to obtain a clear phy
cal picture and simple analytical expressions for the g
capacitancesCgs andCgd . Taking into account the charge o
the depletion region of the inversion channel, as in the c
of the I–V characteristics, can only slightly refine the resu
ing voltage-capacitance characteristics.

2. CAPACITANCE OF AN FET IN TERMS OF THE
SATURATION MODEL OF THE CARRIER DRIFT VELOCITY

We consider an FET with a channel directed in thex
direction with a length ofl ~Fig. 1, inset!. The transistor
operates in the triode regime~the substrate is grounded!. The
thicknessd of the subgate insulation layer is much less th
the characteristic scale of variation of the potential,l . Under
this condition, the approximation of the smooth Schott
channel is applicable. In this approximation the transve
component of the electric field in the channel is much grea
than the longitudinal component. The surface concentra
ns of the carriers induced in the channel for the abov
threshold regime of operation of the transistor can be writ
as

ns5
CU

e
, ~1!

wheree is the elementary charge,U5Ugs(x) 2 Ut , Ugc(x)
is the local voltage between the gate and the channel,Ut is
the threshold voltage, andC is the capacitance of the insu

241241-05$10.00 © 1997 American Institute of Physics
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lating layer under the gate per unit area. The current in
conducting channel, using Eq.~1!, has the form

J5wC•m~E!U•E, ~2!

wherew is the width of the device, andm(E)5n(E)/E is
the field dependence of the carrier mobility. Substituting in
Eq. ~2! the relationship that connects the potential and
field, E5 2 dU/dx, and taking into account the bounda
condition at the source,U(0)5Us , it is easy to write the
equation for the potential distributionU(x) along the chan-
nel. The character of this distribution is completely det
mined by the form of the approximation of the carrier m
bility m(E). The dependence of the current in the channel
the source–drain voltage dropUsd5Us2Ud @where
Ud5U( l ) is the voltage at the drain# determines the I–V
characteristic of the transistor. This dependence can be
resented, in general, as a function of the contact voltage
J5J(Us ,Ud).

Following Meyer’s model, the total induced chargeQ of
the inversion layer can be found by integrating the surf
concentrationns of this charge along the channel in the for

Q52wCE
Us

Ud U

E
dU, ~3!

where the longitudinal electric fieldE5E(U,J) is a function
of the current and the local voltage in accordance with
~2!. Using Eq.~3!, it is easy to find general expressions f
the two independent differential gate capacitancesCgs and
Cgd , reduced to the total capacitance of the insulating la
under the gate,C05wCl.

Cgs5
]Q

]Us
U~Ud5const!5

1

l FUs

Es
2E

Us

Ud ]

]Us
SUE DdUG ,

~4!

Cgd5
]Q

]Ud
USUs5const!5

1

l FUd

Ed
2E

Us

Ud ]

]Ud
SUE DdUG ,

~5!

FIG. 1. Voltage–capacitance characteristics of the capacitancesCgs ~upper
curves! and Cgd ~lower curves! with a parameter value ofx51 for a—
a piecewise2linear approximation (usd

sat50.38), b—Eq.~8! (usd
sat50.62), and

c—Eq. ~14! (usd
sat50.51).
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whereEs andEd are the electric fields at the source and th
drain, respectively. The computation of the capacitanc
Cgs andCgd from Eqs.~4! and ~5! assumes that the spatia
distribution of the potential along the channel and the I–
characteristic of the transistor are known. Substituting in
Eqs. ~4! and ~5! the dependence of the local electric fiel
E5E(U,J) following from Eq. ~2! and the I–V characteris-
tic in the formJ5J(Us ,Ud), it is easy to obtain the voltage-
capacitance characteristics of the transistor. These dep
dences are usually constructed as functions of the volta
Us on the source for a fixed source–drain voltage dro
Usd . In this paper we will use another representation of t
voltage-capacitance characteristics, computed for cons
voltageUs on the source and for a variableUsd . The com-
putations will be carried out for two different analytical de
pendences of mobilitym(E).

The voltage-capacitance characteristics for the model
a smooth Schottky channel with constant carrier mobili
m(E)5m0 were obtained by Meyer.1 These characteristics
have the form

Cgs5
2

3F12
~12usd!

2

~22usd!
2G , Cgd5

2

3F12
1

~22usd!
2G , ~6!

where usd5Usd /Us . The piecewise-linear approximation2

of the carrier mobility results in a limitation of these voltage
capacitance characteristics by the source–drain voltage d
usd
sat when the I–V characteristic reaches saturation:

usd
sat512F12

~Ax414•x22x2!

2 G1/2, ~7!

where x52lEsat/Us is the saturation parameter. Figure
~curves a! shows the voltage-capacitance characteristics fo
fixed value of the parameterx51. The dependences of the
voltageusd

sat and the gate capacitancesCgs
sat andCgd

sat in the
saturation regime of the transistor on parameterx are shown
in Figs. 2 and 3~curves a!, respectively.

1. Let us consider a more realistic approximation of th
mobility m(E) in the form

FIG. 2. Source-drain voltage dropusd
sat in the I–V characteristic–saturation

regime vs parameterx for a—the piecewise2linear approximation, b—Eq.
~8!, c—Eq. ~14!.
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m~E!5
m0

~11E/Esat!
. ~8!

We introduce the dimensionless values of the local volta
u5U/Us , the lengthh5x/ l , and the currenti5J/J0, where
J05CUs

2w/2l . Equation~2! can be written as

du

dh
52

i

2

1

u2usat
, ~9!

whereusat5 i /x is the saturation voltage at a given curre
i . The solution of this equation with the boundary conditio
at the source ofu(0)51 determines the potential distributio
along the channel:

u~h!5usat1@ ~12usat!
22 i •h#1/2. ~10!

Saturation of the carrier drift velocity occurs at the sourc
where the electric field has the greatest value, approach
infinity as the expression under the radical in Eq.~10! goes
to zero. This condition determines the currenti sat and the
voltage dropusd

sat ~Fig. 2, curveb! in the saturation regime as
a function of parameterx in the form

i sat5
x212•x2Ax414•x3

2
, usd

sat5Ai sat. ~11!

We emphasize that, in the model of Ref. 2, with
piecewise-linear approximation of the mobility, the electr
field along the channel actually cannot exceed the va
Esat. On the other hand, in the case of the approximati
given by Eq.~8!, the electric field exceeds this value. Th
gives a different form of the voltage–capacitance charac
istics. Using Eq.~1!, we obtain the expression for the I–V
characteristic:

i5
12~12usd!

2

11
2usd

x

. ~12!

Computing the capacitancesCgs andCgd by the procedure
described above and the use of Eqs.~9! and ~12! gives the
result

FIG. 3. The dependences of the capacitancesCgs
sat andCgd

sat, ~lower curve! in
the I-V characteristic—saturation regime vs parameterx for a–a piecewise-
linear approximation ofm(E), b–Eq. ~8!, c–Eq. ~14!.
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Cgs5
2

3F12
~12usd!

2

~22usd!
2 1

112~12usd!
323~12usd!

2

x~22usd!
2 G ,

Cgd5
2

3F12
1

~22usd!
21

123usd2~12usd!
3

x~22usd!
2 G . ~13!

These dependences differ from Eq.~6! for a model with
constant mobility by the presence of additional terms asso
ated with saturation of the carrier drift velocity. Figure
~curves b! shows the voltage–capacitance characteristics
a fixed value of the saturation parameterx. They are sub-
stantially different from the case of piecewise2linear ap-
proximation of the mobility. The greatest differences are o
served in the saturation regions, which differ for these tw
cases. Figure 3~curves b! shows the dependences of the ga
capacitancesCgs

sat and Cgd
sat in the saturation regime on the

saturation parameterx. The difference, by comparison with
the case of the piecewise2linear approximation, is that the
gate-drain capacitance is identically equal to zero, while t
gate-source capacitance in the case of a short2channel tran-
sistor (x!1) has a different limiting value:Cgs

sat51. Let us
carry out a qualitative treatment of the resulting voltag
capacitance characteristics, based on a simple geomet
interpretation~Fig. 4!.

For small current valuesi!1, the potential along the
channel falls off linearly~Fig. 4, curvea!. The gate-source
capacitanceCgs can be found as the ratio of the increment o
the total chargeQ induced in the channel for fixed drain
voltage and source voltages varying by a small amountd. A
simple geometrical construction results in an obvious resu
Cgs51/2. It can be shown in the same way thatCgd51/2.

In short-channel (x!1) transistors in the saturation re
gime, the potential distribution is virtually uniform~Fig. 4,
curve b!. Therefore,Cgs

sat51. At the same time, because o
saturation of the drift velocity, the character of this distribu
tion sharply changes close to the drain, whe
Ed5du/dhu15`. This leads to the obvious result tha
Cgd
sat[ 0. Actually, a small variation of the voltage on the

drain for a fixed source voltage makes virtually no change
the potential distribution along the channel,u(h).

FIG. 4. Potential distribution~1, 2! and its redistribution~18, 28! under the
action of a voltage fluctuationd at the source and a fixed voltage on th
drain with x51 for an approximation ofm(E) @Eq. ~8!#: 1, 18—with
i50.01,2, 28—in the saturation regime.
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2. Let us consider an approximation of the mobility
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m(E) of the form

m~E!5
m0

~11E2/Esat
2 !1/2

. ~14!

In this case, Eq.~2! can be written as

du

dh
52

i

2

1

Au22usat
2
. ~15!

The solution of this equation jointly with the boundary co
dition on the source determines the potential distribut
along the channel:

FS u

usat
D2FS 1

usat
D52

x•h

usat
, ~16!

whereF(y)5yAy221 2 ln(y1Ay221). The I–V character-
istic is found by solving Eq.~16! after substitutingh51.
When the potential on the drain reaches values ofusat, the
transistor enters the saturation regime. The saturation cu
i sat can be found in this case from

FS x

i sat
D5

x2

i sat
. ~17!

The dependence of the voltage drop at the device vs pa
eterx in the saturation regime~Fig. 2, curvec! can be found
as

usd
sat512

i sat
x
. ~18!

It can be seen that it differs very little from the case
piecewise-linear approximation of the mobility.

Using Eqs.~4! and ~5!, the voltage-capactiance chara
teristics can be obtained only numerically and are shown
Fig. 1 ~curves c! for a parameter value ofx51. The depen-
dence of the gate—source capacitanceCgs

sat ~whereas
Cgd
sat[ 0) in the saturation regime vs parameterx is shown in

Fig. 3 ~curve c!. The form of this dependence substantia
differs only from the case of the piecewise-linear approxim
tion.

3. Let us consider the criterion for the applicability
the model of a smooth Schottky channel with a piecewi
linear approximation of the mobility. The condition that th
longitudinal field is small by comparison with the transver
field Ey is written as

E52
Us

l

du

dh
, Ey5

Us

d•« i
Fu1

Ut

Us
G , E!Ey , ~19!

where« i is the permittivity of the subgate layer. The cond
tion given by Eq.~19! determines the limiting value of th
voltage dropusd

lim along the channel, up to which the Schott
approximation is valid:

usd
lim512

Ab21a~11a!2b

11a
, ~20!

whereb5Ut/2Us anda5« id/2l are dimensionless param
eters. The parameter valuesa!1 correspond to a transisto
with an infinitely thin insulating layer, in which the Schottk
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approximation is applicable all the way to the saturation re
gime. It is easy to write the condition for which the I–V
characteristic in the model with a piecewise2linear approxi-
mation of the mobility saturates earlier than the Schottk
model reaches its limit of applicability; i.e.,usd

sat,Usd
lim :

x,xcr5
12~12usd

lim!2

12usd
lim , ~21!

wherexcr is the critical value of the saturation parameter
which satisfies the equationusd

sat5Usd
lim .

Using the characteristic parameters of the transisto
l51 mm, d5350 Å, and «54, the saturation field
Esat51.253106 V/m, and the voltagesUs51 V and
Ut50.5 V, the following estimates can be made:b50.25,
x52.5,xcr58.7, anda50.07. It can be seen that saturation
of the drift velocity is extremely important for modern tran-
sistors and that Eq.~21! is satisfied. The Schottky approxi-
mation is applicable virtually all the way to the saturation
regime; i.e.,usd

sat' usd
lim .

Let us carry out similar computations for the approxima
tion of the mobility determined by Eq.~8!. Using Eqs.~9!
and~19!, for a given value of the parametersa, b, andx, we

FIG. 5. Limiting voltage dropusd
lim vs parametera with b50.25 for an

approximation ofm(E) @Eq. ~8!# with: a—x50.1, b—x51, and c—
x510. usd

sat: a—0.27, b—0.62, c—0.92.

FIG. 6. Limiting voltage dropusd
lim vs parametera with b50 for an ap-

proximation of m(E) @Eq. ~14!# with: a—x50.1, b—x51, and c—
x510. usd

sat: a—0.24,b—0.51,c—0.79.
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can find the limiting value of the voltage dropusd
lim . Figure 5

a

.,

q
e

ll

a
a
s
r
h
sp

It
er

ences in the potential distribution along the channel. Our
near
tal
re-
ence

of

-
for
his
n

n

n.
shows the dependence of this voltage on parametera for
three fixed values of parameterx. Note that the Schottky
approximation in this case always is inapplicable earlier th
the I–V characteristic saturates; i.e.,usd

lim,usd
sat. Despite this

circumstance, in an actual transistor (a!1), it can be used
virtually all the way to the saturation regime, i.e
usd
sat' usd

lim .
For the approximation of the mobility determined by E

~14!, the results are shown in Fig. 6. For simplicity, th
threshold voltage was assumed equal to zero (b50). In this
case, the Schottky approximation is also applicable virtua
all the way to the saturation regime, i.e.,usd

sat' usd
lim .

3. CONCLUSIONS

Our analysis has shown that the I–V characteristic of
MOS transistor can be computed by using
piecewise2linear approximation of the mobility, wherea
analytical dependences provide only a slight quantitative
finement. On the other hand, the voltage–capacitance c
acteristics are different in these cases. This shows up e
cially strongly in the saturation region~Fig. 3! for short-
channel transistors. In this case,Cgs

sat51/2 andCgd
sat51/2 for

the piecewise-linear approximation, whereasCgs
sat51 and

Cgd
sat50 for the other two approximations of the mobility.

was shown that this is attributable to the qualitative diff
245 Semiconductors 31 (3), March 1997
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analysis has shown that the use of a crude piecewise-li
approximation is applicable. Comparison of the experimen
voltage–capacitance characteristics with the theoretical
sults can make it possible to estimate the actual depend
of the carrier mobility on the field.1! It is interesting to de-
termine the cutoff frequency of a transistor on the basis
the resulting voltage–capacitance characteristics.

A study of the criterion for the applicability of the ap
proximation of a smooth Schottky barrier has shown that,
modern transistors with a thin subgate insulating layer, t
approximation is valid virtually all the way to the saturatio
regime for all the approximations used for the mobility.

The author is grateful to M. I. D8yakonov, M. Shur, and
M. E. Levinshtein for fruitful discussions and support.

1!This possibility was brought to the author8s attention by M. Shur.
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Binding energy of shallow donors in asymmetrical systems of quantum wells

-
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The dependence of the binding energy of a shallow donor impurity on its position in an
asymmetrical system of tunnel-coupled quantum wells is mainly determined by the structure of
the one-electron envelope functions and the difference between the dielectric constants of
the quantum-well and barrier materials. An effective technique is suggested for calculating the
binding energies and envelope functions of the shallow donor states in type-I
heterostructures with narrow wells and barriers. We present the results of calculations for
Al xGa12xAs–GaAs structures with two or more quantum wells without imposing any restrictions
on the ratios of their sizes. ©1997 American Institute of Physics.@S1063-7826~97!00903-4#

1. The possibility of fabricating low-dimensional struc- subbands.13 Deep impurity states formed by a maximally lo
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tures in the form of quasi-two-dimensional systems of qu
tum wells ~QW!, quasi-one-dimensional quantum wires a
quasi-zero-dimensional quantum dots leads to highly div
sified and comparatively easily obtained spectra of elem
tary excitations, both for such systems in isolation and
combination, integrated into nanostructure devices.1 Addi-
tional possibilities in the fabrication of heterostructures~HS!
with prescribed properties have been offered by the tech
ogy of selective doping.2 The nature of the arising impurity
states is in many ways determined by the peculiarities of
quantum-well electron states inherent to the given hete
structure.

A general qualitative analysis of shallow~Coulomb! im-
purity states in a two-dimensional (2D) system was carried
out by Chaplik and E´ntin.3 They obtained an estimate of th
binding energy with allowance for the modification of th
Coulomb interaction taking place in the 2D system. They
also estimated the energies and lifetimes of the qu
stationary impurity states split off from the 2D quantum-well
subbands~except the lowest!. The first theoretical study of a
hydrogen-like donor impurity state in an isolated quant
well with infinitely high barriers4 was later refined in con
nection with the finite barrier height of the quantum well a
the difference in the effective masses and dielectric const
of the materials of the quantum wells and the barr
layers.5–9 In individual cases more complicated structur
have been investigated. They consist, for example, of
identical quantum wells separated by a barrier transparen
tunneling.10

Of especial interest, however, are asymmetrical syst
of quantum wells. In such structures an effective
dislocation of the electron envelope functions in t
quantum-well subbands is possible under the action of ex
nal fields,11 which makes it possible to use these structures
multifunctional elements of integrated electron
nanocircuits.12 Redislocation of the envelopes affects the i
purity states13 and, as a consequence, also affects the p
tion of the Fermi quasi-levels and the filling of the electr
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calized potential were considered in Ref. 13. In the pres
paper we examine shallow donor states in asymmetrical
erostructures with quantum wells.

2. As a rule, in the solution of the problem of impurit
states in quantum-well heterostructures the variatio
method is used in the effective mass approximation. T
simple, yet convenient approach to the study of shallow~and
sometimes quite deep! impurity states in the volume of a
semiconductor, where the symmetry of the spatial distri
tion of the electron density is evident, has substantial lim
tions when used to calculate impurity states in heterostr
tures. Indeed, in an asymmetrical heterostructure with two
more quantum wells the electron wave functions can hav
very exotic form; for this reason the choice of test functio
in the case of such heterostructures is inevitably associ
with an increase in the number of variational parameters
a complication of the calculational procedure.

Here, bearing in mind applications to heterostructu
with quite narrow quantum wells and barriers, we make u
of a technique that has been applied earlier14,15 to describe
exciton states in similar structures. This technique reduce
an expansion of the impurity envelope functions over
2D Wannier basis of electron envelopes in the given hete
structure. Such an approach makes it possible to effectiv
separate the motion of the electron into transverse and
gitudinal ~along the heterostructure axis! motion, which sig-
nificantly facilitates the choice of test envelope functions
the variational procedure. The main details of the design
the heterostructure are taken into account in the calculat
the differences in the effective masses and dielectric c
stants of the materials of the quantum wells and the barri
and also effects of nonparabolicity of the conduction ba
As usual,16 the quantum well is represented as a square
tential well, and for the effective masses and dielectric c
stants in the quantum wells and barrier layers we adopt t
values in the corresponding bulk semiconductors. This
proximation is linked with the presence of two natural a
highly different characteristic length scales: it is assumed16,17
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order of magnitude of the interatomic distance, which is s
eral orders of magnitude smaller than the characteristic s
of variation of the external fields applied to the heterostr
ture. Thus, the effective-mass method is completely ap
cable in each element of the heterostructure. The solution
the regions separated by a jump in the potential are joi
together with the help of the corresponding boundary con
tions. The most commonly used16,17 are conditions ensuring
continuity at the heterojunctions of the envelope functio
and the probability flux density calculated in these en
lopes.

None of these commonly used approximations,
course, is designed to provide quantitative information ab
the energy spectrum of the quantum-well system; howe
its qualitative analysis within the framework of the envelop
function method in the effective mass approximation alm
always leads to completely satisfactory results.16,17 In par-
ticular, it is generally held that the method is quite effecti
if the characteristic dimensions of the quantum well and b
riers exceed about ten angstroms.17

3. To classify the electron states in planar quantum-w
heterojunctions we may use the set of quantum numb
$n,k%, wheren is the index of the 2D quantum-well subband
of the conduction band, andk is the quasimomentum o
transverse motion. The envelopes of the one-electron w
functions can be represented in the form17

un,k&5
1

AS
f nk~z!exp~ ikr!, ~1!

whereS is the normalization area of the heterostructure,r is
the transverse component of the radius vectorr , the z axis
points in the direction of the heterostructure axis, and
1D envelope functionsf nk(z) are solutions~for given k!
simultaneously of the Schro¨dinger equation with potential in
the form of rectangular quantum wells.17 These envelope
functions~1!, which describe single-particle elementary e
citations in the electronic subsystem of the heterostruct
can be considered as a set of eigenfunctions of some e
tive HamiltonianH0 which also defines the electron ener
spectrumEn(k) of the given heterostructure:18

H0unk&5En~k!unk&. ~2!

The presence in the heterostructure of a donor impurity a
an impurity potentialU(r ) to H0 . The electron envelope
function u& is therefore a solution of the equation

Hu&5Eu&, ~3!

whereH5H01U. As a suitable basis over which to expan
the desired functionu& we may use the two-dimensiona
Wannier basis, whose elements are expressed in terms o
wave functions~1! as

unb&5
1

AN (
k

exp~2 ikb!unk&. ~4!

Here the discrete vector indexb defines the position of the
given unit cell, andN is the number of unit cells in the
heterostructure plane.
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b

unb&^nbu&, ~5!

we easily obtain a system of equations for the expans
coefficients^nbu&. We easily see that

(
n8b8

^nbuH0un8b8&^n8b8u&⇒En~2 i¹!^nbu&, ~6!

where¹ is the gradient operator with respect to the 2D vari-
ableb, which now is considered as a continuous quant
To determine the Coulomb interaction energy of the elect
with an impurity center, we introduce the electrosta
Green’s functionG(r ,r 8), which has the meaning of th
potential at the pointr of a single positive charge located
the pointr 8. Noting that the effective localization radius o
the shallow donors in semiconductors substantially exce
the lattice constanta and, consequently, the defining contr
bution to the formation of the envelopesu& comes from a
very small region of quasimomenta in the vicinity of th
center of the two-dimensional Brillouin zone,ka!1,
Altarelli17 points out that the dependence of the on
dimensional envelopes in~1! on k can be disregarded, deno
ing them simply asf n(z). It is easy to see that in this cas
the basis~4! degenerates to a point basis~in the heterostruc-
ture plane! layer-modulated by the envelope function
f n(z). The Coulomb matrix elements between the ba
functions~4! can now be represented in the form

^nbuUun8b8&52dbb8Wnn8~b,z0!, ~7!

where

Wnn8~b,z0!5E dz fn* ~z!G~b,z,z0! f n~z!. ~8!

Herez0 is the position of the impurity in the heterostructur
and we took into account thatG(r ,r 8)5G(r2r8;z,z8).

Finally, the system of equations for the expansion co
ficients in ~5! takes the form

@En~2 i¹!2E#^nbu&5e2( Wnn8~b,z0!^n8bu&. ~9!

Solution of system of equations~9! allows us in principle to
determine the envelope functions and the energy spectru
the heterostructure with a donor impurity, with allowance f
mixing of states split off from all the 2D quantum-well sub-
bands. Here the one-dimensional envelopesf n(z) and the
one-electron spectrumEn(k) carry information about the
profile of the 1D potential of the given heterostructure an
also about the peculiarities of the band structure of the se
conductors forming the heterostructure or, specifically, ab
their effective masses and the deviation of their dispers
relation from parabolic at smallk. The electrostatic Green’s
function allows for differences in the dielectric constant
the materials of the quantum wells and the barrier layers

4. It is easy to see that the diagonal matrix elements
~8! are significantly greater than the nondiagonal one for
sameb andz0 : Wnn@Wnn8 , n Þ n8. This inequality, which
follows directly from the condition of orthogonality of th
one-dimensional envelope functions, becomes even stro
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in the case of substantially asymmetrical heterostructures, in
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which the envelopes corresponding to different quantu
well subbands are, as a rule, localized~for the most part! in
different quantum wells. Therefore, in the zeroth approxim
tion, we may neglect the nondiagonal elements in~9! and
solve the now independent equations for eachn. In this case,
a series of energy levels corresponding~in the adopted ap-
proximation! to states localized along the axis of the hete
structure splits off from each subband.3 Further account of
the nondiagonal terms in~9! leads to a certain refinement o
the energies of such levels~by removing the degeneracy o
some of these levels! and to a conversion of all the leve
except for those split off from the lowest subband to qua
stationary levels.3

We write the equation defining the contribution in th
zeroth approximation̂nbu0& of the nth subband to the en
velope function of the state associated with the donor im
rity in the form

FEn
~0!2

\2

2mn
¹21Vne

2Wnn~b,z0!2EG^nbu0&50. ~10!

Here En
(0) andmn are the energy~for k50! and effective

mass of an electron in thenth subband. The operatorVn,
which allows for the nonparabolicity of thenth subband~for
small k!, can be written in thek-representation as14,15

Vn5
\2

2m0
bn
2k4, ~11!

wherem0 is the mass of the free electron, and typical valu
of the phenomenological parametersbn lie between 1027

and 1026 cm. It is natural to allow for the influence of th
operatorVn as a perturbation since the contribution of t
envelope functions of the localized states to the binding
ergy becomes insignificant with increasingk, starting with
k'al

21 , wherea1 is the characteristic localization radius
the electron at the impurity center. Such an approach all
us to avoid an increase in the order of the differential eq
tion ~10! and, correspondingly, the need to formulate ad
tional conditions for the envelopes at the heteroboundari

We will find the solution of Eq.~10! by a variational
method. It is natural to choose the test envelope function
the ground state in the form of a 2D hydrogen-like orbital

^nbu0&5A2k2

p
exp~2kb! ~12!

with the single variational parameterk. The ground-state
energy is determined by the minimum of a functional who
form can be easily found directly from Eq.~10!. Thus, the
contribution of the second term in Eq.~10! is obviously
equal to\2k2/2mn . The contribution of the third term in the
form ~11! is also easily determined:14

Vn~k!5
\2bn

2k4

m0
H lnF11S p

kaD
2G2

3

2J . ~13!

The logarithm in expression~13! is, as usual, the result o
truncating the corresponding integrand function at
boundary of the 2D Brillouin zone. A simple means of con
structing the electrostatic Green’s function19 used in Refs. 14

248 Semiconductors 31 (3), March 1997
-

-

-

i-

-

s

-

s
-
-
.

of

e

e

and 15 in the treatment of excitons in asymmetrical syste
of quantum wells can also be applied to the calculation of
contribution ofWnn to the energy functional. Here we re
strict, the discussion, as in Ref. 19, to an account of te
not higher than first order in the small parame
n5(«12«2)/(«11«2), where«1 and «2 are the dielectric
constants of the materials of the quantum wells and the
rier layers. The one-electron envelope functionsf n(z) and
effective massesmn in the 2D subbands are determine
numerically.19 The procedure for calculating the Coulom
contribution to the functional being varied simplifies su
stantially if we introduce the universal function3,14

F~§!5§H p

2
@H1~§!2Y1~§!#21J , ~14!

whereY1(§) andH1(§) are the Bessel and Struve function
respectively, and the argument§ is a linear combination of
the integration variablez and the z coordinates of the
heterojunctions.14,19Note that contributions of any order inn
to the energy functional can be expressed in terms ofF(§).

5. By ~numerically! minimizing the energy functiona
defined in this way, it is possible to obtain the dependenc
the binding energy of a shallow donor on its positionz0 in
the heterostructure. The figures presented below gives re
of calculations of the binding energy of a shallow don
impurity in the heterostructure AlxGa12xAs–GaAs with two
quantum wells separated by a barrier transparent to tun
ing; the outer barrier layers are assumed to be semi-infin
Figure 1 plots the binding energy~in meV! of a shallow
donor state that splits off from the lower (n51) 2D subband
of the conduction band of a4–2–5heterostructure~width of
the leftmost quantum well equal to 4a, of the inner barrier,
to 2a, and rightmost quantum well, to 5a! as a function of
the positionz0 of the impurity in the heterostructure. Her
and in the following figures the energy is reckoned from t
edge of the corresponding subband, each division on
horizontal axis corresponds to the lattice const
a55.65 Å, and the value of the parameterbn is assumed

FIG. 1. Dependence of the ground-state energy of the shallow donor o
position in the heterostructure AlxGa12xAs–GaAs4–2–5. Thevalues of the
Al concentration in the barriers (x) is indicated next to the correspondin
curves.
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equal to 25 Å. The numbers beside the curves in Fig. 1
dicate the Al concentration in the barrier layers~x50.1, 0.2,
0.3, 0.4!. The dependence of the binding energy onz0 is a
complicated nonmonotonic function with a very deep mi
mum corresponding to the inner barrier. This has to do w
the fact that the dielectric constant in the barriers is less t
in the quantum wells and with the extremely large value
the one-electron envelope forn51 in the maximally narrow
(2a) inner barrier. The minima near the outer heterojun
tions are due mainly to the spatial dependence of the die
tric constant. The dependence of the binding energy onx is
governed by two factors—a deepening of the quantum w
with growth of x accompanied by an increase in the deg
of localization of the 1D envelope, and a growth of the pa
rametern.

The conclusion that the binding energy of an electron
an impurity center located in the barrier can exceed the b
ing energy of an electron for an impurity center inside one
the quantum wells is not unexpected, and specifically for
reason that in asymmetrical systems of quantum wells
envelope functions in the inner~narrow! barriers can have
values comparable with their values in the quantum we
Therefore, an account of the difference in the dielectric pr
erties of the quantum-well and barrier materials can lead
considerable change in the binding energy, in particular
we note that in the heterostructure AlxGa12xAs–GaAs for
x'0.4 this difference reaches a value of about 10% a
cannot, in general, be assumed to be negligible. In this
gard, note that in a periodic superlattice20 as in a symmetrica
system of quantum wells~Fig. 2!, the envelope function o
the lower subband has a noticeable minimum in the bar
region; therefore, an account of the difference in dielec
constants cannot lead to a qualitative change in the natu
the dependence of the binding energy on the position of
impurity in a superlattice or a system of quantum wells.

Figure 3 plots data for a5–4–3 heterostructure with
x50.3. The curves denotedC1 andC2 correspond to the
ground-state energy and are split off from the subbands w
n51 andn52. The visible asymmetry of the two curves

FIG. 2. Dependence of the ground-state energy of the shallow donor o
position in the heterostructure AlxGa12xAs–GaAs 10–10–10. The dashe
curve was calculated without allowing for the difference between the die
tric constants of the quantum-well and barrier materials.
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clearly linked with the asymmetry of the envelopesf 1(z) and
f 2(z): the first of them is concentrated mainly in the le
hand~wider! quantum well, whereas the main extremum
the second curve is located in the region of the narrow
quantum well. A heterostructure with still stronger localiz
tion of the 1D envelopes,8–4–4, demonstrates a respec
tively stronger dependence of the binding energy of the
nor state onz0 ~Fig. 4!.

6. The value of the binding energy found in the zero
approximation based on Eq.~10! can be refined if we take
into account the nondiagonal elements on the right side
Eq. ~9! in terms of perturbation theory. Below, for simplicity
we restrict the discussion to the two lower 2D subbands with
n51 andn52. In this case we can write Eq.~9! as

~E2H1!c15H12c2 , ~E2H2!c25H21c1 . ~15!

its

c-

FIG. 3. Dependence of the ground-state energy of the shallow donor o
position in the heterostructure Al0.3Ga0.7As–GaAs5–4–3. ThecurvesC1
andC2 correspond to the states split off from the first and second quant
well subbands; the energy in each case is reckoned from the edge o
corresponding subband.

FIG. 4. Dependence of the ground-state energy of the shallow donor o
position in the the heterostructure Al0.3Ga0.7As–GaAs8–4–4. Thecurves
C1 andC2 correspond to the states split off from the first and seco
quantum-well subbands; the energy in each case is reckoned from the
of the corresponding subband.
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cn[^nbu&. Introducing the Green’s function operato
Gn(E)5(E2Hn)

21, we can transform system of equatio
~15! into the equivalent equation

~H11H12G2~E!H21!c15Ec1 , ~16!

which formally resembles the Schro¨dinger equation, but con
tains an additional energy-dependent term in the poten
H12G2(E)H21. We represent the ground-state energy in
form E5E10

(0)1E10
(1) , whereE10

(0) is the solution of Eq.~10!
for n51, and the first correction to the energy,E10

(1) is found
from perturbation theory

E10
~1!5^c1

~0!uH12G2~E10
~0!!H21uc1

~0!&. ~17!

Herecn
(0)[^nbu&, the argumentE in the Green’s function

operator has been replaced by its zeroth approxima
E10
(0) , and the bracket notation in Eq.~17! denotes integration

overb. It is easy to see thatE10
(1),0, i.e., that taking accoun

of the second subband leads to some deepening of the d
impurity ground-state energy level that has split off from t
first subband. Indeed, the sign of the expression on the ri
hand side of Eq.~17! coincides with the sign of the energ
denominator of the Green’s function. Similar argume
show that the ground-state level split off from the seco
subband under the influence of the states of the first s
bands, in contrast, becomes shallower, i.e., it has a tend
to approach the edge of the subband withn52. In the case of
heterostructures with sufficiently narrow quantum wells a
barriers it is easy to make an order-of-magnitude estimat
the level shift due to the intersubband interaction. As w
already noted, the magnitude of the matrix element of
operatorH12 is in any case less than the characteristic C
lomb energy Ry(n)5mne

4/2«2\2, where « is the average
dielectric constant of the structure. The magnitude of
energy denominator of the Green’s function in express
~17! can be estimated asD215E2

(0)2E1
(0) provided that

D21@Ry(n). This condition is obviously satisfied in the ca
of quantum wells and barriers of nanometer dimensio
Therefore,

uE10
~1!u

Ry~1!,
Ry~1!

D21
; ~18!

and an analogous inequality holds forE20
(1) . In this sense, it

may be said that in nanostructures the Coulomb serie
donor impurity levels are ‘‘suspended’’ from each of th
quantum-well subbands.

7. Clearly, allowance for the finite number of quantum
well subbands cannot significantly affect inequality~18!. It is
necessary, however, to estimate the contribution to the b
ing energy of the quasi-continuum of states of the conduc
band. Toward this end, we can use system of equations~9!,
which to second order in the nondiagonal matrix element
the Coulomb interaction operator leads to an equation for
ground-state energy of the donor impurity:

~E2E10!5(
nÞ l

(
n

u^10uWlnunn&u2

E2Enn
. ~19!
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sponds to thenth quantum-well subband,$n% is the set of
transverse quantum numbers passing over in the contin
to the transverse quasimomentum~just asn passes over in
this case to the longitudinal quasimomentum!. Note that in
the two-subband approximation~15! expression~19! be-
comes exact.

We restrict the analysis to the case of sufficiently narr
systems of quantum wells, in which their characteristic s
d,a1 , wherea1 is the effective 2D Bohr radius of the do-
nor state split off from the first subband. In addition, w
assume that the quantum wells are so deep that their d
DEc@\2/2mcd

2; heremc is the effective mass of the con
duction band. Under these conditions a rough upper estim
of the contribution of the quasi-continuum in Eq.~19! is

~E2E10!cont;2Ry~1!S da1D
2

lnF11
a

d

Ec

DEc
G . ~20!

HereEc'p\2/mca
2 is a characteristic energy of the ord

of the width of the conduction band, anda is the lattice
constant. The logarithmic dependence of the binding ene
on the band width of the quasi-continuum of states allows
to ignore the contribution of these states, at least in the c
of relatively narrow systems of quantum wells, whe
d,z1 .

8. For uniformly doped heterostructures a certain se
Coulomb level series is associated with the donor impur
where these levels are due to the impurities located in e
monolayer of the heterostructure. This circumstance may
the reason for the broadening and attenuation of the impu
bands in the optical spectra of the heterostructures, and
also limit the possibility of controlling the location of th
Fermi quasilevels with the help of an external electric field
comparison with deep impurities.13

In conclusion, we note that in heterostructures w
maximally narrow quantum wells and barriers@with width in
the range (223)a# the binding energy of a shallow donor, a
a rule, is significantly less than its 2D limiting value; its
magnitude is mainly determined by the geometry of the h
erostructure@via the one-electron spectrumEn(k) and the
one-dimensional envelopesf n# and the difference in the di
electric properties of the components of the heterostruc
due to modification of the Coulomb interaction and form
tion of a charge-image field.
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Nonlinear conductivity and current–voltage characteristics of two-dimensional

semiconductor superlattices

Yu. A. Romanov and E. V. Demidov

Institute for the Physics of Microstructures, Russian Academy of Sciences,
603600 Nizhni� Novgorod, Russia
~Submitted December 25, 1995; accepted for publication May 20, 1996!
Fiz. Tekh. Poluprovodn.31, 308–310~March 1997!

Electron transport and heating in a two-dimensional semiconductor superlattice with arbitrary
orientation of the field~current! relative to the crystallographic axes is investigated in
the approximation of constant energy and velocity relaxation times with electron–electron
collisions taken into account. The nonlinear conductivity, average electron energies, and
interrelationship between field direction and the current excited by it in an unbounded
superlattice, as well as the current-voltage characteristics and the transverse electromotive force
of a superlattice of finite width are found. ©1997 American Institute of Physics.
@S1063-7826~97!01003-X#

Studies of electron transport in superlattices~SL! usually ] f f ~k,t !2 f̄ s~«,t ! f ~k,t !2 f 0~«,Te!
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employ the classical Boltzmann equation with one cons
relaxation time of the electron distribution function. In th
approximation the motions of the electrons along the crys
lographic axes of the superlattice are independent and th
fore its electrical characteristics~in the absence of a mag
netic field! can be obtained by a simple superposition of
characteristics of one-dimensional superlattices. This, in
ticular, pertains to the results on self-induced transparenc
two-dimensional and three-dimensional superlattices,1 which
are identical in this approximation to the correspond
known results for one-dimensional superlattices.2–4 This also
pertains to the effect of the transverse electromotive forc5

However, in real relaxation processes the degrees
freedom of the electron are not independent since its st
vary interdependently and mix in all three directions. The
fore, the indicatedt-approximation can even lead to qualit
tively inaccurate results. This is the case with the heating
an electron gas. For example, this approximation gives z
electron heating in the direction perpendicular to the field
the latter is directed along the superlattice axis. It does
help to introduce two different relaxation times for the d
tribution function~i.e., for its symmetric and antisymmetri
parts! if they pertain to only one degree of freedom of t
electron.4,6

The present paper examines transport and heating o
electrons of a two-dimensional superlattice with square s
metry ~SL-2! on the basis of the Boltzmann equation with
new model collision integral. The latter contains three rel
ation times:t1(«) is the randomization time of the directio
of the electron momentum, without change of energy« ~the
characteristic setup time of the uniform electron distribut
on the isoenergy surface due to elastic collisions!; t«(«) is
the relaxation time of the electron energy, which descri
its transitions between the isoenergy surfaces, andtee(«) is
the inverse electron–electron collision frequency. In acc
dance with the abovesaid, we have

] f ~k,t !

]t
1
eE

h

] f ~k,t !

]k
52S ] f

]t D
col

, ~1!
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t«~«!
, ~2!

wheref (k,t) is the field-perturbed electron distribution fun
tion, f s(«,t) is the electron distribution function average
over the equipotential surfaces,f 0(«,Te) and f 0(«,T0) are
the equilibrium electron distribution functions with effectiv
temperatureTe and lattice temperatureT0 , respectively;k is
the wave vector, andE is the electric field. The temperatur
Te is determined by the condition of equality of the me
electron energies described by the distributionf (k,t) and
f 0(«,Te). The first and second (Te Þ T0) terms in Eq.~2!
‘‘mix’’ all the degrees of freedom of the electron, which
the fundamental difference between the given approach
that of Refs. 1–6. It is important to emphasize that t
electron–electron collisions in superlattices are accom
nied, as a rule, by Peierls distortions and therefore lead
randomization of the direction of the momentum and velo
ity of the electrons~additional resistance!, which is reflected
in Eq. ~2!. Such collisions cannot have as their result a m
mentum shift of the Fermi distribution function.7 Note that in
the case of nonuniform fields the collision integral~2! must
be revised to allow for the conservation laws.

The dispersion relation of the electrons of an SL-2 s
perlattice in the tight-binding approximation has the form

«~k1 ,k2!5«1~k1!1«2~k2!5~D/2!~12cosk1d!

1~D/2!~12cosk2d!, ~3!

whered is the period of the SL-2 superlattice,\k1,2 are the
components of the quasimomentum of the electron along
crystallographic axesx1 andx2 , respectively, and 2D is the
energy width of the two-dimensional miniband. We assu
that electron motion along thex3 direction ~the third degree
of freedom! is ‘‘frozen.’’ The nonadditive dispersion relation

252252-03$10.00 © 1997 American Institute of Physics



used in Refs. 1 and 5 reduces to the above dispersion relation
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by rotating the coordinate system through an angle ofp/4
radians.

For simplicity we assume that the timest1 , t« , and
tee are independent of the energy. In the stationary case
electric current and electron heating, according to Eqs.~1!
and ~2!, are given by

j 1,25
s01@11~E2,1/E0!

2#E1,2

11~1/2!@11~t« /tp!#~E/E0!
21~t« /tp!~E1E2 /E0

2!2
,

~4!

^D«1,2&[^«1,2&2
^«&0
2

5
s0t«E

2

2n

3
@11~1/2!~E/E0!

2sin2 2u6~tp /t«!cos 2u#

11~1/2!@11~t« /tp!#~E/E0!
21~t« /tp!~E1E2 /E0

2!2
,

~5!

wheres05ne2d2tp/2\2 (D2^«&0) is the linear conductiv-
ity of the SL-2 superlattice,E05\/edtp is the effective
field, u is the angle between the field vector and the crys
lographic axisx1 , tp

215t1
211t«

211tee
21 is the inverse re-

laxation time of the electron velocity, the angle brackets^&
and^&0 denote the averages with respect to the perturbed
equilibrium electron distribution functions, respectively, a
n is the electron concentration.

Relation~5! indicates substantial electron heating in t
direction transverse to the current. Even in a field direc
along a crystallographic axis~e.g.,x1! heating in the direc-
tion perpendicular to it and the current~the x2 direction! is
large. The ratio of the corresponding increments of the m
energies in this case is

g[
^D«2&

^D«1&
5

t«2tp
t«1tp

. ~6!

For t«53tp , g50.5. Fort«@3tp heating becomes isotro
pic. In the limit of strong fields andu Þ 0, p/2 the electrons
are uniformly distributed in the miniband.

In general, the vectorsj andE are noncollinear. Their
mutual orientation is given by

tanw5tan u
11~E/E0!

2cos2 u

11~E/E0!
2sin u

, ~7!

wherew is the angle between the current density vectorj and
the crystallographic axisx1 . The plots ofw(u) are shown in
Fig. 1. Note that the dependencew(u) is a universal function
of the dimensionless fieldE/E0 and does not depend on th
ratio t« /tp .

For givenE.&E0 , three field directions, one of whic
is unstable, can correspond to a fixed current direction.
SL-2 symmetric directionw5p/4 is special. Due to the
transverse negative differential conductivity, the field dire
tion with u5p/4 is unstable forE.A2E0 , and electric
fields transverse to the current arise in the SL-2 superlat
This effect was considered in Ref. 1 fort«5tp . From the
macroscopic point of view it is analogous to the Erlba
effect8 in multivalley semiconductors, but is a highe
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frequency effect since it is governed not by intervalley sc
tering, but by the dynamics of the electron in the narro
miniband.

Let us now consider the current–voltage characteristic
an SL-2 superlattice of finite width. Let thex1 axis make an
angle w with respect to the boundaries of the wafer. F
definiteness, we takeuwu,p/4. We will not consider domain
formation here; we will assume, therefore, that the field
the sample is homogeneous. The dependence of the cu
j (Ei) and transverse fieldE'(Ei) on the stretching fieldEi

in the sample can be found from Eqs.~4! and ~5! and the
condition that the transverse current vanishes. These de
dences are shown in Figs. 2 and 3. Branches3 and 38 are
unstable relative to transverse perturbations of the field.

FIG. 1. Dependence of the direction of the current density vectorj on the
direction of the electric fieldE. The numbers next to the curves are th
values ofE/E0 .

FIG. 2. Dependence of the transverse fieldE' in a superlattice of finite
width on the applied stretching fieldEi for w530° ~curves 1–3! and
w545° ~curves18–38!. Asymptotes of the curves are shown forw530°.
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The orientationw545° is important and simple to ca
culate. For it

j ~1,2!5
2s0E0

2

~11t« /tp!Ei
, E'

~1,2!56AEi
222E0

2,
~8!

Ei.&E0 ,

j ~3!5
s0Ei

11~t« /tp!~Ei /E0!
2 , E'

~3!50,

jmax
1,2

jmax
~3! 5

2At« /tp
11t« /tp

. ~9!

For this orientation in the field regionA2tp /t«,Ei,&E0

there exists only one differential conductivity, and in t

FIG. 3. Current–voltage characteristics of a superlattice of finite width
w530° ~curves1–3! andw545° ~curves18–38!; t« /tp52.
254 Semiconductors 31 (3), March 1997
verse conductivity. In the first regionE'50 and therefore
ordinary strong- and weak-field Gunn domains arise. With
increase in the ratiot« /tp , the first region increases in th
direction of smaller fields and the splitting of the curren
voltage characteristic disappears, but the dependence o
transverse electromotive force onEi /E0 remains constant
Since the currents in the second region in this case are
tively small, it is difficult to attain the regime of ‘‘skew’’
domains.9,10Qualitatively, such a situation takes place for a
anglesw. Therefore, in the caset«@tp anisotropy effects,
including the transverse electromotive force, are hard to
serve since they are suppressed by the longitudinal cur
instability arising in fields when the anisotropy of the SL
conductivity is still small.
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the Russian Fund for Fundamental Research.
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Fabrication of blocked impurity-band structures on gallium-doped silicon by plasma

hy-
hydrogenation
V. M. Émeksuzyan, G. N. Kamaev, G. N. Feofanov, and V. V. Bolotov

Institute of Semiconductor Physics, Siberian Branch of the Russian Academy of Sciences,
630090 Novosibirsk, Russia
Institute of Sensor Micro-Electronics, Siberian Branch of the Russian Academy of Sciences,
644077 Omsk, Russia
~Submitted May 22, 1995; accepted for publication May 22, 1996!
Fiz. Tekh. Poluprovodn.31, 311–317~March 1997!

The electrical characteristics of blocked impurity-band structures~BIB-structures! based on
gallium-doped silicon (NGa'531017 cm23) are investigated. The blocking layers were formed by
passivation of the gallium impurity by means of treatments in an rf-discharge hydrogen
plasma at substrate temperaturesT520–220 °C. It is found that the activation energyEa of the
hopping conductivity with hopping between nearest gallium neighbors decreases from
8.7 meV ~before hydrogenation! to 1.3 meV ~after hydrogenation atT5220 °C). The
current–voltage characteristics and temperature dependence of the dark current of the structures
and their change after isochronal (t520 min) annealing at temperaturesT5220–400 °C
are determined. The current–voltage characteristics of the structures at low temperatures are
calculated. The results of calculations are found to agree with experimental data.
© 1997 American Institute of Physics.@S1063-7826~97!01103-4#
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At low temperatures in partially compensated silic
doped with impurities with shallow levels with concentratio
Ns;101721018 cm23, hopping conductivity is observe
with hopping between nearest neighbors or with varia
hopping length.1–4 The presence of hopping conductivi
leads to the appearance of large dark currents in photor
tances fabricated in a doped semiconductor, and thereby
reduction of their detecting power.5–7 With the aim of sup-
pressing dark currents in semiconductor photodetector
heavily doped materials, we propose variants of block
impurity band~BIB! structures.5–11

In a previous paper12 we proposed a way to attain th
goal and considered the electrical characteristics of B
structures in which the blocking layers were obtained by
drogenation in boiling distilled water. As is well known,13–17

passivation of shallow donor and acceptor states and for
tion of electrically neutral complexes~A2H1!0 and
~D1H2!0 takes place in such layers. In this paper our goa
to examine the possibility for the formation of structur
with blocked hopping conductivity on the surface of gallium
doped silicon by means of hydrogenation in a hydrog
plasma, and to investigate and describe the electrical pro
ties of these structures.

2. EXPERIMENTAL TECHNIQUE

In this work we usedp-type silicon wafers of thicknes
d5380mm grown by zone melting and doped with galliu
@NGa5(225)31017 cm23#. Ohmic contacts on the nonpla
nar side of the structures were created by implantation
B1 ions with energy E5100 keV and dose
F51.931015 cm22 with subsequent thermal annealing
T51000 °C for t50.3 h and Cr1Au metallization at
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drogenation in a hydrogen plasma under reduced pres
(0.120.3 Torr), obtained by rf-discharge at substrate te
peraturesT5202220 °C. Exposure time to the plasma va
ied in the limitst50.221 h. Ohmic contacts on the blockin
layer side were created by implantation of B1 ions with en-
ergyE510 keV and doseF56.331015 cm22 without sub-
sequent annealing. After the implantation we subjec
Cr1Au to undergo a transition to metallic state
T5200 °C. The concentration profiles of the gallium imp
rity in the electrically active state were determined fro
room temperature measurements at frequen
f50.1421 MHz of the current–voltage characteristics
Al–p-Si Schottky diodes fabricated on wafers which we
not subjected to boron ion implantation and metallization
the blocking layer side. The concentration of the deep-le
centers in the blocking layer was monitored by transient
pacitance deep-level spectroscopy~TCDLS! in the constant-
voltage regime by the technique described in Ref. 17. T
current–voltage characteristics and temperature depend
of the resistance of the structures were measured in the
perature range 4.2250 K before and after hydrogenation
The thermal stability of the structures was investigated w
the help of isochronal (t520 min) annealing in a dry nitro-
gen atmosphere in the temperature rangeT52002400 °C.

3. PASSIVATION OF GALLIUM IMPURITY BY
HYDROGENATION OF STRUCTURES IN HYDROGEN
PLASMA

Figure 1 shows the concentration profile of the ioniz
impurity in Si:Ga with initial gallium concentration
NGa5531017 cm23 after hydrogenation in a hydroge
plasma. As can be seen from Fig. 1, after processing
T520 °C for t520 min a layer with depthh'0.5mm is

255255-06$10.00 © 1997 American Institute of Physics
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formed with residual ionized impurity concentration of abo
731016 cm23 ~see the inset in Fig. 1!. Processing at
T5220 °C for the same length of time leads to the appe
ance of a high-resistance layer of thicknessh'1.7mm with
residual ionized impurity concentration on the order
1015 cm23. Thus, the use of hydrogenation in a hydrog
plasma enables a wide variation of the thickness of the p
sivated layers and the concentration of the residual imp
ties. These parameters are governed by the temperatur
pendence of the hydrogen diffusion coefficient~in the
temperature range 1302275 °C! D@cm2/s#5931027

3 exp(20.45/kT) ~see Ref. 18! and by the interaction of the
hydrogen atoms with gallium, and also by the decay of
~Ga2H1!0. Estimation of the hydrogen penetration depth
T5220 °C givesL5(Dt)1/251.78mm, in good agreemen
with the experimentally determined value~see Fig. 1!.

To study processes of defect formation taking place d
ing hydrogenation in plasma, we performed TCDLS me
surements of the defect concentration in the hydrogen
layers. The measurements showed that the concentratio
deep centers in the surface layers at depths of the orde
0.1mm does not exceed 531013 cm23 and that it falls
abruptly with increasing depth, so that at a depth of 1mm it
is already lower than the sensitivity limit of the metho
(;1012 cm23). Another confirmation of the absence of an
significant concentration of defects with deep energy lev
after hydrogenation follows from an analysis of the mag
tude of the current through the structure, which is determi
by the conductivity of the blocking layer12 in the temperature
range 4–25 K.

Figure 2 plots the temperature dependence of the cur
I through a structure fabricated in silicon with an initial ga
lium concentrationNGa5531017 cm23 and through struc-
tures fabricated in the same crystal after hydrogenation
plasma atT520 and 220 °C. Here, according to Fig.
blocking layers of thickness 0.5 and 1.7mm, respectively,
are formed. According to current theory,2–4 the temperature
dependence of the current in the temperature region be

FIG. 1. Concentration profile of the ionized impurity inp-type-Si:Ga with
initial concentrationNGa5531017 cm23 after hydrogenation in hydrogen
plasma. Treatment timet520 min at T5220 °C. Inset: the same a
T520 °C.
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the freeze-out temperature of the gallium level in silic
(EGa5Ev10.065 eV) is determined by the activation ener
of hopping conductivity due to hops between nearest ne
bors. The activation energy obtained from the slopes in F
2 isEa58.7 meV for the unhydrogenated structures, and
the structures hydrogenated in plasma atT520 and 220 °C it
drops toEa52.4 and 1.3 meV, respectively. These values
good agreement with the calculated values of the activa
energy of hopping conductivity2 estimated under the assum
tion that the degree of compensation is small (K!1):

Ea50.61EA~120.29K1/4!'
e2

4p«0«
NA

21/3, ~1!

whereEA5e2/4p«0«r A is the energy of the interaction be
tween the acceptor states at mean dista
r A5(4pNA/3)

21/3, «0« is the dielectric constant, andNA is
the acceptor concentration. For initial structures w
NA5531017 cm23 Eq. ~1! yields the valueEa59.8 meV,
and for hydrogenated layers with residual acceptor conc
tration NA51015 cm23 it yields the valuesEa51.2 meV.
Thus it is clear from Fig. 2 that attendant to hydrogenation
a layer of the structure, the activation energy of hopp
conductivity in the layer decreases with decreasing inNA in
accordance with Eq.~1!.

4. CURRENT-VOLTAGE CHARACTERISTICS OF BIB
STRUCTURES. PHYSICAL MODEL AND COMPARISON WITH
EXPERIMENT

Current-voltage characteristics of BIB structures a
shown in Fig. 3. As can be seen from the figure, the char
teristics are substantially nonlinear in the region 13–20
while the current density at bias voltages of the order

FIG. 2. Temperature dependence of the currentI through a structure of area
435 mm2 in p-type-Si:Ga withNGa5531017 cm23; bias voltage equal to
2 V; 1! before hydrogenation; 2, 3! after hydrogenation in hydrogen plasm
for t520 min atT520 °C ~2!, 220 °C~3!. Numbers next to the curves ar
the activation energyEa in meV.
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8. Tunneling-field hole injection into the valence bands
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1 V is about 1011 A/cm2 (Tmeas515 K). With increase of the
temperature, the dark currents grow and atT.30 K the
current–voltage characteristic transforms into a linear dep
dence. This takes place at temperatures at which vale
band conductivity becomes the predominant transp
mechanism.

A. Basic features of the model. System of equations

To describe charge transport processes in BIB struct
and also the dark current-voltage characteristic, we prop
the following model of dark current flow through a BI
structure. For definiteness, we consider structures base
p-type silicon~Si:Ga! consisting of a heavily doped photo
active layer ~the A layer! with doping level
NA1.101721018 cm23 and a lightly doped blocking laye
~the B layer! with doping level NA2.101421016 cm23.
Analysis shows that in the low-temperature regi
(T<50 K) charge transport is possible in such structures
the valence band~VB! and the impurity band~IB!. The fol-
lowing major physical processes accompanying charge tr
port are possible:

1. Formation of space charge regions~SCR’s! as a result
of the accumulation of charge in the layer in the IB state

2. The nonresistive state of hopping conductivity f
large electric fields.

3. The appearance of an avalanche in the valence b
and a corresponding additional generation of holes in
valence band and electrons in the impurity band~large elec-
tric fields!.

4. Recombination of electrons from the impurity ba
and holes from the valence band.

5. Thermal-field generation of electron–hole pairs~via
the Poole–Frenkel’ mechanism!.

6. Tunneling-field generation of electron–hole pairs.
7. Thermal-field hole injection into the valence ban

from theB-layer contact~due to a lowering of the barrier via
the Schottky mechanism.

FIG. 3. Current–voltage characteristics of structures with a blocking la
obtained by hydrogenation in hydrogen plasma atT5220 °C for
t520 min ~1–3!, and of the original structure~before hydrogenation! ~38!.
Measurement temperatureTmeas, K: 1! 13.6,2! 15, 3! 20, 38! 20.
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from theB-layer contact.
9. Size and other effects associated with the fundame

inhomogeneity of conduction via the impurity band~conduc-
tion is realized via chains of the ‘‘infinite’’ cluster network!.

In what follows we will consider the one-dimension
model. We assume homogeneity of theA andB layers and
ignore effects of the type mentioned in item 9. We assu
electric fieldsE<104 V/cm for which, as estimates show
the manifestation of the effects indicated in items 3, 6, an
is insignificant. We also disregard the effect indicated in ite
2, although this can be justified only for theA layer while for
theB layer in some cases it can have a substantial effec
the current–voltage characteristics. Within the framework
the formulated assumptions and approximations we can w
the following equations.

In the transport of electrons from the impurity band a
holes from the valence band the electron (Jn) and hole
(Jp) flux densities are

Jn52Dn

]n

]x
2mnnE, ~2!

Jp52Dp

]p

]x
1mppE, ~3!

where E is the electric field intensity,D is the diffusion
coefficient,m is the mobility,n andp are the electron con
centration in the impurity band and the hole concentration
the valence band~the subscriptsn andp on the parameters
D andm indicate these quantities for the corresponding p
ticles!. The continuity equations for the electrons and ho
~the stationary case is considered! have the form

]n

]t
52

]Jn
]x

1gTE2r50, ~4!

]p

]t
52

]Jp
]x

1gTE2r50, ~5!

wheregTE is the coefficient of thermal-field generation o
electron–hole pairs, andr is the electron–hole pair recomb
nation coefficient. The Poisson equation takes the form

]E

]x
5

e

«0«
~ND1p2n!, ~6!

whereND is the concentration of the~positively charged!
compensating donor impurity. The equations for the volta
on the structure and the current through it are

U5E Edx, ~7!

I5eSg~Jp2Jn!, ~8!

whereSg is the area of the contact electrodes of the structu
The following boundary conditions are used.
1. At the boundary of theA layer with the contact layer

nu I15n1 , ~9!

pu I15p1 , ~10!

r
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wheren1 andp1 are the thermodynamic-equilibrium values
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of the electron concentration in the impurity band~IB! and
the hole concentration in the valence band~VB! for the equi-
librium A layer.

2. At the boundary of theA andB layers

@E#u I1250, ~11!

@J#pu I125@Jn#u I1250. ~12!

Here the brackets denote the jump at the boundary of
quantity enclosed in brackets.

3. At the boundary of theB layer with the contact laye

nu I25NA2 , ~13!

pu I250 ~14!

for positive bias voltage on theB layer, and

Jpu I25JTE ~15!

for negative bias voltage on it. Here condition~13! corre-
sponds to complete filling of the surface acceptor states w
electrons from the contact layer, condition~14! corresponds
to complete capture by the contact of the arriving holes fo
negative bias on theB layer; and condition~15! corresponds
to thermal-field hole injection from theB-layer contact with
flux densityJTE ~Schottky mechanism! for positive bias on
theB layer.

Analysis of dark current flow in the BIB structure allow
us to distinguish two substantially different mechanisms
current flow. Here, as can be seen from Fig. 2, at some c
cal temperatureTcr ~for curves 1, 2, and 3 in Fig. 2
Tcr520.0, 15.9, and 14.3 K, respectively! the mechanism of
current flow through the structure changes. At temperatu
of the structure aboveTcr it may be assumed that curre
flows via theA-layer impurity band and theB-layer valence
band. At temperatures of the structure belowTcr current
flows via the impurity bands of both layers~A andB!; i.e.,
the temperatureTcr is a transition temperature from the co
duction band to the hopping band for theB layer. The region
of relatively high temperatures, when the current flow via
valence band predominates in theA layer, is not considered
here since in this case blocking of impurity conduction do
not take place. Taking into account the points discus
above, we calculated the current–voltage characteristic
BIB structures for the two cases.

The caseT.Tcr . For positive voltages on theB layer
the current-voltage characteristic is determined by 1! above-
barrier hole injection~with lowering of the barrier via the
Schottky mechanism1! from the B-layer contact to the
valence-band region of theB layer, 2! their drift through the
B layer, and 3! recombination with electrons located in a
ceptor states of theA layer. The electrons flow into the re
combination region via theA-layer impurity band from the
A-layer contact. Solving system of equations~4!–~15! for
this case, for positive bias voltages on theB layer it is pos-
sible to obtain an analytical expression for the correspond
current–voltage characteristic in the form

I ~U !5I 0 exp~U/U0!
1/2, ~16!

where
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4pSgempk

2T2

h3
exp~2ew0 /kT!,

U05
2p«0«d2k

2T2

e3
,

mp is the hole mass, andw0 is the change in the potential a
the boundary of the electrode with theB layer. As can be
seen from Fig. 4, where the dependence lnI5f(U1/2) is
shown in the inset, good agreement is observed between
experimental values of the current–voltage characteristic
the values calculated according to Eq.~16!.

For negative biases on theB layer, the current–voltage
characteristic is governed by thermal generation of ho
from the acceptor impurity in the space-charge region of
A layer with lowering of the barrier via the Poole–Frenke
mechanism1 and hole drift via the valence band through t
B layer onto the negative electrode. The electrons in
acceptor states in the space-charge region of theA layer
stream onto the positive electrode via hopping transp
Solving system of equations~4!–~15! for this case, we obtain
an expression for the corresponding current–voltage cha
teristic

I ~U !5AU1/4 exp~bU1/4/wA!, ~17!

where

A5S 2eD
1/4 ~«0«!5/4ApSggpNA1NvwT

2ND1
3/4 expS 2

wA

wT
D ,

b5
~2ND1!

1/4

Ap
S e

«0«
D 3/4,

wT5kT/e is the thermal potential,gp is the hole–electron
recombination coefficient,wA is the ionization potential of
the acceptor impurity,ND1 is the donor impurity concentra
tion in theA layer, andNv5avT

3/2 is the effective density of
states in the valence band. As can be seen from Fig. 4, w
shows experimental and calculated@according to Eq.~17!#

FIG. 4. Comparison of experimental and calculated current–voltage cha
teristics for positive~inset! and negative bias voltages on the blocking lay
atTmeas520 K ~above the critical temperatureTcr!. The points correspond to
experiment, and the straight line to calculation.
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current–voltage characteristics in the coordinat
ln(I/U1/4)5 f (U1/4), good agreement is observed for negati
bias voltages on the blocking layer.

The caseT,Tcr . For positive voltages on theB layer
the current-voltage characteristic is determined by 1! hop-
ping transport of electrons through theA layer, 2! electron
injection into theB-layer impurity band, where a space
charge region is created on both sides of the layer interf
as a result of excess electron charge, and finally by!
streaming of electrons via hopping conductivity onto th
positive electrode. Solving system of equations~4!–~15! for
this case, it is possible to obtain an analytical expression
the corresponding current–voltage characteristic. In this c
it is more convenient, as will be clear from what follows, t
represent the current–voltage characteristic in the form
the dependenceU(T):

U1~ I !5K1AI , ~18!

where

K15~2d2!
3/2/3A«0«m2Sg,

m2 is the electron mobility in theB-layer impurity band. A
current–voltage characteristic such as~18! takes the form of
a straight line in the coordinatesU5 f (U1/2), which is shown
in comparison with experimental data in the inset in Fig.

For negative biases on theB layer, the current–voltage
characteristic is determined by electron injection from t
electrode in contact with theB layer and by the charge of the
B-layer acceptor states, which causes the appearance
region of excess electron charge. Next, via hopping cond
tivity the electrons stream into the impurity band of theA
layer, where a second space-charge region~exclusion! is
formed as a result of the predominance ofA-layer conduc-
tion overB-layer, and then the electrons escape to the po
tive electrode. The corresponding current–voltage charac
istic for this case, obtained by solution of system
equations~4!–~15!, can be represented in the form

U2~ I !5K2I1K1AI , ~19!

FIG. 5. Comparison of experimental and calculated current–voltage cha
teristics for positive~inset! and negative bias voltages on the blocking lay
atTmeas513.6 K ~below the critical temperatureTcr!. The points correspond
to experiment, and the straight line to calculation.
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where

K25d2 /em2ND1Sg .

It is convenient for analysis to switch to the difference in t
positive and negative branches of the current–voltage c
acteristics:

DU~ I !5U2~ I !2U1~ I !5K2I . ~20!

Dependence~20! takes the form of a straight line in linea
coordinates and the corresponding comparison of calcula
with experiment is shown in Fig. 5.

5. STABILITY OF HYDROGENATED STRUCTURES TO
THERMAL EFFECTS

Studies of the stability of hydrogenated structures
thermal effect have shown that the shape of the curre
voltage characteristic typical of BIB structures disappears
300 °C, and the voltage dependence of the current beco
quasilinear. However, it should be noted that the curr
through the structure even after annealing at 400 °C~Fig. 6,
curve3! is still roughly an order of magnitude less than t
current that is characteristic of unhydrogenated structu
This difference probably stems from the fact that at tempe
tures above 200 °C the liberated hydrogen atoms diffuse
greater depths and passivate deep donors, which decre
both the degree of compensation in the structures and
hopping conductivity. This hypothesis is confirmed by t
fact that the dissociation energy of the hydrogen-passiva
deep donors is greater than 2 eV and that they are stabl
to temperatures of 500 °C and higher.13–16Consequently, the
degree of compensation ofp-type material when anneale
above 220 °C should decrease, and this should lead to a
crease of the hopping-conductivity current, as is obser
experimentally.

c-FIG. 6. Variation of the current–voltage characteristics of structures hyd
genated in hydrogen plasma atT520 °C for t520 min during isochronal
~20 min! annealing: 1! after hydrogenation, 2, 3! after hydrogenation and
annealing at T, °C: 2! 300, 3! 400. Measurement temperatur
Tmeas515 K.
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6. CONCLUSION
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By hydrogenating heavily dopedp-type silicon in a hy-
drogen plasma we have succeeded in creating structures
blocked hopping conductivity via the impurity band~BIB
structures! with dark current densities on the order
10211 A/cm2 at T515 K. The electrical characteristics o
the plasma-hydrogenated BIB structures are in good ag
ment with calculation.
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Shubnikov–de Haas oscillations in HgSe ^Fe& and HgSe ^Co& under hydrostatic pressure

del
É. A. Ne fel’d, K. M. Demchuk, G. I. Kharus, A. É. Bubnova,
L. I. Domanskaya, G. D. Shtrapenin, and S. Yu. Paranchich

Institute of Metal Physics, Ural Branch of the Russian Academy of Sciences, 620219 Ekaterinburg, Russia
~Submitted November 27, 1995; accepted for publication May 22, 1996!
Fiz. Tekh. Poluprovodn.31, 318–322~March 1997!

Shubnikov–de Haas oscillations have been studied in the gapless semiconductors HgSe^Fe& and
HgSêCo& under hydrostatic pressure. It is shown that in HgSe^Fe& an increase in pressure
results in a decrease in the electron density, which fits within the framework of the Kane model
with constant Fermi energy. In contrast, in HgSe^Co& the electron density is independent
of the pressure, i.e., Fermi-level pinning is absent. ©1997 American Institute of Physics.
@S1063-7826~97!01203-9#
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The 3d transition elements form isovalent substitutio
impurities in II–VI semiconductor crystals. The energy le
els of 3d-electrons play a different role in wideband an
gapless semiconductors. In the first case they fall, as a
into the band gap. In gapless semiconductors~HgSe, HgTe!
they are situated against the background of the continuum
allowed states. If the energy levels of the electrons in thd
states fall into the valence band as, for example, in Hg
^Mn&, then the Mn impurity atoms will be electrically neu
tral and thed electrons of the Mn atoms will affect only th
magnetic properties of the crystals. But if the energy of
electrons in thed states lies above the bottom of the condu
tion band, as in HgSe^Fe&, they can play the role of donors
giving back thed electrons to the band. Such autoionizati
of iron ions transforms the divalent ions into trivalen
Fe21→Fe311e2. It is energetically favorable only fo
small iron impurity concentrationsNFe as long as the Ferm
level «F(n), wheren is the electron concentration, is no
comparable with the energy of thed electron«d reckoned
from the bottom of the conduction band. In HgSe^Fe& the
energy «d.220 meV and the equality«F(n0)5«d is
achieved forn0.4.531018 cm23. ForNFe.n05NFe* the so-
called mixed-valence regime arises. In this regime some
the iron atoms remain doubly ionized while the Fermi lev
is fixed at the resonant iron levels.

Micielski1 was the first to direct attention to the role
Coulomb repulsion in the mixed-valence regime, whi
leads to a correlated Fe31 ion distribution. At low tempera-
tures, where scattering of charge carriers takes plac
charged centers, correlation in the Fe31 ion distribution leads
to an increase in the mean free path of the conduction e
trons. This explains the experimentally observed increas
the electron mobilitym with increasing iron concentration i
the interval 4310182231019 cm23.

In gapless semiconductors with an inverted energy sp
trum the application of hydrostatic pressure leads to a
crease of the absolute value of the energy g
«g5«G6

2«G8
. This results in a decrease of the effecti

electron mass and the density of states in the conduc
band. The connection between the conduction electron c
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is described by the relation

~3p2n!2/353«F@«F2«g~P!#/Q, ~1!

where Q is the matrix element of thekp interaction,
«g(P)5«g

02bP, andb5]«g /]P is the pressure coefficient
It is clear from relation~1! that for fixed position of the
Fermi level in semiconductors with a Kane spectrum
dependence ofn2/3 on P should be linear. Such behavior ha
been observed in the gapless solid solution HgCdTa~Ref. 2!
in which the Fermi level in the conduction band is fixed
the resonant acceptor states.

Tsidil’kovski� et al.3 found that doping HgSe with the
transition elements Cr, Co, and Ni above certain concen
tion levelsN* is not accompanied by a growth of the co
centration of the conduction electrons and, by analogy w
HgSêFe&, they assumed that these elements also form re
nant donor states, degenerate with the conduction band. C
clusions about stabilization of the Fermi level with growth
the impurity concentration were reached in studies of a se
of samples which can have other uncontrollable, electrica
active defects, which are attributable to the conditions un
which they were fabricated, associated with nonstoichio
etry or group-III element impurities. In this regard, a study
the influence of high pressures has substantial advant
since the fabrication history of the sample has no releva
here.

In the present paper we present results of experime
studies of Shubnikov–de Haas oscillations in the solid so
tions HgSêFe& and HgSêCo& under hydrostatic pressure.

2. EXPERIMENTAL RESULTS

The resistance of the samples was measured by
constant-current method. The samples were placed in a h
pressure chamber connected by a capillary to a helium c
pressor whose design is described in Ref. 4. Discrete re
tance measurements were carried out at 4.2 K in
superconducting solenoid with continuous scanning of
magnetic field.

Experimental studies of Shubnikov–de Haas oscillatio
under conditions of hydrostatic pressure were carried
with two samples of HgSe^Fe& with iron concentration

261261-04$10.00 © 1997 American Institute of Physics
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NFe5531019 cm23 ~sample 1! and NFe51019 cm23

~sample 2! and with a sample of HgSe^Co& with cobalt con-
centrationNCo5531018 cm23. The samples of HgSe^Fe&
were chosen in such a way that the iron concentration in o
of them was less than the concentration at which maximu
electron mobility is observed,5 NFe5231019 cm23, and in
the other the concentration was greater. In both samples
HgSêFe& NFe.NFe* , and in the sample of HgSe^Co& simi-
larly NCo.NCo* since according to the results of Ref. 3
NCo* .231018 cm23.

Figures 1 and 2 plot the oscillating components of th
longitudinal magnetoresistance at atmospheric pressure,
also at pressures of 3 and 5 kbar for both samples
HgSêFe&. The position of the extremum in the magneti
field depends on the pressure. The spin splitting of the osc
lation maxima for sample 1 increases as the pressure is

FIG. 1. Oscillations of the longitudinal magnetoresistance at atmosphe
pressure~1! and under hydrostatic pressure at pressures of 3 kbar~2! and
5 kbar ~3! for a sample of HgSêFe& with iron concentration
NFe5531019 cm23.

FIG. 2. Same as in Fig. 1, but for a sample of HgSe^Fe& with iron concen-
trationNFe5531019 cm23.
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creased and is observed in smaller fields. Splitting is
observed for sample 2 at atmospheric pressure but show
at P53 kbar.

Figure 3 shows oscillations of the magnetoresistance
the sample of HgSe^Co& at atmospheric pressure and f
P55 kbar. It is obvious that in this case hydrostatic press
has no effect on the position of the extrema in the magn
field in contrast to the iron-containing samples.

Table I lists values of the conductivitys, the electron
concentration n determined from the period of th
Shubnikov–de Haas oscillations, and the electron mobi
m5s/ne for the investigated samples at different pressu
P. Table I also gives the Dingle temperatureTD , calculated
from the magnetic-field dependence of the amplitude of
oscillations. For the samples of HgSe^Fe& TD was deter-
mined in the field interval 15–25 kOe, where spin splitting
absent. For the sample of HgSe^Co& TD was determined in
the interval 20–40 kOe.

3. DISCUSSION OF RESULTS

Figure 4 plots the dependence of the conduction elec
concentration for the investigated samples in the form of
dependence n2/3(P). The experimental results fo
HgSêFe& are well described by a linear dependence cor
sponding to Eq.~1! for «F(P)5const. The pressure coeffi
cients b for both samples, determined from these dep
dences, practically coincide:b57.7 meV/kbar~for sample
1! andb58.0 meV/kbar~for sample 2!; these values agre
with the results available in the literature.

In contrast, for HgSêCo& the electron concentration i
almost independent of pressure. According to relation~1!,
the Fermi level in the investigated pressure interval increa
from 150 to 163 meV. The qualitative difference in the pre
sure dependencesn(P) for HgSêFe& and HgSêCo& is ob-

ic

FIG. 3. Oscillations of the longitudinal magnetoresistance at atmosph
pressure~1! and under hydrostatic compression at a pressure of 5 kbar~2!
for a sample of HgSêCo&.
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vious and testifi

TABLE I.
P,
kbar

n, 1018

cm23
s, 104

V21
•cm21

m, 104

cm2/~V•s!
TD ,
K

HgSêFe&, NFe5531019 cm23

0 4.80 3.60 4.69 4.73
3 4.50 3.71 5.16 3.45
5 4.21 3.52 5.23 3.35

HgSêFe&, NFe51019 cm23

0 4.63 5.21 7.03 2.87
3 4.30 5.51 8.05 2.27
5 4.04 5.29 8.17 2.29

HgSêCo&, NCo5531018 cm23

0 1.68 1.0460.01 3.8760.05 13.0
2.3 1.69 1.0460.01 3.8760.05 10.8
5.3 1.70 1.0460.01 3.8760.05 10.4
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Hg
HgSêCo& at least up to 163 meV. The authors of Ref.
came to just this conclusion after studying the spectra
HgSêCo& and not detecting the presence of Co31 ions.
Thus, we may conclude that Co impurity atoms are not
nors in the HgSe crystal and that the conduction electrons
generated by other types of defects. It should be noted
although the linear dependencen2/3(P) is well satisfied for
both samples of HgSe^Fe&, the Fermi level is fixed in them
at somewhat different values of the energy. This differen
d«F.526 meV reflects the spread of levels«d resulting
from the influence of random electrostatic fields of t
charged centers and lies within the limits of the estim
D«d.e2n2/3/¸.

Figure 3 also presents experimental data for HgSe^Fe&
samples withNFe5831018 cm23 from Ref. 7. It can be
clearly seen that they fit quite nicely into a linear depende
for n2/3(P), but with a somewhat smaller pressure coe
cient,b.6.3 meV/kbar. The depressed value of the press
coefficientb possibly simply reflects the fact that the cond
tions for fixing the Fermi level in the samples investigated
Ref. 7 were poorly met.

FIG. 4. Pressure dependence of the electron density for samples of
^Fe& with iron concentrationNFe in units of 10

19 cm23 equal to1— 5, 2—
1; 3 — for the sample of HgSe^Co& with cobalt concentration
NCo5531018 cm23; 4— results of Ref. 7.
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electron mobility and Dingle temperature. The electron
laxation time for scattering from randomly distributed Co
lomb centers8

t;kF
3/NimF , ~2!

wherekF
353p2n andNi is the concentration of the charge

centers. Noting that for uncompensated samplesn5Ni from
the condition of electrical neutrality, we see that the on
quantity that substantially depends on the pressure is
mass at the Fermi levelmF :

mF5\2S k dk

d« D
«5«F

. ~3!

Using the Kane dispersion relation~1!, we obtain

1

mF

dmF

dP
52b

1

«g12«F
, «F~P!5const ~4a!

or

1

mF

dmF

dP
52b

1

~«g12«F!2
, n~P!5const. ~4b!

It follows from the formulas that for the HgSe^Fe& samples
with fixed Fermi level the relative decrease of the massmF at
P55 kbar is 6% and is roughly two times larger than for t
sample of HgSêCo& with constant electron concentration
The experimental data presented in the table for the mob
m (m;mF

22) are in good agreement with the expected valu
for HgSêFe&; however, in the case of HgSe^Co& as a result
of a spread in values ofs, the variation of the mobility could
not be determined. It should also be noted that in the sam
of HgSêFe& with NFe51019 cm23 the mobility increases
more rapidly with the pressure than in HgSe^Fe& with
NFe5531019 cm23. The valueNFe51019 cm23 lies in the
range of iron impurity concentrations in which the mobili
m(NFe) grows with increasingNFe as a result of the corre
lated distribution of Fe31 ions.5 The correlation factor is dis-
regarded in Eq.~2!, which is suitable for the case of ran
domly distributed Coulomb centers. Qualitatively, the deg
of correlation can be characterized by the parametera

Se
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causes a transition of the electrons from the conduction b
to the resonantd-states of the Fe31 ions:

Fe311e2→Fe21.

Decrease of the parametera with increasing pressure lead
to a stronger growth of the mobility than follows from E
~2!. This agrees with the results of Ref. 7, in which the pr
sure dependences of the Hall effect and the conducti
were investigated. On the other hand, in samples with h
iron impurity concentration,NFe.231019 cm23, variations
of the correlation parametera have no effect on the mobility
and the change in the effective mass is the main reason
the growth of the mobility.

The decrease in the Dingle temperatureTD with pressure
is, no doubt, also mainly due to a decrease in the effec
mass of the electrons. The increase in the degree of cor
tion in the mixed-valence regime plays a smaller role. U
fortunately,TD is difficult to estimate theoretically since i
addition to collisional broadening of the Landau leve
G.\/t, contributions toTD can come from other factors
e.g., spatial inhomogeneity of the electron concentration
addition, an experimental determination ofTD from the
magnetic-field dependence of the amplitude of the osc
tions can be distorted by the appearance of nodes in
oscillograms, which are due to the presence of small term
the dispersion relation which are linear in th
quasimomentum.9 Nevertheless, it is clear from the data
the table that for the HgSe^Fe& samples the magnitude o
TD varies with pressure more strongly than for the Hg
^Co& samples, which qualitatively confirms the difference
the behavior ofmF(P) in cases~4a! and ~4b!.

4. CONCLUSIONS

Our studies of the pressure dependence of the elec
concentration and mobility and also the Landau tempera
allow us to conclude that in the gapless semiconduc
HgSêCo& thed electrons of the cobalt atoms do not form
resonant level in the conduction band capable of fixing
Fermi level, in contrast to HgSe^Fe&, where the Fermi leve
is clearly fixed in a narrow energy band~of the order of 10
meV!, i.e., it does not depend on the pressure. Cobalt im
rities in HgSe crystals probably are not electrically act
264 Semiconductors 31 (3), March 1997
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the conduction band either by nonstoichiometric defects
by shallow impurities of other elements.

It is interesting to discuss the possibility whereby oth
3d transition elements can be donors with a resonant leve
HgSe crystals. An analysis of the positions of the levels
the 3d impurities in wideband II–VI semiconductor com
pounds based on optical studies has shown that in all m
ces the energy position of thed level is shifted monotoni-
cally upward in energy in the series from Cu to Sc.10 The
exception here is manganese, the element with a half-fud
subshell (5d), which is especially stable. The position of th
d levels in various matrices of II–VI crystals correlates w
with the third ionization potential of the corresponding e
ments, which indicates a relatively autonomous characte
thed electrons and provides grounds for assuming that s
a tendency can also be maintained in gapless II–VI cryst
which differ from wideband semiconductors by the inver
sequence of thes- andp-distances. It may then be expecte
that the cobaltd level is located lower in energy than the F
level, and the levels of Ti and V and possibly Cr are high
than the Fe level~See Fig. 7 in Ref. 10!. Therefore, it may be
expected that the elements Ti and V can form a resonad
level in the conduction band if they can be substitution i
purities.
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Thermoelectric figure of merit of monopolar semiconductors with finite dimensions

ge
V. S. Zakordonets and G. N. Logvinov

Ternopol State Pedagogical Institute, 282009 Ternopol, Ukraine
~Submitted December 14, 1995; accepted for publication May 30, 1996!
Fiz. Tekh. Poluprovodn.31, 323–325~March 1997!

The figure of merit of monopolar nondegenerate semiconductors is theoretically investigated. The
difference between the electron and phonon temperatures, which arises as a result of the
action of different surface mechanisms of energy relaxation at the contacts of the sample with
the heat reservoir, is taken into account. It is shown in the case of isothermal boundary
conditions for the electron subsystem and adiabatic conditions for the phonon subsystem that the
thermoelectric figure of merit of the sample increases with decreasing sample’s linear
dimensions and reaches its maximum in films of submicron thickness. ©1997 American Institute
of Physics.@S1063-7826~97!01303-3#

As is well known, the figure of merit of thermoelectric
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materials is given by

Z5
a2s

¸e1¸p
, ~1!

wherea, s, ¸e , and¸p are the thermoelectric power, ele
trical conductivity, and electron and hole thermal conducti
ties, respectively. It is also known that Eq.~1! does not take
the sample’s geometrical dimensions into account. At
same time, in the study of the thermoelectric properties
semiconductors, their geometrical dimensions are the m
general and one of the most important factors of approxim
tion to the real situation.2 It is natural that the electrical~cur-
rent! and thermal boundary conditions must be formulated
this case. Usually in the formulation of the thermal bound
conditions at the walls, one prescribes the total heat
associated with the heat transfer in the charge carrier
phonon subsystems. At the same time, as experiments3,4 and
their theoretical generalization2 show, there is the possibility
of controlling these fluxes at the boundaries of the sam
separately. This circumstance leads to the result that at
tances of the order of the cooling lengthL ~see Ref. 5! from
the surfaces in contact with the external heat sinks, the e
tron (Te) and phonon (Tp) temperatures differ.6 Since the
numerical values of the electron–phonon cooling length
important for estimates of the thermoelectric figure of me
values of these quantities are given in Table I for a num
of semiconductors and metals at room temperature.7 In the
so-called two-temperature approximation, the thermoelec
figure of merit has been calculated only in submicron lay
under the conditiona/L!1, where 2a is the thickness of the
sample.8 In the present paper our objective is to obtain
generalized thermoelectric figure of merit which is valid f
semiconductor samples of arbitrary dimensions.

Let an isotropic, monopolar semiconductor sample w
a nondegenerate electron gas have the shape of a rectan
parallelepiped, whose end facesx57a are in contact with
the heat reserviors at the temperaturesT1 and T2
(T1.T2), and whose side faces are adiabatically isolated
all of the quasiparticle subsystems. The sample is conne
to an external metallic resistanceRm of length 2b in such a
way that the thermoelectric currentj flows in the circuit. For
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carriers by acoustic phonons. We assume that the boun
conditions for the electron and phonon subsystems sa
the most general boundary conditions of therm
conductivity.6

Within the framework of the chosen model in the a
proximation that is linear in the quantity (T12T2)/T* ,
whereT*5(T11T2)/2, the thermoelectric current and ele
tron and phonon temperature distributions were studied
detail in Ref. 9. They are given by expressions which can
represented in the form

Te,p5T*2
DT

2

3H x
a

2

@Ae1dAp~11l!#
x

a
2ge,p@Be2Bp2lBp#

sinh kx

ak coshka

AeBp1dApBe

J ,
~2!

where

Ae,p511
¸es,ps

¸e,p

tanhak

ak
, Be,p511

¸es,ps

¸e,p
,

¸es,ps5ahe,p .

These parameters have the meaning of the surface ele
and phonon thermal conductivities;he,p are coefficients
which define the rate of heat transfer between the elec
and phonon subsystems and the heat reservoir,

L5k215~ke
21kp

2!21/2

is the electron–phonon cooling length,

ke,p
2 5P/¸e,p , d5kp

2/ke
25¸e /¸p ,

ge51, gp52d, P is a parameter defining the intensity o
the interaction of the electron and phonon subsystem6

DT5T12T2 ;

j5
~12b!as1ba

R
DT, ~3!

whereR5R01RP1Rm is the total resistance of the thermo
electric circuit, R052a/s12/ss is the resistance of the
semiconductor sample,s is its electrical conductivity of the

265265-03$10.00 © 1997 American Institute of Physics
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TABLE I. Inverse cooling lengths of electrons and phonons of some mate-
rials.
metallic segment of the circuit~cross section of the circui
elements at all points is assumed to be unity!,

l5
2a* ~a2as!

¸e

~12b!as1ba

R
,

RP5
2aT* g~a2as!

2

¸e
, ~4!

b512
~Ae1dAp!2~Be2Bp!tanh~ka!/ka

AeBp1dApBe
,

g5
dAp1Bp tanh~ka!/ka

AeBp1dApBe
. ~5!

To determine the figure of merit of semiconductor m
terials of arbitrary dimensions, we make use of a gene
expression for the efficiency of a thermal element

h5
W

q~x52a!
, ~6!

whereW5 j 2Rm is the useful power liberated in the loa
q5qe(x52a)1qp(x52a) is the total heat flux fed to the
hot junction. The electron and phonon components of
heat fluxes are given by the expressions6

qe52¸e

dTe
dx

1P~Te! j , ~7!

qp52¸p

dTp
dx

, ~8!

where P(Te)5aTe is the Peltier coefficient. Combining
Eqs.~2!, ~7!, and~8!, we obtain from expression~6! for the
efficiency of the thermal element

h5
DT

T1
F 4

Z*T1

1
Te~x52a!

T1

a

@as~12b!1ab#

R

Rm
G21

, ~9!

where

Z*5
8a@as~12b!1ab#2Rm

¸p~11d!R2 F12
Ae1bAp~11l!

AeBp1dApBe
G21

~10!

is the dimensionality parameter of the inverse temperat
which is called the thermoelectric figure of merit. The fir

Material k, cm21 Material k, cm21

Ge 6.03103 Si 1.73104

GaAs 2.53103 InSb 1.03104

Bi2Te3 1.83104 CdS 1.83105

CdSe 3.73104 HgSe 1.13103

GaP 1.43105 InP 4.33103

PbTe 1.33104 HgTe 1.03103

Sn 2.53105 Pb 3.93105

InAs 1.83105 Cu 4.93105

Ag 4.63104 Au 8.13104
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term in brackets in~9! is associated with irreversible hea
losses due to heat conduction, and the second is assoc
with the liberation of Peltier heat. Note that the generaliz
thermoelectric figure of merit~10! is determined by its sur-
face characteristics in addition to the material parameter
the semiconductor material.

In the limiting case of isothermal contact of the electr
and phonon subsystems of the bulk semiconductor sam
(a/L@1) with the heat reservoirs~¸es@¸e , ¸ps@¸p! we
haveg50, b51, RP50, Te(x52a)5T1 , and expression
~9! for the condition of maximum power (R05Rm) becomes
the standard expression10

hW5
DT

T1

1

4/Z*T112
, ~11!

whereZ*5Z.
The most interesting case from the point of view of the

moelectric transformation of energy is the one in which t
phonon subsystem is adiabatically isolated, and the elec
subsystem is in isothermal contact with the heat reserv
(¸es@¸e , ¸ps!¸p). Expression~9! will then again acquire
the form ~11! with the difference that now

Z*5ZS 11
1

dakD . ~12!

In semiconductor samples of submicron dimensio
(a/L!1)

Z*5ZS 11
1

d D , ~13!

which completely coincides with the results of Ref. 8. T
results of calculation are presented in Fig. 1.

Estimates show that in the case under consideration,
for InSb (d51022, Ref. 11!, which is not the best thermo
electric material, atT5300 K for the linear dimensions o
the sample 2a52 mm and 1022 mm the figure-of-merit co-
efficients areZ'1024 K21 and'1.531023 K21, respec-
tively. With further decrease of the geometrical dimensio

FIG. 1. Dependence of the ratioZ* /Z on the linear dimensions of the
sample for¸es@¸e , ¸ps!¸p for different values ofd: 1 — 1, 2 — 0.5,
3— 0.25,4— 0.17,5— 0.125.
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23 21 s.

-
o
tt

n
u
he
to

so
in

ro
ce

1L. I. Anatychuk,Thermal Elements and Thermoelectric Devices~Hand-
book! @in Russian# Dumka Naukova, Kiev~1979!.

dn.
Z57310 K in samples of submicron dimension
Thus, for¸es@¸e , ¸ps!¸p , d!1, and submicron dimen
sions the thermoelectric figure of merit even of poor therm
electric materials can surpass the figure of merit of the be
thermoelectric materials, in whichd.1. This result is ex-
plained by the fact that in submicron samples the electro
phonon interaction is absent; therefore, the phonon s
system, being adiabatically isolated, ‘‘shuts itself out’’ of t
process of heat transfer from the heater to the refrigera
thereby increasing the figure of merit of the material.

In reality, ideal heat transfer and complete thermal i
lation are idealizations; therefore, in real situations the
crease in the figure of merit will be less.

This work was supported in part by the George So
International Program of Education in the Exact Scien
~ISSEP! and the International Revival Fund~Grant No. APV
062064!.
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Galvanomagnetic phenomena in p -Hg12xMnxTe solid solutions
R. I. Bashirov, R. R. Bashirov, V. A. Elizarov, and A. Yu. Mollaev

Kh. I. Amirkhanov Institute of Physics, Dagestan Scientific Center, Russian Academy of Sciences,
367003 Makhachkala, Russia
~Submitted August 14, 1995; accepted for publication June 3, 1996!
Fiz. Tekh. Poluprovodn.31, 326–328~March 1997!

Galvanomagnetic effects in homogeneous samples ofp-Hg12xMnxTe solid solutions were
investigated in stationary and pulsed magnetic fields up to 200 kOe in the temperature range
1.8–300 K. The magnetopolar origin of the anomalous dependence of the Hall coefficient
on the magnetic field at liquid-helium temperatures is confirmed. The shift in the inversion point
of the Hall coefficient agrees with the model of the bound magnetic polaron. Freezing of
holes to acceptor levels in high magnetic fields was observed for all samples. ©1997 American
Institute of Physics.@S1063-7826~97!01403-8#

Dilute magnetic semiconductors have recently been re-samples whose Hall coefficientR was positive at liquid-
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ceiving increasing attention. The most studied of this clas
substances are manganese–mercury–tellurium~MMT ! solid
solutions. They form a continuous series of substitution
lutions in which the the magnetic manganese ions replace
mercury ions in the crystalline lattice of mercury telluride.
a magnetic field the exchange interaction of the free cur
carriers with the manganesed-electrons leads to a renorma
ization of the energy spectrum of the electrons and holes
to the appearance of singularities in the field and tempera
dependences of the kinetic coefficients. Galvanomagnetic
fects in hole-type MMT samples of gapless and narrow-g
compositions were investigated in Refs. 1–6~see also the
bibliography cited in Ref. 7!. A number of problems in the
physics of semimagnetic semiconductors require more
perimental data for their solution; of especial importan
here are measurements of high-quality samples. We h
therefore focused special attention on the selection of ho
geneous samples.

The samples for study were cut from untouched sing
crystal blocks, polished, etched with a butyl alcohol~95%!–
bromine~5%! mixture, and rinsed with isobutyl alcohol an
distilled water. Point contacts were indium-soldered. The
gree of homogeneity in composition was determined with
x-ray microanalyzer from measurements of the mangan
distribution. The samples selected in this way were exami
for homogeneity of their electrical parameters with leng
and for symmetry of the field dependence of the magnet
sistance and Hall voltage for both~opposite! directions of
current and magnetic field in the temperature interval 4
300 K. All of these data, taken together, allowed us to se
out homogeneous samples for study.

The measurements were performed in stationary~up to
20 kOe! and pulsed~up to 200 kOe! magnetic fields with
direct recording of the magnetic-field dependence of
voltages. The samples investigated in stationary magn
fields had dimensions 103430.6 mm3, and the samples in
vestigated in pulsed fields had dimensio
630.930.4 mm3.

Table I gives the main characteristics of the samp
They can be divided into two groups according to the nat
of the field dependence and sign of the Hall constant. T
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helium temperatures and fell off in magnitude with growth
the magnetic field remained positive in the investiga
range of magnetic fields. This group included samples 4

Figure 1 plots the results of measurements on sampl
It follows from the field-dependence of the Hall coefficie
R(H) that at temperaturesT,6 K the Hall effect owes its
existence entirely to holes and the Fermi level is located
the valence band. With growth of the magnetic field a
temperature, the Hall coefficient decreases and at large m
netic fields tends to the value

R`5@e~NA2ND!#21.

When both holes and electrons take part in conduct
andmn@mp ~mn andmp are the electron and hole mobil
ties!, a magnetic field region is reached with growth of t
magnetic field, wheregn@1 but gp!1 ~gn5mnH,
gp5mpH!. In this regionsxy

(n) falls off as 1/H and sxy
(p)

grows asH ~sxy
(n) andsxy

(p) are the components of the con
ductivity tensor for the electrons and the holes, respective!;
as a result, at some magnetic fieldHi the quantitysxy , like
the Hall coefficient, vanishes. The fieldHi , according to Eq.
~A.11! in Ref. 8, is given by

Hi5~1/mp!~n/p!1/2, ~1!

wheren andp are the electron and hole concentrations. T
contribution of the electrons to the Hall effect is manifest
as the temperature approaches 10 K, and Hall voltage is
served to change sign in weak magnetic fields. With grow
of the temperature, the contribution of the electrons to
Hall effect grows and the sign-inversion point of the Ha
coefficient shifts toward higher magnetic fields as a resul
the growth of the electron concentration.

It is customary to call the decrease of the Hall coefficie
with growth of the magnetic field at liquid-helium temper
tures an anomalous effect that is characteristic of MM
There are a few explanations for this effect, but at present
following explanation is the preferred one.4 The exchange
interaction of the free charge carriers with the localized m
netic moments of the Mn11 ions leads to the appearance
bound magnetic polaron states. In this model the free h
concentration increases with increasing magnetic field;

268268-03$10.00 © 1997 American Institute of Physics
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TABLE I. Main parameters of the investigated samples of
p-Hg12xMnxTe at 4.2 K.
increase is especially noticeable at low temperatures. In
described model the hole concentration may be found fr
the relationp5(eR0)

21, and mp5sR0 , whereR0 is the
Hall coefficient in the limitH→0. For sample 5 these value
for T51.8 K are p51016cm23, mp57800 cm2/~V•s!, and
for T54.2 K they are given in the table. Note that the valu
of the mobility and concentration for this sample fit qu
nicely the theoretical dependence~see Ref. 3, Fig. 5! of the
hole mobility mp on the concentration of scattering cente
for scattering by impurity ions if it is assumed that the u
compensated semiconductor model is realized in sampl
When the temperature is lowered from 4.2 to 1.8 K, a bin
ing of the holes to the magnetic polaron is observed
samples 4–6, and a ‘‘destruction’’ of the magnetic polar
takes place in higher magnetic fields. For example, in sam
4 this happens atH.7 kOe, and in sample 6 it occurs a
H.5 kOe. Below these fields the Hall coefficient does n
depend on the magnetic field, but a region of ordinary po
tive magnetoresistanceDr/r0.0 does appear in the
magnetic-field dependence of the transverse magnetor
tance. The experimental data correspond to the model o
bound magnetic polaron.4

Let us consider the experimental data for the samples
which the Hall coefficient at liquid-helium temperatures

FIG. 1. Sample 5~from Table I!. Curves of the transverse magnetores
tanceDr/r0 ~1–4! and Hall coefficientR ~5–8! versus magnetic field a
T ~K! equal to 20~1,8!, 10 ~2,7!, 6 ~3,6!, 4.2 ~4,5!.

Sample No. Composition,x uR0eu21, cm23 uR0us, cm2/~V•s!

1 0.080 1.6•1015 270000
2 0.076 4.8•1015 162000
3 0.066 2.2•1015 24000
4 0.049 3.0•1017 1620
5 0.057 1.2•1016 7700
6 0.040 2.3•1016 2630
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weak magnetic fields is negative, and in strong magn
fields is positive; they include samples 1–3. Figure 2 pl
these values for sample 3~see the table!. From the depen-
dence of the Hall coefficient on the magnetic fieldR(H) it
follows that both electrons and holes take part in conduct
here. At liquid-helium temperatures in weak magnetic fie
the Hall constant has a negative sign. For this sam
n5(eR0)

2158.73104 cm23 and mn5sR0583104 cm2/
(V•s) at T51.8 K. When the temperature is varied abo
and below the interval 4.226 K, the sign-inversion point of
the Hall coefficient shifts to higher fields due to a change
the ratio of the electron and hole contributions to the co
ductivity, i.e., consistent with Eq.~1!. While this behavior is
attributable to an increase in the free electron concentra
at T.6 K, when the temperature is lowered from 4.2
1.8 K the holes become bound, the free hole concentra
decreases, and theHi transition also shifts to higher fields
The maximum in the transverse magnetoresistance curv
explained by the fact that the contribution to the conductiv

FIG. 2. Sample 3~from Table I!. Curves of the transverse magnetores
tanceDr/r0 ~1,3! and Hall coefficientR ~2,4! versus magnetic field atT ~K!
equal to 1.8~1,2! and 4.2~3,4!.

FIG. 3. Sample 1~from Table I!. Curves of the Hall coefficientR ~1! and
longitudinal ~2! and transverse~3! magnetoresistance versus magnetic fie
at 4.2 K.
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electrons are excluded from the conduction process and
hole concentration increases as a result of destruction by
magnetic field of the bound polaron state. For a narrow-
MMT ~sample 2! the maximum of the transverse magneto
sistance is located at the magnetic fieldH56 kOe, which
corresponds to sign-inversion of the Hall coefficient. T
maximum of the longitudinal magnetoresistance is shif
upward in magnetic field toG510 kOe.

The greatest magnetic freezing occurs in sample 1
which the composition is close to the transition from a ga
less to a narrow-gap semiconductor~Fig. 3!. In this sample
as the magnetic field is increased fromH,40 kOe to
H.40 kOe, one passes from a region where conductio
mediated mainly by electrons to one in which conduction
mediated by holes, and at higher magnetic fields to the
zen region, at which an abrupt increase in the magnetore
tance, by roughly a thousandfold, is observed.

In all of the investigated samples freezing of holes to
acceptor levels is observed, although in Ref. 4 freezing
holes was observed only in samples in which the the elec
contribution to the conductivity predominated.

This work was carried out with the financial support
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Lattice vibrations in CuInSe 2 crystals
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Infrared reflection spectra of CuInSe2 crystals are investigated for the polarizationsEic and
E'c. Contours of the reflection spectra are calculated and phonon parameters and dielectric
constants are determined. The effective charges of the Cu, In, and Se ions in these materials
are determined. The two-phonon absorption spectra in CuInSe2 are investigated and the absorption
bands are identified from the selection rules. ©1997 American Institute of Physics.
@S1063-7826~97!01503-2#
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The ternary semiconductor CuInSe2 has shown promise
for use in solar cells. The vibrational properties of CuInS2
crystals have been investigated in a number of works1–9

However, results of studies of the infrared reflection spec
and Raman spectra do not agree. The infrared reflec
spectra and Raman spectra were found to be lacking som
the vibrational modes. The infrared reflection spectra for
polarizationsEic andE'c, in which threeE modes (E'c)
were identified instead of the expected six, are presente
Ref. 7. In Raman scattering studies at 300 and 100 K~Ref. 9!
only theA mode has been visually identified, although t
authors assert that they identified all the vibrational mod

In the present study we have investigated infrared refl
tion spectra of CuInSe2 crystals in the polarizationsEic and
E'c, in which we have found all the expected vibration
modes and also new information about the phonon par
eters.

2. EXPERIMENTAL PROCEDURE

Single crystals of CuInSe2 were grown by the Bridgman
method in the form of bars 3 cm in diameter and 6–7 cm
length. Wafers of dimensions 1.532.5 cm were then cu
from the bars. The reflection spectra were measured o
computer-controlled KSDI-82 vacuum spectrometer. T
spectral width of the gap was equal to 0.2 cm21 in the fre-
quency range 50–250 cm21 and 1 cm21 in the range
200–4000 cm21.

The reflection spectra were also calculated in the ma
oscillator model of the dispersion relations

«~v!5«11 i«25«`1(
j51

N 4p f jvTO j
2

~vTO j
2 2v21 ivg j !

,

«05«`1(
j51

N

4p f j ,

f i5«`

~vLO j
2 2vTO j

2 !

~4pvTO j
2 ! )

iÞ j

~vLOi
2 2vTO j

2 !

~vTOi
2 2vTO j

2 !
,
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where«` and«0 are the high-frequency and low-frequency
dielectric constants,vLO j andvTO j are the longitudinal and
transverse phonon frequencies,g j is the damping factor,f j is
the j th oscillator strength, andR is the reflection coefficient
in the frequency range 3000–4000 cm21.

3. EXPERIMENTAL RESULTS

In the reflection spectra of CuInSe2 crystals in the polar-
ization E'c we identified six vibrational modes withE

FIG. 1. Reflection spectra of CuInSe2 crystals for polarizationsEic ~a! and
E'c ~b!; solid line—calculation, points—experiment, dashed line—see tex

271271-05$10.00 © 1997 American Institute of Physics



TABLE I. Parameters of theB2 andE modes in CuInSe2 crystals.
Data obtained from published papers

Refs. 6 and 7* Ref. 9

mode frequencyn, cm21 at temperatureT, K Results of our study

Mode 300 100 300 100 nLO, cm
21 nTO, cm

21 g 4p f 1

B2
(1) 232 214 233–215 2332217 228.6 208.6 6.0 1.40

B2
(2) 193 181 198 2002177 169 163 20 2.33

B2
(3) 65 64 71270 72270 78.8 70.5 6.5 2.36

E1 229 213 2302217 2332217 227.5 204 8.0 2.10
212 207

E2 183 179 - 2302227 174 162 10 1.54
E3 211 2162211 128.5 122 8.0 1.07
E4 - 1882288 116 108 9.0 1.24
E5 77277 78278 77.5 71.0 6.0 2.54
E6 60258 60261 57.0 55.5 4.0 1.28

*Note: these data were obtained in the infrared.
symmetry~Fig. 1a, heren51/l, l is the wavelength of the
o
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tions of the reflection spectra show that the contours of
the
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light!, i.e., as many modes as expected from the group-the
analysis

Gopt51A112A213B113B216E.

The macroscopic electric field produced by the longitudi
optical vibrations splits each of the polar vibrations ofB2

and E symmetry into longitudinal (LO) and transverse
(TO) modes. The values of theLO andTO phonon param-
eters and dielectric constants obtained are listed in Tab
The points in Fig. 1 indicate experimental values, and
solid curve corresponds to calculated values of the reflec
coefficient. The modesE1 andE5 possess the largest osc
lator strengths. The damping factors vary in the limits 4–
The reflection spectra in Fig. 1a are in satisfactory agreem
with the data of Ref. 7. We assume that the reflection p
E1 which we have identified and the peaksE1(E2) identified
in Ref. 7 are due to a single vibrational mode. The reflect
maximumE2(174/162) corresponds to the reflection pe
E3 in Ref. 7. In the long-wavelength regio
(40–120 cm21) we have identified the previously unre
vealed vibrational modesE4–E6 ~Fig. 1a, Table I!. Calcula-
TABLE II. Frequencies of active vibrational modes in the infrared and the
ry

l

I.
e
n

.
nt
k

n

nearly all the oscillators are satisfactorily described by
dispersion relations.

In the polarizationEic we identified the three expecte
vibrational modes ofB2 symmetry~Fig. 1b, Table I!. The
high-frequencyB2 mode is the strongest mode in this pola
ization. These modes agree with the data of Refs. 6 an
Note that the vibrational modeB2 is observed at differen
frequencies for samples of different preparation history, a
shown by the dashed line in Fig. 1b. Apparently, som
samples have a violation of stoichiometry~selenium vacan-
cies!, which affects this vibrational mode. The parameters
the vibrational modes of the CuInSe2 crystals are compared
with the corresponding parameters for CuGaSe2 and
CuInS2 in Table II. As can be seen, the frequency ratios
CuGaSe2 and CuInSe2 exhibit only insignificant variation.
Here for all the vibrational modes withE andB2 symmetry
with the exception ofB2

(2) andE2, the frequency ratios vary
in the limits 1.18–1.28. ForE2 andB2

(2) the frequency ratio
stands at 1.09–1.12. These data reflect the fact tha
CuInSe2 crystals the vibrational modesB2

(2) andE2 are found
ir ratios in CuGaSe2, CuInSe2, and CuInS2.
Polarization
of mode

CuGaSe2
Ref. 11

CuInSe2
our data

CuInS2
Refs. 6 and 7 Ratios of mode frequencies

nLO ,

cm21

nTO ,

cm21

nLO ,

cm21

nTO ,

cm21

nLO ,

cm21

nTO ,

cm21

nCuGaSe2 /nCuInSe2 nCuInS2 /nCuInSe2

LO TO LO TO

E1 277 255 227.5 204 338 324 1.22 1.25 1.49 1.59
E2 186 180 174 162 312 294 1.09 1.11 1.83 1.82
E3 149 145 128.5 122 258 244 1.19 1.18 2.06 1.98
E4 135 129.8 116 108 1.19 1.18
E5 90.9 82.2 77.5 71 1.20 1.17
E6 68 64.5 57 55.5 1.19 1.16
B2
(1) 273 257 228.6 208.6 352 328 1.19 1.28 1.54 1.64

B2
(2) 188 177.9 169 163 265 238 1.12 1.1 1.58 1.47

B2
(3) 89.6 83.0 78.8 70.5 1.18 1.21

M15mIn1mSe5193.78, M 25mGa1mSe5148.66, M 35mIn1mS5146.88

272 272Semiconductors 31 (3), March 1997 Syrbu et al.
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at higher frequencies than they should be according to F
1a and 1b. The frequency ratios of the vibrational modes
CuInSe2 and CuInS2 vary to a greater extent. This is as

FIG. 2. Dependence of the frequencies of the vibrational modesEi

( i51,2 . . . 6) on thereduced mass of the ions In–Se, Ga–Se, and Al–S
crystals of CuInSe2, CuGaSe2, and CuAlSe2. The numbers next to the
curves correspond to the number of the mode.
TABLE III. Frequencies and combinations of modes
CuInSe2crystals in the polarizationE'c; A1 ^ E, A2 ^ E

273 Semicond
s.
f

should be since there is less difference between the red
mass of the Ga–Se2 and In–Se2 complexes than between th
In–Se2 and In–S2 complexes. The mass ratio of the ion
In–Se(M1) to the mass of the ions Ga–Se(M2) is equal to
1.30. The CuGaSe2/CuInSe2 frequency ratio, which varies in
the range 1.09–1.28, is in completely satisfactory agreem
with the square root of the mass ratios of the io
(M1 /M2)

1/251.14 ~see Table II!. The frequency ratios for
CuInS2 and CuInSe2 differ more significantly than the ratio
(M1 /M3)

1/2 of the mass of the ions In–Se(M1) to the mass
of the ions In–S(M3 ~Table II!. In CuInS2 crystals the inter-

n

FIG. 3. Two-phonon absorption spectra of CuInSe2.
in the two-phonon absorption~transmission! spectrum for
, B1 ^ E, B2 ^ E.

for

273rbu et al.
Number
of structure

Data from Ref. 7
n, cm21

Results of our study

Experiment
n, cm21 Combination of modes

Calculation
n, cm21

1 224 B1
(2)(165a)1E6

LO(57), 222
B2
(2)LO(169)1E6

TO(55.5) 224.5
2 250 E2

LO(174)1B2
(3)LO(78.8) 252.8

A1(178)1E5
TO(71) 249

3 263 B2
(1)TO(208.5)1E6

TO(55.5) 264.1
4 271 B2

(2)TO(163)1E4
TO(108) 271

5 291 E3
TO(112)1B2

(2)LO(169), 291
B2
(1)TO(208.5)1E6

TO(55.5) 264.1
6 300 305 A1(178

a)1E3
LO(128.5) 306.5

7 316 E4
TO(108)1B2

(1)TO(208.6) 316.6
8 332 326 B2

(2)TO(163)1E2
TO(162), 325

E2
TO(162)1B1

(2)(165) 327
9 347 344 B2

(2)LO(169)1E2
LO(174) 343

10 368 E1
TO(204)1B2

(2)TO(163) 367
11 385 382 A1(178

a)1E1
TO(204) 382

12 390 B2
(1)LO(228.6)1E2

TO(162) 390
13 397 E1

LO(227.5)1B2
(2)LO(169) 396.5

14 405 405 E1
LO(227.5)1A1(178) 405.5

15 423 E1
LO(227.5)1A2

(1)(196) 423.5
16 428 432 E1

TO(204)1B2
(1)LO(228.6) 432.6

17 457 B2
(1)LO(228.6)1E1

LO(227.5) 456.1
18 465 467 B1

(1)(239)1E1
LO(227.5) 466.5

Note:Here the subscripti in the mode notationEi
LO,TO corresponds to the superscript in the mode notation

Ei in the text.
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atomic distance

TABLE IV. Frequencies and combinations of modes in the two-phonon absorption~transmission! spectrum for
CuInSe2 crystals in the polarizationEic; A1 ^ B2 , A2 ^ B1 , E ^ E.

for
Number
of structure

Data from Ref. 7
n, cm21

Results of our study

Experiment
n, cm21 Combination of modes

Calculation
n, cm21

1 263 E1
TO(204)1E6

LO(57) 261
2 278 E2

TO(162)1E4
LO(116) 278

3 285 E1
LO(227.5)1E6

LO(57) 284.5
4 291 E3

LO(128.5)1E2
TO(162) 290.5

5 305 E1
LO(227.5)1E5

LO(77.5) 305
6 316 320 E1

TO(204)1E4
LO(116) 320

7 334 E1
LO(227.5)1E4

TO(108) 335.5
8 340 343 E1

LO(227.5)1E4
LO(116) 244.5

9 349 355 E1
LO(227.5)1E3

LO(128.5) 356
10 367 E1

TO(204)1E2
(2)TO(162) 366

11 378 E1
TO(204)1E2

LO(174) 378
12 386 A2(178)1B2

(1)TO(208.6) 386.6
13 395 392 E2

TO(162)1E1
LO(227.5) 389.5

14 401 E2
LO(174)1E1

LO(227.5) 401.5
15 411 411 E1

TO(204)1E1
TO(204) 408

16 427 426 E1
LO(227.5)1E1

TO(204) 431.5
17 438 435 B1

(1)(239a)1A2
(2)(196a) 435

18 443 450 2E1
LO 455

Note:Here the subscripti in the mode notationEi
LO,TO corresponds to the superscript in the mode notation

Ei in the text.
s also vary since the sulfur ions have smaller
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radii than the selenium ions.
Figure 2 compares the frequencies of the vibrationaE

modes of CuInSe2, CuGaSe2, and CuAlSe2 ~the data for
CuAlSe2 and CuGaSe2 are taken from Ref. 11! as functions
of the reduced massm of the ions In~Ga,Al!–Se. For
CuAlSe2 the high-frequency vibrational modesEi with
i51,2,3 depend onm to a greater extent than the low
frequency vibrational modes withi54,5,6. Comparing the
mode frequencies for CuInSe2 and CuGaSe2, we also notice
a shift of all vibrational frequencies of CuGaSe2 toward
higher energies. This occurs because the heavier indium
have been replaced here by lighter gallium ions.
CuAlSe2 the still lighter aluminum atom appears in place
the gallium atom. The increase in the frequency of the vib
tional modes i51, 2, 3, as one goes from CuGaSe2 to
CuAlSe2 ~i.e., the heavier Ga ion is replaced by the lighter
ion!, confirms that these modes are internal vibratio
modes.

4. TWO-PHONON ABSORPTION IN CuInSe 2 CRYSTALS

The two-phonon absorption spectra of CuInSe2 crystals
were analyzed in Ref. 7. But since we have obtained n
data about the vibrational mode spectra in the one- and t
phonon regions, we will here again discuss two-phonon
sorption on the basis of our results. The absorption~trans-
mission! spectra in the region 250–500 cm21 were measured
in samples 20–30mm thick ~Fig. 3!. We identified 18 ab-
sorption bands in each of the polarizationsEic and E'c.
Our spectra agree for the most part with the absorption s
tra of Ref. 7. The small thickness of the crystals allowed
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gion (;250 cm21) and obtain a larger number of absorptio
bands than are presented in Ref. 7.

According to the selection rules, in CuInSe2 crystals in
the polarizationE'c the phonon combinationsA1^E,
A2^E, B1^E, andB2^E are active, and in the polarizatio
Eic the combinationsA1^B2 , A2^B1 , andE^E are ac-
tive. Tables III and Tables IV list the frequencies of th
absorption lines we have identified, the results of Ref. 7, a
also calculated values of the frequencies of the two-pho
combinations responsible for these absorption bands. Ne
all of the identified two-phonon bands are described b
combination ofLO andTO vibrational modes of the corre
sponding symmetry, allowed by the selection rules. The
ference between the experimentally identified and calcula
bands does not exceed a few inverse centimeters. In
Eic polarization all the identified bands are described by
combinationE^E, with the exception of bands 12 and 1
Band 17~identified in Ref. 7! is described by the combina
tion A2

(2)
^B1

(1) .

5. EFFECTIVE IONIC CHARGES AND THEIR ISOTROPY

The parameters of the effective ionic charges
CuInSe2, CuGaSe2, and CuAlSe2 are found from the follow-
ing relations:

4pc2(
j51

N

~vLO j
2 2vTO j

2 !5
4pe2N

V U~Zae* !na
ma

1
~Zbe* !nb

mb
1

~Zce* !nc
mc

U,
naZae1nbZbe2ncZce50,
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TABLE V. Parameters of the effective ionic charge in CuGaSe2, CuInSe2, and CuAlSe2 crystals.
Crystal
Polarization
and modes «0 «`

es*

Zeffe
5x,

calculated according to Eq.~1!

es* /Zeffe

5
3A«`

«`12 Z/Zeff DZ5Zeff
Eic2Zeff

E'c eB* /Zeff

CuGaSe2 Eic Cu;0.63
B2 7.3 4.2 0.44 0.99 Ga;0.25 Cu;0.25 2.05

Se;20.44
E'c Cu;0.38
E 12.83 5.13 0.36 0.95 Ga;0.34 Se;0.08 2.25

Se;20.36
CuInSe2 Eic Cu;0.21 Cu;0.04

B2 12.09 6.0 0.31 0.92 In;0.33 2.45
Se;20.31 In;20.04

E'c Cu;0.17
E 16.63 6.86 0.27 0.91 In;0.37 Se;0.04 2.69

Se;20.27
CuAlSe2 Eic Cu;0.40 Cu;0.20

B2 6.67 5.2 0.35 0.95 Al;0.30 2.28
Se;20.35 Al;20.12

E'c Cu;0.20
E 8.28 6.0 0.31 0.92 Al;0.42 Se;0.04 2.59

Se;20.31
whereV is the volume of the unit cell;N is the number of
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In summary, replacing indium by gallium or aluminum
al
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l.
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em.
atoms per unit cell;na , nb , andnc are the stoichiometric
coefficients; andma , mb , andmc are the atomic masses o
the elements making up the crystal.

To determine the effective charges of the ions of
three-component material we used the condition

x5
es*

Zeff
, «`215

2

x21x
, ~1!

which was proposed in Ref. 12–14. This condition is ess
tially satisfied in all the investigated materials. The effect
ionic charges we obtained for CuInSe2 differ slightly from
the results of Ref. 9 since the frequencies of theLO and
TO phonons also differ, and the effective charges are ca
lated on the basis of these frequencies. The dielectric c
stant parameters («` ,«0) and effective ionic charges o
CuInSe2, CuGaSe2, and CuAlSe2 differ substantially for the
two polarizationsEic andE'c ~see Table V!.

To describe the results for different crystals, we intr
duced the anisotropy parameter of the effective ionic char
DZ5Zeff

Eic2Zeff
E'c, where Zeff

Eic and Zeff
E'c are the effective

ionic charges of the corresponding atom~ion! in the polar-
ization Eic andE'c, respectively. The parameterDZ can
have both positive and negative values, which characte
the electron cloud of the ion shell and its deviation from
perfectly spherical shape.15 For positiveDZ the cloud is
elongated along thec axis, and for negativeDZ it is com-
pressed. As can be seen, the shape of the electron clo
different for all the ions in the three compounds consider
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in CuInSe2 not only alters the frequencies of the vibration
modes, but also redistributes the electron cloud relative
the principal axes of the crystal.
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Anomalies in the low-temperature thermoelectric power of p -Bi2Te3 and Te associated

e

with topological electronic transitions under pressure
E. S. Itskevich, L. M. Kashirskaya, and V. F. Kra denov

L. F. Vereshchagin Institute of High-Pressure Physics, Russian Academy of Sciences, 142092 Troitsk,
Russia
~Submitted January 9, 1996; accepted for publication June 4, 1996!
Fiz. Tekh. Poluprovodn.31, 335–337~March 1997!

Thermoelectric power measurements have been carried out for the narrow-band semiconductors
p-Bi2Te3 and Te under pressures up to 2.5 GPa at liquid-helium temperatures. The
dependences observed correlate with the data obtained by oscillation methods. These correlations
allow one to use the thermoelectric power to search for topological electronic transitions in
semiconductors. ©1997 American Institute of Physics.@S1063-7826~97!01603-7#

We have placed before ourselves the task of extending(E*52.3 meV! saddle point in the spectrum of its valenc
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the range of methods for searching for topological electro
transitions ~TET’s! in narrow-band semiconductors und
pressure, not for the usual purpose of studying details of
band structure guided by quantum oscillations of the re
tance~the Shubnikov–de Haas effect!, but in order to apply
it to the goal of studying the thermoelectric power.

Oscillation methods for finding TET’s require, as the
main condition, high-quality single crystals and a comp
cated experimental technique. The use of a model for
behavior of the thermoelectric power in TET’s developed
the case of semimetals and alloys under conditions of
axial deformation, as Mininaet al.1–4 have shown, is quite
effective. In these papers they demonstrated the possibilit
using the thermoelectric power to search for the princi
modifications of the topological electronic transition in sem
metals and alloys under conditions of uniaxial deformati
We solved the analogous problem for cadmium under c
ditions of hydrostatic pressure in Ref. 5. We demonstra
the existence of a correlation between direct observation
TET’s by the use of oscillation methods employing anom
lies in the pressure dependence of the thermoelectric po
of cadmium.

The authors of Refs. 6 and 7 in a study of Shubnikov–
Haas oscillations under conditions of hydrostatic press
observed topological electronic transitions of the type ‘‘fo
mation ~or breaking! of bridges joining isolated isoenerg
cavities’’ of the Fermi surface forp-Bi2Te3 and Te. In this
case the Fermi energyEF is observed to pass smooth
through the critical points of the charge carrier spectr
E* at which the topological electronic transition takes pla
by varying the hydrostatic pressure. This is held to be one
the most informative and refined methods for studying to
logical electronic transitions. The combination of observi
the passage of the Fermi energy through the critical point
this way and using the thermoelectric-power method
search for the topological electronic transitions is especi
effective since the entire experiment is carried out with
same sample.

The Fermi surface ofp-Bi2Te3 for EF,E*518 meV
consists of six quasi-ellipsoids, between which linkages fo
under pressure which are similar to those present in
Fermi surface of arsenic.7 Tellurium has a shallow
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band which is forced out, i.e., it moves up, under pressu
which in samples withEF,E* leads at first to the appear
ance of a linkage or bridge between the two existing ell
soids, i.e., to the appearance of a dumbbell–shaped F
surface, and then, after the disappearance of the saddle
atP.2.7 GPa, to the reappearance of the original ellipsoi
Fermi surface.7,8

1. Our experiment was carried out at liquid-helium tem
peratures in a hydrostatic high-pressure chamber simila
that described in Refs. 6 and 7. The samples were cu
electric spark from single-crystal bars and processed w
polishing chrome etchant. TheC3 axis was determined visu
ally from the cleavage planes. A temperature gradient w
created along theC3 axis (¹TiC3) for Te and perpendicula
to theC3 axis (¹T'C3) for p-Bi2Te3 and Te. The technique
used for measuring the thermoelectric power in the samp
which had the shape of rectangular parallelepipeds with
mensions 13136 mm3, is described in Ref. 9.

2. Figure 1 plots the pressure dependence of the ther
electric power for three samples ofp-Bi2Te3 with EF below
the critical valueE*518 meV. For the sample that was me
sured in the most detail~sample 1! with EF56 meV, a com-
plex picture of the pressure dependence is observed with
minima and two maxima. On the basis of the model that
been proposed for the Fermi surface ofp-Bi2Te3 ~Refs. 6
and 10!, such a picture can be explained by the ‘‘fine’’ stru
ture of formation of the bridge. Specifically, at first a hol
type cavity is formed. This creates the first anomaly in t
pressure dependence of the thermoelectric power at the
cal pressurePc1. With increasing pressure, this cavity the
joins up with the principal hole-type ellipsoids, creating
second anomaly atPc2. A sketch of the evolution of the
topological electronic transition is given in Fig. 2. The pi
ture of the evolution of the Fermi surface ofp-Bi2Te3 under
hydrostatic pressure obtained from measurements of the
moelectric power makes it possible not only to unambig
ously reconfirm, but also refine, the earlier proposed mo
of the Fermi surface for this crystal.

The anomalies of the pressure dependence of the t
moelectric power, which are due to the rearrangement of
spectrum, can be assumed to be the two maxima and
minima at the corresponding pressures,Pc1 andPc2. Using

276276-03$10.00 © 1997 American Institute of Physics
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the pressure coefficient of variation of the energy gap
tained from data on the Shubnikov–de Haas effe
dz/dP522.7 meV/kbar~Ref. 6! (z5E*2EF), we can es-
timate the pressure at whichz50, i.e., at which the first TET
of the type ‘‘formation of a new isoenergy cavity’’ take
place, creating the first anomaly in the thermoelectric pow
Thus, for sample 1 withz512–13 meV this value is
Pc154.5–5 kbar, for sample 2 withz510–11 meV,
Pc153.5–4 kbar, and for sample 3 withz56–5 meV,
Pc151.5–2 kbar. The first maximum corresponds satisfac
rily with these estimates. Thus, the sign of the thermoelec
power anomalies inp-Bi2Te3 is positive.

It follows from Ref. 11, in which the thermoelectri
power and the thermal conductivity of samples
Bi2Te3 similar to ours were investigated over a wide te
perature range, that the thermoelectric power in our sam
at 4 K has a predominantly phonon character (aph). At this
temperature we clearly observed anomalies ina(P). The
conclusion of Abrikosov and Pantsulaya12 that there are no
anomalies inaph associated with the topological electron
transitions was based on the assumption of isotropic sca
ing of the charge carriers. Allowing for the anisotropy of t
relaxation time that is present in noncubic crystals, in p
ticular Bi2Te3 and Te, enabled Suslov

13 to provide a theoret-
ical basis for the appearance of anomalies inaph connected
with the topological electronic transitions. The magnitude
a is determined not only by the hole concentration, but a

FIG. 1. Dependence of the thermoelectric power ofp-Bi2Te3 on the pres-
sureP at T54.2 K. Hole concentrationp, 1017 cm23: 1! 7, 2! 8, 3! 20.
Filled symbols indicate the values ofa measured upon release of pressu
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by the number of structural defects, especially dislocatio
which by scattering phonons can strongly lowera. The rea-
son for the appearance of dislocations may be a breac
hydrostatic conditions in the high-pressure chamber cau
by cooling it down to liquid-helium temperatures. Each pre
sure change is accompanied by annealing and the appea
of new dislocations. Most likely, this is also the reason
the almost twofold decrease ina for sample 3 in comparison
with the analogous sample ofp-Bi2Te3 in Ref. 11 at 4.2K,
and also for the fact that the value ofa for sample 1 is
slightly lower than the value ofa for sample 2.

Thus, a topological electronic transition inp-Bi2Te3, re-
liably identified by oscillation methods, shows up as
anomaly in the dependence of the thermoelectric power
the hydrostatic pressure at the point at whichEF passes
through the critical pointE* .

3. Our measurements of the thermoelectric power of
lurium samples with hole concentrationp5431014 cm23

for ¹TiC3 and p5231015 cm23 for ¹T'C3 under pres-
sures up to 25 kbar at liquid-helium temperatures are plo
in Fig. 3. The solid and dashed curves plot the calcula
variation of the thermoelectric power of Te with growth
the pressure on the assumption that the measured the
electric power is either purely diffusional (aD) or com-
pletely phonon in character (aph). In the investigated
samples at 4.2 K a hole gas is nondegenerate; i.e
aD; ln@(m* )1.5#, aph;m* , and the effective hole mas
m* (P)5m* (0)exp(20.006P) ~Ref. 14!. Thus, the overall
trend of the functional dependencea(P) can be satisfacto-
rily explained by a diminution with growth of the pressure
the effective hole massm* .

If we compare the values of the thermoelectric power
our samples at 4 K extrapolated toP50 with the values in
the literature for similar samples,15 then we may conclude
that the phonon component of the thermoelectric power
our samples at 4 K, which gives the main contribution
a, is significantly smaller~more than sixfold! than for the
samples of Ref. 15. We measured the temperature de
dence~from 16 to 300 K) of the thermoelectric power o
tellurium with hole concentrationp5231015 cm23 at
P50. At T5200 K, where the main contribution toa comes
from the diffusional component aD , our value
a'700mV/K is close to the value ofa for the analogous
sample 2 of Ref. 15. As was shown in Ref. 16, cooling

.

FIG. 2. Diagram of sequence of appearance of linkages between two
type ellipsoids inp-Bi2Te3 under pressure.
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tellurium sample under pressure gives rise to a strong gro
of the number of dislocations~by a factor of 3–4!. Phonon
scattering by dislocations should strongly decrease the e
of an increase in the number of holes and, consequently
magnitude ofaph, which would then lead to a significantl
smaller value of the thermoelectric power for our sample

It is hard to distinguish any clearly pronounced anom
lies in a(P), but a definite irregularity at 7 kbar for Te wit
p5231015 cm23 (¹T'C3) and at 12 kbar for Te with
p5431014 cm23 (¹TiC3), and a tendency toward satur
tion of the thermoelectric power at the highest pressures
quite clear. Such a character of the dependence is in sati
tory agreement with theoretical conclusions and with our
perimental data obtained from measurements
Shubnikov–de Haas oscillations under pressure. Accord
to the calculation carried out by Lyapin,8 complete disap-
pearance of the saddle point in the valence band of Te
consequently, the transition from a dumbbell–shaped Fe
surface to an ellipsoidal Fermi surface is expected
Pc527 kbar. This topological electronic transition may
responsible for the flattening out ofa(P) at pressures
P.20 kbar. It is entirely possible that the first observed
regularity is connected with the topological electronic tra

FIG. 3. Dependence of the thermoelectric power of Te on the pressureP at
T54.2K. Hole concentrationp, 1014cm23: 1! 4, 2! 20. Calculations shown
by curves:aD — dashed,aph — solid.
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ellipsoids into a dumbbell. The small volumes of the
isoenergy surfaces (EF,2.3 meV) may be one of the rea
sons for the weakly expressed anomalies.

In summary, it may be stated that for all of the inves
gated types of topological electronic transitions reliably ide
tified from the Shubnikov–de Haas oscillations, anomal
are present in the thermoelectric power which are uniqu
linked with a change in the topology of the Fermi surface
can also be asserted that the presence of anomalies in
pressure dependence of the low-temperature thermoele
power is indicative of topological electronic transitions
semiconductors, semimetals, and metals.

This work was carried out with the financial support
the Russian Foundation for Basic Research~Project No. 93-
02-14235!.
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Formation of a quasi-periodic boron distribution in silicon, initiated by ion implantation

ri-
A. M. Myasnikov, V. I. Obodnikov, V. G. Seryapin, E. G. Tishkovski , B. I. Fomin, and E.
I. Cherepov

Institute of Semiconductor Physics, Siberian Branch of the Russian Academy of Sciences,
630090 Novosibirsk, Russia
~Submitted November 8, 1995; accepted for publication June 24, 1996!
Fiz. Tekh. Poluprovodn.31, 338–341~March 1997!

The temperature range in which oscillating impurity distributions are formed in heavily boron-
doped silicon irradiated with boron ions B1 is found. It is hypothesized that the effect is
associated with boron clustering processes which proceed more efficiently in the region of the
maximum of the implanted impurity distribution and at the boundaries of the ion
irradiation region. ©1997 American Institute of Physics.@S1063-7826~97!01703-1#

1. INTRODUCTION with a lowering of the total boron concentration in compa
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In Ref. 1 we established that as a result of annea
samples of heavily boron-doped silicon at 900 °C, wh
these samples were later irradiated by a 1016 cm22 dose of
180-keV 10B1 ions, a quasi-periodic structure is formed
the concentration profiles of both boron isotopes in the
gion subjected to boron implantation, consisting of fi
maxima.

Our goal was to determine the temperature interva
which the formation of oscillating distributions of boron a
oms can be observed.

2. EXPERIMENT

As the starting samples we used samples that were
pared by a method that is completely analogous to the
described in Ref. 1. Boron diffusion was caused to take pl
in a KEF-7.5 silicon wafer with~100! surface orientation a
1150 °C so as to create a region of uniform doping to a de
of a few microns with boron concentratio
'231020 cm23. Both isotopes were deposited in the dop
region—10B and 11B in their natural abundances'20 and
'80%. Then, using an HVEE-400 setup, a 1016 cm22 dose
of 400-keV 10B1 ions were implanted. The irradiate
samples were annealed for 60 min at temperatures in
range 700–1150 °C.

The distribution of the10B and11B isotopes with depth
was investigated by secondary-ion mass spectroscopy u
an MIQ-256 setup by CAMECA-RIBER. The constancy
the etching rate was monitored by the yield of second
silicon ions.

A. Experimental results

The measurements show that heating the sample
700 °C has little effect on the initial impurity profiles show
in Fig. 1a. In the case of annealing at 800 °C, howev
peculiarities in the boron isotope profiles in the form of di
begin to appear, and in the temperature inter
900–1075 °C five maxima are formed in the profiles of bo
isotopes~Figs. 1b and 1c!.

The quasi-periodic structure is not formed when t
samples are heated to 1150 °C—only weakly expressed
tortions of the now flat impurity profiles are observed alo
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son with its initial value, due to diffusive spreading~Fig. 1d!.
In Fig. 2 the oscillating impurity profile, shown in Fig

1b, is compared with the profile obtained in Ref. 1, where
conditions of the experiment differed only in the ion ener
~180 keV!. The central maxima are aligned to facilitate th
comparison. Such a comparison of the impurity profi
shows that increasing the energy of the bombarding i
does not substantially alter the characteristics of the aris
quasi-periodic structures. Only the depth varies at which t
are found. The average modulation period of these struct
is 95 nm~with a maximum value of 109 nm and a minimu
value of 88 nm!.

The width of the region in which the formation of quas
periodic structures is observed correlates with the size of
region containing the main fraction of implanted boron.
characteristic width varies insignificantly as the energy of
impinging boron ions is increased from 180 to 400 keV~in
particular, the spread of the projected mean free pathDRp

increases by roughly a factor of2 1.2!. The nearly identical
initial conditions in these two cases lead to identical resu
after annealing.

The above experimental facts, in conjunction with t
fact that in all cases similar variations in the impurity dist
bution were not observed in the continuations of the
segments of the initial diffusion profiles with depth, indica
that side by side with a high initial level of doping, implan
tation is a determining factor in the formation of quas
periodic distributions as a result of heat processing.

3. DISCUSSION

Our results show that neither the number nor the spa
positions of the concentration peaks depend on tempera
Since it is known that migration of boron atoms has an a
vation character in the investigated temperature range,
apparent activation-free character of the processes w
leads to the appearance of spatially separated sites of b
atom accumulation, necessarily requires a consideration
processes involving the participation of other components
the defect–impurity subsystem, specifically, vacancies
interstitial silicon atoms.

The mobility of the vacancies and interstitials is ac
vated at temperatures substantially lower than those use

279279-04$10.00 © 1997 American Institute of Physics
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FIG. 1. Concentration profiles of bo
ron isotopes~1—10B, 2—11B! in sili-
con with an initial boron concentra-
tion of 231020 cm23, obtained by
implantation of 10B ions (E
5180 keV, D51016 cm22! and an-
nealing for 60 min at different tem-
peratures: a! without annealing,
b! 900 °C, c! 1075 °C, d! 1150 °C.
the experiment. High temperatures are needed only to free Calculations which used the program TRIM-94 show
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elementary defects from defect–impurity associations.

FIG. 2. Concentration profiles of the boron isotope10B in silicon with an
initial boron concentration of 231020 cm23, obtained by implantation of
10B ions (D51016 cm22) and annealing for 60 min at 900 °C: 1!
E5180 keV, 2! E5400 keV.

280 Semiconductors 31 (3), March 1997
that the coordinates of the maxima of the implanted bo
distribution and of the energy losses to elastic collisions v
tually coincide; i.e., most of the implanted impurity atom
are located in the same region of the semiconductor as
irradiation-generated defects, and it is in a segment of
region that all of the processes analyzed in the present p
take place.

In Ref. 1 we established that the spatial characteristic
the quasi-periodic structures in the boron atom distribut
arising as a result of annealing at 900 °C for 10–240 min
not depend on the duration of heating. Consequently,
formation of these sites of boron accumulation should oc
during times shorter than the lower limit of the indicate
interval since for these features to appear in the impu
profile, time is required for the impurity to migrate into the
spatially separated sites.

Thus, the quasi-periodic structure forms, as it were,
two stages. In the first~fast! stage, sites form in which boron
accumulates and the comparatively slow process of bo
accumulation at these sites occurs in the second stage.

In our experiments the fast stage proved to be essent
unobservable. However, on the basis of an analysis of
initial conditions and character of the localized features a
ing in the impurity distribution it is possible to construct
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consistent~in our view! hypothesis of how this happens.
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Upon the implantation of boron ions in the region a
joining Rp , simultaneous with the accumulation of defe
complexes containing interstitial silicon atoms and vacanc
there also takes place an accumulation of boron atoms
occupying regular sites of the crystalline lattice. Their nu
ber is made up from a significant fraction of the boron ato
introduced by irradiation and from a fraction of the bor
atoms that were located at regular lattice sites before irra
tion. In addition to the boron atoms which show up at ar
trary sites due to collision mechanisms, these sites can
have boron atoms that have been dislodged from regular
tice sites as a result of reactions with the intrinsic interstiti
~the Watkins reaction3,4! directly upon ion implantation. An
indication of the efficiency of such a process in heav
doped silicon is given in Ref. 5, where the displacem
reaction is used to explain the substantially lower~in com-
parison with the case in lightly doped silicon! concentration
of $113% defects in silicon samples doped with boron up
concentrationsNB>1019 cm23 and irradiated with electrons
i.e., the main fraction of the boron atoms in the implantat
region adjoiningRp is found at irregular sites and consists
not only the implanted fraction of boron atoms, but also
significant fraction of the boron atoms introduced by diff
sion.

Note also that under the conditions of our experiment
the temperatures at which the appearance of quasi-per
structures is observed, the total boron concentration exc
its limiting value at the displacement sites6,7 both inside the
implantation region and outside it.

In the initial stage of annealing~possibly already as the
samples are being heated up from room temperature in
furnace! the defect–impurity associations release their c
stituent interstitial silicon atoms, vacancies, and boron
oms, which show up at the interstitial sites.

Inside the irradiation region the excess boron atoms
cannot dissolve in the regular sites of the silicon lattice
cumulate into clusters. The process of spontaneous clu
ization proceeds most efficiently at the center of t
region—in the vicinity of the maximum of the implante
boron distribution. The formed clusters serve as sinks for
free boron component, which ensures the accumulation
the impurity in the vicinity ofRp upon subsequent heatin
due to its migration from neighboring regions. It should
noted that contraction of the impurity upon annealing in
the region of the maximum of the implanted boron distrib
tion was observed earlier8,9 and takes place if the implante
boron concentration in this region is not high enough.

The relaxation of the nonequilibrium defect subsyst
takes place at the same time as the processes desc
above. Vacancies that have freed themselves from
defect–impurity associations participate in reactions ass
ated with setting up boron atoms at lattice sites, and in a
hilation reactions with the intrinsic interstitials. The intrins
interstitial atoms, in addition to taking part in the annihil
tion reactions, also take part in displacement reactions
which the boron atoms are dislodged from regular latt
sites.

281 Semiconductors 31 (3), March 1997
t
s
ot
-
s

a-
-
lso
t-
s

t

n

a

r
dic
ds

he
-
t-

at
-
er-

e
of

-

bed
e
i-
i-

in
e

sites in the implantation region in the initial stage of anne
ing is small. As a result, the unreacted intrinsic interstit
atoms, which diffuse out of it in numbers significantly e
ceeding those of the vacancies, reach the nominal bound
of this region, show up at displacement sites in silic
samples with high boron concentration and in such sam
displace boron from the regular lattice sites.

Since none of the boron atoms at these sites, which h
been displaced from the regular lattice sites, can again
cupy regular lattice sites of the silicon lattice as a result
the high initial doping level, the boron atom excess create
the interstitial sites is removed at subsequent times b
chain of spontaneous clusterization reactions. The bo
clusters formed at the boundaries of the irradiation regi
just like the clusters at the center of the implantation regi
begin to function like sinks for the free boron component

If these three regions of nascent clusters~at the center
and at the edges of the irradiation region! are so widely sepa-
rated that diffusive migration of mobile boron atoms cann
substantially lower the boron concentration in the space
tween them, then spontaneous clusterization of boron
also lead to cluster formation in these intervening spaces
course, the probability of survival of these additional sinks
competition with the sinks located in the regions conside
above will be higher in the centers of the intervening spac
These additional sinks will show up in the concentration p
files as intermediate maxima.

If the samples are held at high temperatures for a lon
time ~in the second stage!, the processes will proceed in th
system of formed sinks—mobile boron atoms will escape
the clusters.

4. CONCLUSIONS

1. We have established that quasi-periodic structures
formed in the boron atom distribution as a result of irrad
tion of heavily boron-doped silicon by a 1016 cm22 dose of
400-keV B1 ions with subsequent annealing for one hour
the temperature interval 900–1075 °C.

2. We assume that the formation of a quasi-perio
structure takes place in two stages and that it is associ
with clusterization of boron atoms dislodged from regu
lattice sites with subsequent runoff to already formed cl
ters of the free boron component. The spatial inhomoge
ities owe their existence to the fact that the clusterizat
process proceeds more efficiently in the vicinity of a ma
mum of the implanted impurity distribution and at the edg
of the region containing the main fraction of implanted a
oms. Cluster formation is accompanied by a runoff of t
mobile boron atoms to these clusters.
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Influence of elastic stresses on the character of epitaxial crystallization of (Hg, Mn)Te

l of
S. V. Kavertsev and A. E. Belyaev

Institute of Semiconductor Physics, Ukrainian National Academy of Sciences, 252650 Kiev, Ukraine
~Submitted May 12, 1996; accepted for publication June 24, 1996!
Fiz. Tekh. Poluprovodn.31, 342–346~March 1997!

Available experimental data on the composition and conditions for crystallization of
semiconductor Hg12zMnzTe solid-state solutions epitaxially grown on Cd~Zn!Te substrates
reveal a number of peculiarities, which indicate that the substrate strongly affects the character of
crystallization of the solid phase. In this paper we discuss data on liquid-phase epitaxy of
Hg12zMnzTe which suggest the possibility that elastic stresses caused by the mismatch between
the crystal lattice parameters of the substrate and the epitaxial layer can influence the
composition and conditions for crystallization of these layers. An important tool in our
investigation is a thermodynamic analysis of the metastable equilibrium between the stressed solid
phase and the supersaturated solution of components. ©1997 American Institute of
Physics.@S1063-7826~97!01803-6#
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One of the fundamental factors that determine the p
ticular features of epitaxial growth of semiconductor sol
state solutions by the method of liquid-phase epitaxy~LEP!
is how the character of the phase equilibria changes when
substrates used are mismatched to the layers with respe
lattice parameter. Thus, for example, epitaxial films
Hg12zMnzTe are usually grown on substrates of CdTe m
terial, whose crystal lattice parameter is larger than tha
the solid solutions for any composition~Table I!. Because of
this circumstance, the composition of the epitaxial layer c
be affected not only by the interdiffusion of metals, but a
by the following processes. First of all, the mismatch in cr
tal lattice parameters can hinder the formation of nuclei
the new phase on the surface of the substrate when
brought into contact with the growth melt. This in tur
makes it necessary to supercool the melt beforehand in o
to start crystallization. If the required supercooling is n
provided, the substrate partially dissolves, which depletes
melt of tellurium. This partial dissolution of the substra
continues until the equilibrium temperature for crystalliz
tion of the melt is no longer higher than the substrate te
perature at the given value for supercooling. Furthermo
the value of the supercooling itself~i.e., the supersaturatio
of the melt! is determined by elastic stresses that arise
tween the substrate and the epitaxial layer at the beginnin
the crystallization. From a thermodynamic point of view,
long as the layer thicknesses are small~less than 1mm! these
stresses can be relieved by the formation of a network
mismatch dislocations in the growing layer, after which t
supercooling becomes more than sufficient; further crysta
zation is largely determined by diffusion processes in
liquid phase. However, in view of the relatively low grow
temperature and the fact that interdiffusion of the com
nents can wash out the boundary between the substrate
the epitaxial layer, it is easy to argue that the stressed sta
the crystal is preserved over distances of tens of micro
Since the elastic interaction energy is included in the to
crystal energy additively, it could well cause the concent
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our paper is to estimate the actual role played by these
strate factors during the epitaxial growth o
Hg12zMnzTe/CdTe.

As material for our investigation we have taken the e
perimental data on liquid phase epitaxy of Hg12zMnzTe
given in Refs. 2 and 3. Danilovet al.2 carried out a detailed
analysis of phase equilibria in the Hg–Mn–Te system us
the method of fully associated solutions~FAS!. They com-
pared the experimental data on LEP with calculations ba
on the FAS method, in which the parameters of the calcu
tions were partially chosen from theoretical consideratio
and partially from analysis of the phase diagram for the
nary systems Hg–Te and Mn–Te along with points on
phase diagram of the Hg–Mn–Te system determined by
method of visual-thermal analysis. They conducted th
liquid-phase epitaxy on CdTe substrates at temperatures
degrees lower than the expected liquidus temperature of
equilibrium system. Danilovet al.note that under these con
ditions there is practically no tendency for the substrate
dissolve. Our goal in Ref. 3 was to obtain material w
compositionz50.08 corresponding to a band gap of;0.1
eV at 300 K. We grew epitaxial films on a substrate
Cd0.96Zn0.04Te; the composition of each batch was det
mined from the dependence ofz on the liquid-phase compo
sition given by Zhovniret al.,4 who in turn obtained this
dependence while attempting to relate the liquidus surfac
the Hg–Mn–Te system to the crystallization temperature

TABLE I. Crystal lattice parameters of several binary compounds with
sphalerite structure~Ref. 1!.

Compound a, Å

CdTe 6.482
HgTe 6.4605
MnTe 6.345*
ZnTe 6.1037

*Note: Value obtained from analysis of composition dependence of
lattice parameter of Hg12xMnxTe.

283283-04$10.00 © 1997 American Institute of Physics



TABLE II. Experimental data on liquid-phase epitaxy of Hg12xMnxTe.
Liquid-phase composition Solid-phase composition

~batch! expected microanalysis results

Substrate Mn fraction Te fraction T, K Mn fraction Mn fraction Cd fraction

CdTe ~Ref. 2! 0.01 0.75 781 .0.1 0.06
0.015 789 0.17 0.09
0.0175 793 0.17 0.105
0.01875 799 0.17 0.14
0.025 802 .0.17 0.165
0.032 0.6 923 .0.17 0.14

Cd0.96Zn0.04Te ~Ref. 3! 0.2425 0.75 793 0.08 0.04 0.02
0.33775 0.65 848 0.08 0.07 0.04
epitaxially grown crystals on a substrate of CdTe. Note that
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they also used the FAS approximation in their calculation
The results listed in Table II reveal that in all the expe

ments the values of manganese concentration were sm
than expected. Andrukhivet al.,5 noted an analogous dis
agreement between calculations based on the FAS me
and experiment, which they attributed to the elastic stres
during epitaxial growth of the Hg12zZnzTe compound.

5 Fur-
thermore, in Ref. 3 we noted the presence of cadmium in
epitaxial layer, in quantities proportional to the quantity
manganese, which at first glance could also be a manife
tion of the stabilizing effect on the period of the crystal la
tice.

In order to estimate quantitatively the possible effect
elastic stresses on the composition and crystallization co
tions of the solid phase, we, like the authors of Refs. 2 an
will use the method of quasichemical reactions. In oth
words, we assume that the equilibrium state of the syste
determined by the relation between activities of the q
sichemical components that are forming the system. By a
ogy with Hg–Cd–Te,6 we assume that the liquid phase co
tains not only free mercury, manganese, and tellurium,
also the associates HgTel and MnTel , and that the solid
phase can be treated as a solid solution in the binary HgT
the compound MnTe analogous to it. Let us denote the r
tive concentrations and activity coefficients of these com
nents byyi ,g i , i51...5, andzjg j

s , j51, 2 respectively.
In this approximation, the state of the liquid-phase s

tem is described by the system of equations

y1g1y3g35ka1y4g4 ,

y2g2y3g35ka2y5g5 ,

y15x1~11y41y5!2y4 ,

y25x2~11y41y5!2y5 ,

y35x3~11y41y5!2y42y5 , ~1!

and equilibrium between the liquid phase and the crysta
described by the equations

y1g1y3g35kf1z1g1
s ,

y2g2y3g35kf2z2g2
s , ~2!
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mercury, manganese, and tellurium, respectively; andkai and
kf i are certain thermodynamic parameters. The rigor
meaning of these parameters may be different, dependin
their intended use. When elastic stresses are present, the
energy of the system is increased by an amo
Gei5sa(a2as)

2, whereas anda are the crystal lattice pa
rameters of the substrate and epitaxial layer, ands is a pa-
rameter that takes into account the elastic properties of
material.7 The temperature dependence ofs is weak. Assum-
ing that a5Sajzj , whereaj are lattice parameters of th
binary compounds that generate the solid solution, we fi
that the system of equations~2! should be replaced by equa
tions of the type

RT ln~Y1g1y3g3 /kf1z1!5W~T!~12z1!
21s~a1~a2as!

2

12a~a2as!~a12a!!, ~3.1!

and

RT ln~Y2g2y3g3 /kf2z2!5W~T!~12z2!
21s~a2~a2as!

2

12a~a2as!~a22a!!, ~3.2!

whereW is a solid-phase interaction parameter in the us
approximation that the solution is quasiregular. Then sin
we know the temperatures at which the stressed solid ph
is in metastable equilibrium with the supersaturated solut
of components, when the fraction of the substrate that
solves is insignificant, it is sufficient to identify the contribu
tion of elastic stresses by calculatingRT ln(y1g1y3g3 /k1f) for
each experimental point from~1!.

TABLE III. Liquidus temperature~computed! for the HgTe system in the
tellurium sector.

Atomic fraction of Te
in the liquid phase

Calculated liquidus
temperature, K

according to Ref. 2 according to Ref. 6

0.6 880.3 908.8
0.65 853.0 869.9
0.7 821.4 825.1
0.75 781.4 779.8
0.8 728.6 735.2
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TABLE IV. Computed quantities that characterize the state of the system Hg–Te at the point of three-phase equilibrium; solution enriched by tellurium.
Vapor pressure of Te in equilibrium

Activity of tellurium Vapor pressure above pure Te~Ref. 6!
in the liquid phase, atm

T, K in the liquid phase,a3 pTe2
0 54.7191–59960.2/T, atm pTe25a3

1/2
•pTe2

0 experiment~Ref. 8!

934.4 0.1052 2.19031022 2.4231024 1.9131023

925.3 0.1992 1.89631022 7.5231024 2.431023

915.2 0.2858 1.60931022 1.3231023 2.6731023

905.7 0.3530 1.37531022 1.7131023 2.7131023

890.2 0.4392 1.05631022 2.0431023 2.6831023

875.1 0.5023 8.09531023 2.0431023 2.5931023
In order to calculate this quantity, the so-called state
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function of the liquid phase, it is necessary to know the
gree of associationkf1 , and also the interaction paramete
of the components within the framework of a thermod
namic model of the multicomponent solution. As a first a
proximation we assume that the concentration of free m
rial in the solution is much smaller than the concentration
the associate MnTel ; i.e., the conditiony2!y5 holds. In this
case, from system~1! we derive the system

y4
2x3~12x3!2y4~11ka1g4 /~g1g3!~12x2!

22x2!

1x3~12x3!2x2~12x2!50. ~4!

y15~~12x3!2x3y42x2!/~12x2!

y35~x32~12x3!y42x2!/~12x2!

Furthermore, at small manganese concentrations we can
glect the contribution due to interaction between Mn and
associate MnTel in the activity coefficient for the primary
components of the solution. Consequently, the state func
for the liquid phase can be computed exclusively in terms
thermodynamic parameters of the Hg–Te system. We
use this approximation and the data of Ref. 6, thereby eli
nating the need to use MCT thermodynamic parame
computed within the FAS approximation. The reason for t
latter precaution is the sizable discrepancy in the liquid
temperature of the Hg–Te system computed from the dat
Refs. 2 and 6~Table III!. In this case the use of values of th
free-tellurium activity in enriched-tellurium solutions calc
lated by the FAS method leads to a considerable error w
the vapor pressure of tellurium in equilibrium with the liqu
is computed~Table IV!.

The results of the calculations which we performed
listed in Table V. We see that the cumulative quant
V5RT ln(y1g1y3g3 /kf1)2RT ln(z1) which characterizes the
TABLE V. Computed quantities that characterize the contribution of elas
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creases rapidly with decreasing manganese concentratio
does the value of the factorf5a1(a2as)

212a(a2as)
3(a12a), which determines the elastic component to E
~3.1!. This allows us to consider our points as actual poi
of metastable ‘‘mixed’’ equilibrium. However, for a quant
tative comparison the parameters should have values o
order 1034 cal/mole, which is much larger than the valu
calculated from the data of Refs. 5 or 9. We associate
discrepancy with a less-than-adequate description of the s
of the liquid phase, and also with the choice of supercoolin
made in Ref. 1, which we consider to be slightly prematu

As for the four-component system, the data of Ref
cannot be unambiguously explained within the framework
our analysis. On the one hand, the data in Table VI im
that both temperatures used in Ref. 3 are too small to init
crystallization over the almost isoperiodic substra
Cd0.96Zn0.04Te. Since the data of Ref. 4 characterize epitax
crystallization on a CdTe substrate, this seems natural,
underlines the important role of elastic stresses in epita
crystallization. Under conditions where the supercooli
choice is incorrect, the composition of the grown cryst
may reflect a depletion of manganese in the region of
melt adjacent to the substrate, which increases with decr
ing original concentration of manganese in the melt. In t
case, however, the presence of a certain fraction of cadm
in the epitaxial layer must be explained primarily by metal
interdiffusion. It was noted in Ref. 3 that the concentrati
of Cd in grown films is nearly constant and that the thickne
of the transition region is rather small compared to t
thickness of the film~10 versus 100 microns!. Consequently,
we must assume that under certain conditions the diffus
profile of cadmium in the growing layer can have a rath
nonstandard form. On the other hand, the presence of
tic stresses to epitaxial crystallization of~Hg, Mn!Te/CdTe.
T, K

RT ln(y1g1y3g3 /kf1)2RT ln(z1), cal/mole
W(12z)2, cal/mole,
according to Ref. 2

a1(a2as)
212a(a2as)(a12a),
1034 m3FAS ~Ref. 2! our calculations

781 68.80 49.15 0.516 26.79
789 39.65 18.72 1.16 22.95
793 24.58 3.63 1.58 20.46
799 36.32 18.56 2.81 13.17
802 28.91 8.23 3.90 6.694
923 21.894 28.72 2.81 13.17
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TABLE VI. Expected temperature for the start of crystallization for epitaxial growth of~Hg, Mn!Te on matched and mismatched substrates.
Substrate

Original composition
liquid phase

Metal fraction in sublattice,
microanalysis Liquidus temperature, K

x2 /(12x3) x3 Mn Cd experiment~Ref. 3! expected from Ref. 4 our estimate

Cd0.96Zn0.04Te 0.03 0.75 0.04 0.02 793 798
CdTe 0.03 0.75 793 793
Cd0.96Zn0.04Te 0.035 0.65 0.07 0.04 848 892
CdTe 0.035 0.65 870 887
mium in the epitaxial layer can be viewed as a sign that the
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containing substrate. The conditions for formation of high-
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ol.
substrate is dissolving. This shows that our estimates of
liquidus temperature of the system may be overestima
which to some extent assists the resolution of the contra
tion between calculated values off andV. Furthermore, it is
worth emphasizing the difference between the data of Re
which were obtained based on the method of different
thermal analysis, and the data of Ref. 2; this also says
the points of Ref. 2 are more likely points of metastab
equilibrium.

2. CONCLUSIONS

We have shown that both the change in phase equ
rium conditions due to elastic stresses and the interdiffus
of components can have a considerable effect on the com
sition of epitaxially grown Hg12zMnzTe samples. In particu
lar, the use of a CdTe substrate that is mismatched w
respect to lattice parameter greatly decreases the conce
tion of manganese in the epitaxial layer. Furthermore, un
certain conditions cadmium diffusion and~or! dissolving of
the substrate lead to the formation of a uniform fou
component compound~Hg, Mn, Cd!Te on a cadmium-
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quality four-component structures requires furth
investigation.
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Effect of illumination time on the annealing of optically created metastable defects in

mi-
p -type a-Si:H
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The effect of illumination time on the relaxation of the concentration of optically created
metastable defects in films of boron-dopeda-Si:H in the temperature range 360–400 K is
discussed. The concentration relaxes according to a stretched exponential law
;exp@2(t/tr)

b#. In the region of temperatures under study and for illumination times of 0.1
–7.0 s, the coefficientb is equal to 0.55–0.65; furthermore, the temperature dependence of
the effective timet r was activated, with an activation energyEa of 0.97–1.07 eV. As illumination
increased, a weak increase inEa andb is observed. The quantityt r increases as the
illumination time increases, in accordance with a law that is close to logarithmic. The experimental
results obtained are compared with the existing microscopic models for the formation and
annealing of metastable defects ina-Si:H films. © 1997 American Institute of Physics.
@S1063-7826~97!01903-0#
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hydrogenated silicon (a-Si:H) is known to lead to the cre
ation of defects of the dangling-bond type, which disapp
after annealing at temperatures of 100–180 K~depending on
the type and level of doping!. Despite the fact that metastab
states ina-Si:H have been studied for almost 15 years,
microscopic processes that lead to their appearance re
unclear. Recently, two classes of models have been prop
to explain the kinetics of the time-varying defect concent
tion as these defects appear and are annealed away. Ac
ing to the first class of models,1 the process that determine
the rate of change of the defect concentration is diffusion
the hydrogen that participates in the processes of defect
mation and annealing. Support for this model comes from
correlation between the diffusion coefficient and the rate
change of the defect concentration in undoped,n-type, and
p-type materials.2 According to the other class of models, th
rate of the transient processes is determined by the de
themselves, in particular the distribution of energy barri
corresponding to their formation and annealing.3 These
models3 predict that the effective relaxation~or annealing!
time t r for the optically generated defect concentrati
should depend on the illumination timet i l l . For the other
type of models, in which the rate of transient processe
determined by hydrogen diffusion, this dependence is
expected.3

The existing data4–6 indicate that large values oft i l l cor-
respond to high values oft r ; however, to our knowledge th
dependence oft r on t i l l has not been studied.

In this paper we discuss the results of such investigati
for films of p-type a-Si:H. These investigations reveal th
the largest observed rates for transient processes are in
doped films. The measurements were made on films
a-Si:H obtained by decomposing mixtures of the ga
monosilane (SiH4) and diborane (B2H6) in a glow discharge
at a substrate temperature~quartz! of 250 °C. The bulk ratio
of B2H6 to SiH4 in the reactor chamber wask51025. Opti-
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nation from a filament lamp passed through a thermal fil
the lamp intensity was 60 mW/cm2. Before the measure
ments, the films were annealed in a vacuum of 1023 Pa for
30 minutes at a temperature of 180 °C. The change in c
ductivity (s) after switching off the illumination was re
corded with the help of a C9-8 memory digital oscilloscop
Light pulses with durations within the limits 0.05–10 s we
generated by a chopper.

Figure 1 shows the effect of illumination time on th
relative magnitude of the conductivitysB /sA at various
temperatures, wheresA andsB are respectively the conduc
tivities of an annealed sample and of a sample after illu
nation. The measurements were made three seconds afte
illumination was switched off. It is clear that the functio
sB(t i l l ) is nonmonotonic in character:sB decreases for shor
times but increases for longer illumination times. The tim
tm corresponding to the minimum value ofsB decreases with
increasing temperature. Such dependences suggest that
are two processes competing to determine the chang
sB . The first process, which determines the decrease insB

at short times, is associated with an increase in the de
concentration and a shift in the Fermi level (EF) towards the
middle of the mobility gap.7,8 As for the process that cause
the increase insB , there is no unified point of view. In the
opinion of the authors of Ref. 7, the increase insB is con-
nected with an increase in the concentration of electrica
active boron atoms under the influence of light. In contra
in Ref. 8 the increase insB is explained in terms of the
formation of defects as a result of the illumination in th
oxide layer at the film’s surface, which leads to band bend
near the film’s surface and creation of a carrier accumula
layer.

It is clear from Fig. 1 that for a correct investigation o
the effect oft i l l on t r under conditions where only danglin
bonds are created, measurements fort i l l ,tm are needed.

287287-03$10.00 © 1997 American Institute of Physics
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The inset in Fig. 2 shows the relaxation of the condu
tivity after the film is illuminated for a timet i l l . After the
light is switched off, a decrease ins, which is connected
with the relaxation of the photoconductivity down to value
smaller thansA , is observed. The value ofs then increases
and approaches that ofsA , which is attributable to the an-
nealing of the optically created defects and to an accomp
nying shift in the Fermi level toward the valence band edg
This shift in the Fermi level relative to its position in an
annealed sample (EF

A) is determined by the expression
DEF5EF

B2EF
A5kT• ln(sA /sB). Figure 2 also shows the re-

laxation ofDEF corresponding to the region of increasing
s ~i.e., the region where the defects have been annealed! for
various illumination times of the film. Fort i l l 50.52 s a por-
tion of the change inDEF corresponding to relaxation of the
photoconductivity is also shown.

If the density of states is independent of energy over t
range whereEF shifts, we may assume thatDN;DEF ,
whereDN is the change in defect concentration leading
the shift inEF . The relaxation ofDEF in the region where
s increases must therefore reflect the relaxation of the op
cally created defect concentration.

A look at Fig. 2 reveals that two segments can be disti
guished on the relaxation curve forDEF ~corresponding to
the region wheres increases!—a segment whereDEF in-
creases rapidly, and a segment on which the variation
DEF can be described by a stretched exponent
(DEFF;exp@2(t/tr)

b#). Computed curves for the second
segment are shown in Fig. 2. As the illumination time in
creases, the contribution of the first segment to the relaxat
of DEF decreases. It is noteworthy that the authors of Refs
and 10 measured the transient capacitance ofp2n structures
based ona-Si:H in order to study the relaxation of concen
trations of defects inp-typea-Si:H created by carrier injec-
tion arising from voltage pulses of various durations. The
authors also observed two characteristic segments on the
laxation curve. The first, which is described by a power law

FIG. 1. Dependence of the relative conductivity (sB /sA) for a-Si:H films
doped with boron on the illumination time (t il l ) at various temperatures
T, K: 1—360,2—380,3—400.

288 Semiconductors 31 (3), March 1997
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disappears as the duration of the injection pulse increas
while the second is satisfactorily described by a stretch
exponential. They invoked the Adler model of defec
formation,11 in which the configuration changes during the
formation of the metastable defect, to explain the presence
the first segment. The second segment of the relaxation th
associated with annealing of the metastable defects.

In the temperature range 360–400 K and for illuminatio
times in the range 0.1–7.0 s, the coefficientb is in the range
0.55–0.65; the activation energyEa for the temperature de-
pendencet r was found to be 0.97–1.07 eV, which corre
sponds to activation energies for annealing defects obtain
in other papers.3 With an incrase int i l l a slight increase in
Ea andb was observed.

Figure 3 shows the dependence oft r on t i l l obtained by

FIG. 2. Relaxation of the shift in Fermi level (DEF) after illumination of
the film atT5360 K over various times. The solid curves were obtained b
the method of nonlinear regression for stretched exponentials.t il l , s:
1—0.14,2—0.52,3—1.1,4—3.3.

FIG. 3. Dependences of the relaxation timet r on illumination timet il l at
various temperatures~1–3! obtained in the present work, and on the injec
tion time (t i) atT5439 K obtained in Ref. 4. The dashed curves correspon
to a logarithmic dependenceT, K: 1—360,2—380,3—400.

288A. G. Kazanski 
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DEF at various temperatures. In this same figure, the dep
dence oft r on t i obtained forT5439 K in Ref. 10 is shown
for weakly dopedp-type a-Si:H. According to Ref. 10,
t r; ln(ti). The data obtained here fort r are also described
satisfactorily by a logarithmic dependence ont i l l ~see Fig. 3!.
The dependencet r(t i l l ) turns out to be considerably weak
than that described by theory developed in Ref.
(t r;t i l l ), where it is assumed that the concentration of
fects is exponentially distributed with respect to formati
energy. The difference observed here may be connected
a dependence of the defect concentration on the forma
energy that is weaker than exponential. Nevertheless, t
results indicate that the rates of formation and annealing
metastable defects are to a considerable degree directl
sociated with the defects themselves, and are determine
a two-step process consisting of trapping of a carrier a
state which is the source of the dangling bond, and then
breaking of the bond.
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Recombination mechanisms in doped n -type Hg 12xCdxTe crystals and properties

of diffusion p12n junctions based on them

V. V. Teterkin, S. Ya. Stochanski , and F. F. Sizov

Semiconductor Physics Institute, Ukrainian National Academy of Sciences, 252620 Kiev, Ukraine
~Submitted May 23, 1996; accepted for publication June 24, 1996!
Fiz. Tekh. Poluprovodn.31, 350–354~March 1997!

We madep12n-type photodiodes for the 3–5 and 8–12mm wavelength regions by diffusing
As into single-crystaln-Hg12xCdxTe substrates, and investigated their electrical and
photoelectric properties. Analysis of the temperature dependences of the differential resistance
and current-voltage characteristics led us to conclude that charge-carrier transport is
predominately due to the generation-recombination mechanism at a temperature of 77 K. As the
temperature increases, a contribution from the diffusion component also appears. We
obtained values of the productR0A>0.3–1.0, 1–10, and (1–10)3104 V•cm2 for diodes with
long-wavelength photosensitivity cutoffslc>11.5, 10.5, and 6.0mm, respectively,
indicating that they could operate in the regime where performance is limited by background
radiation fluctuations. ©1997 American Institute of Physics.@S1063-7826~97!02003-6#

1. INTRODUCTION perfect single crystals of undopedn-Hg12xCdxTe are inter-
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The majority of previously published papers, in whic
Hg12xCdxTe n12p-type photodiodes were investigate
have dealt with devices made by ion implantation and dif
sion. Because of their longer diffusion lengths for minor
carriers ~electrons! and also their potential for achievin
longer lifetimes1–4 than forp12n-type diodes,n12p-type
photodiodes have attracted the most interest. However, it
recently been proved, both theoretically and experimenta
that p12n-type diodes can be obtained with high values
differential resistance, especially in the infrared~IR! wave-
length region of the spectrum (l.10mm). These new re-
sults, which have led to intense studies of these diodes5–8

are of significance to designers of multielement photorec
ers in which signals are extracted by commutators base
charge-coupled devices.7,8

Additional advantages of these photodiodes flow fro
the peculiar physical properties of single crystals
Hg12xCdxTe solid solutions. In particular, it is advantageo
to use substrates with electronic~n-type! conductivity from
the point of view of obtaining starting material with optim
and reproducible electrical characteristics; such substate
obtained by doping Hg12xCdxTe with various impurities.9

When substrates withn-type conductivity are used, it is rela
tively easy to obtain doped single crystals with carrier co
centrations of 1014–1015 cm23, concentrations that ar
nearly impossible to achieve for single crystals with ho
(p-type! conductivity. However, a number of donor impur
ties are known to form deep levels in the band gap of

12xCdxTe, which turn out to have a considerable influen
on the carrier lifetime, dark current, and differential resist
ity of photodiodes.9–12 This statement is also true for intrin
sic lattice defects, i.e., mercury vacancies. Therefore, the
ference that a given single crystal is suitable for mak
photodiodes should be based on more that its electrical c
acteristics: the possible influence of impurities on the car
lifetimes should be considered as well. It is noteworthy t
the predominant mechanisms for recombination in pure
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band Auger and radiative recombination. At the same
time, at a temperature of 77 K the predominant mechan
for current flow in diodes based on Hg12xCdxTe is
generation-recombination,1 in which the nature of the
generation-recombination centers is still unclear for the m
part.

It is also known that the intrinsic oxide has been us
successfully to passivate the surfaces ofn-Hg12xCdxTe crys-
tals. It is likely that the lowest values of surface recombin
tion velocity have been achieved by using this oxide.14 For
n12p-type diodes this method of passivating the substr
surface is not suitable, since it leads to the formation
inversion layers.14,15 This is yet another reason why diode
of p12n-type are preferable.

2. EXPERIMENT AND DISCUSSION OF RESULTS

The literature contains descriptions of the properties
p12n-type photodiodes prepared by molecular-beam a
liquid-phase epitaxy of layers of narrow-gap Hg12xCdxTe
onto substrates of CdTe and CdZnTe.5–8 Recently, photo-
diodes have been made by the relatively simple method
diffusing As into bulk single-crystal Hg12xCdxTe substrates
with n-type conductivity and compositionsx>0.195, 0.205
and 0.265. Table I lists the characteristics of several of th
substrates.

The substrates are first doped with indium. Since indi
exhibits a high electrical activity in Hg12xCdxTe, in order to
obtain a substrate with an electron concentration
;1015–1016 cm23 it is necessary to introduce roughly th
same number of impurity atoms.16

In order to determine how impurities and intrinsic d
fects affect the lifetime of the carriers, we studied the mec
nisms for their recombination in the initial substrates. To t
end we prepared samples with thickness'300mm with sur-
faces passivated by the intrinsic oxide. We measured
relaxation of photoconductivity due to carriers excited by
Nd31-YAG laser (tpulse'8–15 ns). The relaxation curve

290290-04$10.00 © 1997 American Institute of Physics
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TABLE I. Electrical characteristics of several initial single-crystal films of
n-type Hg12xCdxTe, and values ofR0A for p1 2 n-type photodiodes.
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are described by an exponential function with the time c
stantt. The quantity to be measuredteff depends on bulk
and surface recombination.

The contribution from surface recombination can be
timated as follows. If there is no capture of carriers at capt
centers, the lifetime of minority carriers is the same as tha
majority carriers.13,17 If we assume thattn5tp>1026 s at
T577 K, then the minority-carrier diffusion length i
Lp!d. When this condition is satisfied, the time consta
teff differs from the bulk lifetime of the semiconductortn by
a factor of (11S)21,13,17where the dimensionless parame
S5stp /Lp takes into account the contribution of surface
combination. The surface recombination veloc
s depends on the method of surface passivation, and
n-Hg12xCdxTe varies over the range 10

2–104 cm/s. For sur-
faces passivated by the intrinsic oxide, the quantitys has
typical values of;102 cm/s.6,13,14 Estimates of the param
eterS for these values of the surface recombination veloc
102 cm/s imply that the bulk lifetime can differ from th
measured lifetime by no more than 10%. Therefore, wit
this error, we can identifyteff with the bulk lifetimetn .

Figure 1 shows a typical dependence oftn on inverse
temperature forn-Hg12xCdxTe ~x>0.265!. We can identify
two characteristic segments on the experimental curves

No
P.P.

Composition
x

N•10215,
cm23

m•1025,
cm2/V•s

lc ,
mm

R0A,
V•cm2

1 0.205 2.4 1.2 10.4 0.95
2 0.205 2.4 1.2 10.4 1.76
3 0.205 2.05 1.4 10.5 0.78
4 0.205 1.1 2.0 10.0 2.0
5 0.265 3.6 0.2 6.0 23104

6 0.265 1.4 0.6 6.0 63104

7 0.265 6.6 0.3 6.0 33104

8 0.265 1.2 0.45 6.0 1.53105

FIG. 1. A typical temperature dependence of the carrier lifetime
n-Hg12xCdxTe. The solid curves are calculations of the lifetimes for intr
sic radiative~1 and2! and Auger recombination for values of the produ
uF1F2u equal to 0.2 and 0.3~3 and 4!. The dots are experiment fo
n-Hg12xCdxTe, with n52.131015 cm23.
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trinsic conductivity,tn decreases like exp(DE/kT), and the
activation energy DE'Eg0 , where Eg0 is the zero-
temperature width of the band gap for the solid solution.
dependence on composition and temperature is given by
expression18

Eg520.30211.93x20.81x210.832x315.323104

3~122x!F218221T3

255.21T2 G . ~1!

In the region of impurity conductivity (T,200 K), tn de-
creases insignificantly as the temperature falls. We fou
that for electron concentrationsn<1016 cm23 the lifetime
has a typical value of;1026 s in this temperature range. I
the past, similar temperature dependences of the lifet
were obtained for single crystals of undope
n-Hg12xCdxTe ~x50.195 and 0.205!.13 The fact that the ac-
tivation energyDE'Eg0 indicates a contribution from inter
band Auger recombination. Figure 1 also shows the res
of calculations of the lifetime for radiative and Auger recom
binations using the expressions1,13

tR5
2nitRi
n01p0

, ~2!

tA5
2nitAi

n0~n01p0!
, ~3!

tRi55.8•10213«`
1/2S m0

me*1mh*
D 3/2S 11

m0

me*
1
m0

mh*
D

3S 300T D 3/2Eg
2 , ~4!

tAi5

7.6•10218«`
2 ~11m!1/2~112m!expF S 112m

11m D Eg

kTG
me*

m0
uF1F2u2S kTEg

D 3/2 .

~5!

HeretRi andtAi are the corresponding lifetimes in intrins
material,n0 and p0 are the equilibrium electron and hol
concentrations,ni is the intrinsic carrier concentration, an
m5me /mhh is the ratio of the electron and heavy hole effe
tive masses. The effective mass of electrons is calculate
the Kane model

m0

me*
511S 2m0P

2

3h2 D S 2Eg
1

1

Eg1D D , ~6!

where D50.9 eV, P58.4931028 eV•cm.19 Equation ~6!
was verified experimentally in Ref, 20 for the solid solutio
n-Hg12xCdxTe used in this work. For the heavy-hole ma
we used a valuemhh50.45m0 . A fitting parameter in the
calculations is the product of overlap integralsuF1F2u. In the
compounds Hg12xCdxTe this product varies in the range1

0.1–0.3. It is clear from Fig. 1 that the best agreement
tween the experimental and computed curves is obtained
the mechanism of Auger recombination, and for the va
uF1F2u50.3. Based on the results of our calculations a
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experimental studies, we conclude that forn-Hg12xCdxTe
substrates doped with In localized states in the band gap
not have a significant effect on the lifetime of carriers a
those concentrations,n51015 to 1016 cm23, which are opti-
mal for fabricating photodiodes.

We fabricatedp1-type layers by diffusing As into an
n-type-substrate at temperatures close to 400 °C for a peri
of 2 to 12 h. After diffusion, the samples were subjected t
annealing in mercury vapor at a temperature o
230–250 °C for 24 h. Measurements of the differential Ha
effect established that the concentration of holes in this lay
was;1017 cm23, and its thickness was found to be between
1 and 3 mm. Mesa structures with area
A5(2–6)31024 cm2 were isolated from thep1 layer by
chemical etching to a depth of 2–4mm. From measurements
of the barrier capacitance it was established that the impu
ties in the base of the diodes were broadly distributed@the
capacitance could be rectified when plotted in the coord
natesC22(U)#. This result is atypical for the methods of
diode fabrication used in this work. However, if we take into
account that As in Hg12xCdxTe has a low diffusion coeffi-
cient, it is clear that the diffusion profile can be rather shar
~see, e.g., the results of studies of the Auger profile of As i
epitaxial films7,8!. Note that the electron concentration we
found by measuring the barrier capacitance nearly coincid
with the Hall concentration of electrons in the original
substrate.

The spectral dependence of the diode photoresponse
shown in Fig. 2. AtT580 K the photodiodes intended for
the mid-IR spectral region (x50.265) have a long-
wavelength photosensitivity cutoff~based on a level of
0.5•I ph! lc equals 6.0mm. In photodiodes designed for the
long-wavelength IR region of the spectrum~x50.205 and
0.265!, lc is equal to 10.5 and 11.5mm, respectively.

We investigated the charge transport mechnisms b
measuring the current-voltage characteristics and the valu
of the productR0A ~whereR0 is the differential resistivity at
zero bias, andA is the diode area! as a function of tempera-
ture. Long-wavelength and mid-wavelength diodes wer

FIG. 2. Spectral dependence of the photoresponse inp12n-type
Hg12xCdxTe diodes. The compositionx of the substrate was: 0.265~1!,
0.205~2!, 0.915~3!.
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studied in the temperature ranges 77–150 K and 77–300
respectively. At T>77 K, the forward branches of th
current-voltage characteristics of photodiodes for both sp
tral regions are given by the expression

I5I 0FexpS qUbkTD21G , ~7!

where the constantb>2.0. This is evidence that generatio
recombination is the dominant mechanism for charge tra
port. For diodes in the long-wavelength region this mec
nism was dominant over the entire temperature inter
investigated. Figure 3 shows a typical temperature dep
dence of the productR0A for photodiodes for the mid-IR
spectral region (x>0.265). The measured slope of the e
perimental curve in the temperature range 120–140 K
plies a change in the charge transport mechanism. The
vation energies for high-temperature and low-temperat
segments coincides with the valuesEg0 andEg0/2 calculated
using Eq.~1!. On this same figure we show calculated curv
for the diffusion and generation-recombination current co
ponents:

~R0A!D5
1

q

Np

ni
2 S kTq th

mh
D 1/2, ~8!

~R0A!GR5
Ubit0
qniW

. ~9!

In Eqs.~8! and ~9! the primary contribution to the tempera
ture dependenceR0A comes from the intrinsic carrier con
centrationni . To calculate it we use the approximate expre
sion given in Ref. 18. The diffusion potentialUbi , the width
of the space-charge regionW, and the carrier concentratio

FIG. 3. Temperature dependences of the productR0A for p12n-type di-
odes,x50.265. The solid curves are calculations of the diffusion~1! and
generation-recombination~2! components, the points are from experimen
The diode areaA5431024 cm2.
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n5ND are determined experimentally by measuring the bar-
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R0A corresponding to operating regimes that are
IR
re-
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IE
rier capacitance atT577 K. In the calculations of
(R0A)GR , the effective lifetimet0 was a fitting parameter.

It follows from Eq. ~8! that the value of the produc
(R0A)D depends on the lifetime of minority carriers~in this
case holes! and their mobilities. For these calculations w
assumed that the ratio of mobilities of minority and major
carriers in the substrates equaled 0.01.21 Agreement between
calculated and experimental values ofR0A was obtained for
th>tn , wheretn is the Auger-recombination lifetime calcu
lated from Eqs.~3! and~5!. Equality of the quantitiesth and
tn confirms the assumption made above regarding absen
trapping processes for minority carriers and capture cen

The generation-recombination component of the curr
consists of bulk and surface contributions. The contribut
of the bulk component is given by Eq.~9!. In order to esti-
mate the surface component, it is necessary to know the
face recombination velocity, and also the ratio of the area
the p2n junction to its perimeterP:

~R0A!GR
surf5

UbiA

niQWsP
. ~10!

From ~10! it follows that the importance of the surface com
ponent increases as the area of the junction decreases.
mates show that for the photodiodes under study in this
per, with relatively large areas and ratiosP/A<160 cm21,
as s changes from 102 to 104 cm/s, the contribution of the
surface component does not exceed 10%~see also the result
of experimental studies ofR0A reported in Ref. 5!.

3. CONCLUSIONS

The values of the productR0A which were obtained by
us are higher than those inn12p-type diodes made by dif
fusion or ion implantation into bulk single-crystal and ep
taxial film substrates.1,3 They are also higher than the valu
given in Ref. 22, in which photodiodes made by using
technology described above on bulk single-crystal substr
were investigated for the first time. We probably can a
conclude that defects in our diodes, which determine
generation-recombination mechanism for charge transpo
low temperatures, arise primarily from the process of fab
cating the diodes themselves; therefore, it may be possib
further improve their characteristics by perfecting the cor
sponding technologies.

It is also easy to verify~see, e.g., Ref. 1! that the photo-
diodes studied in this paper have values of the prod
293 Semiconductors 31 (3), March 1997
of
rs.
t
n

ur-
f

sti-
a-

e
es
o
e
at
i-
to
-

ct

background-limited; thus, they can be used as effective
photodetectors in the mid-wave and long-wave spectral
gions.

We are sincerely grateful to K. R. Kubanov and Y
Rutkovski� for providing samples, for help in preparing th
diodes, and for useful discussions.
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Influence of the X-valley on the tunneling and lifetime of electrons in GaAs/AlAs

the
heterostructures
E. V. Demidov

Microstructure Physics Institute, Russian Academy of Sciences, 603600 Nizhni� Novgorod, Russia
~Submitted March 11, 1996, accepted for publication June 26, 1996!
Fiz. Tekh. Poluprovodn.31, 355–357~March 1997!

The effective-mass approximation is used to calculate the probability for tunneling of an electron
through a triangular barrier and its lifetime in the triangular quantum well formed by a GaAs/
AlAs heterojunction and a strong electric field. It is shown that for such structures the tunneling
probability into theX-valley can exceed the probability for tunneling into theG-valley by
several orders of magnitude. The lifetime of an electron in the quasistationary state formed by the
triangular heterobarrier is also essentially determined by tunneling to theX-valley and
comes to;10213210211 s in fieldsE;1052106 eV/cm. © 1997 American Institute of Physics.
@S1063-7826~97!02103-0#
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Negative differential resistance~NDR! and rapid current
switching in multilayer semiconductor heterostructures,
cluding GaAs/AlAs structures, have been widely inves
gated in recent years.1,2 The mechanism for NDR in thes
systems is connected with switching between a lo
conductivity state, where the current is determined by t
neling of electrons through a barrier, and a high-conductiv
state caused by heating of carriers which transfers them
the upperL-andX-valleys and projects them over the hete
obarrier. The switching rate for such structures is a funct
of the lifetime for carrier heating by electron-electron col
sions and the lifetime of electrons in the quasistationary s
formed by the barriert. A distinctive feature of structure
with a GaAs/AlAs heterobarrier grown on the~100! plane is
the fact that the broken translational invariance at the het
junction leads to mixing of the states of theG- and
X-valleys. An electron from theG-valley tunneling through
the barrier can transfer either to theG-valley or to one of the
X-valleys. Transfers to theL- or the other twoX-valleys is
forbidden by the law of conservation of momentum along
barrier~in what follows we will set this momentum equal t
zero!. Usually the probability for tunneling into the
X-barrier is quite small. However, if the barrier in theG
valley is sufficiently high and its transparency is small, th
the X-valley tunneling can give a substantial contributio
Liu3 discussed resonant tunneling of electrons throug
quantum state in theX-valley for structures with a single
GaAs/AlAs/GaAs barrier using the effective-mass appro
mation. The lifetime of the quasistationary state in structu
with a thin barrier was discussed by Zhanget al.4 Stovneng
et al.5 calculated the tunneling current through a thick barr
using the tight-binding approximation.

In this paper we discuss the tunneling of electro
through the triangular barrier formed by a uniform elect
field and a GaAs/AlAs heterostructure~see the inset in Fig
1!. In the effective-mass approximation we will calculate t
probabilitiesDG andDX for tunneling of an electron from
theG valley of GaAs to theG- andX-valleys of AlAs, and
also the lifetime of an electron in the triangular quantum w
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X-valley was not considered in Refs. 3 and 4, since for t
layers this usually is forbidden or insignificant. Furthermo
the structure under consideration here contains only one
erojunction; therefore, in contrast to Refs. 3–5, compa
tively simple analytic expressions are obtained forDG,X and
t and their asymptotic estimates. In these calculations
following parameters are used:4 UG50.861 eV is the magni-
tude of the energy discontinuity at the heterobarrier for
G-valley,UX150.46 eV is the position of the bottom of th
X valley in GaAs~region 1 to the left of the barrier! and
UX250.185 eV is the position of the bottom of theX valley
in AlAs ~region 2 to the right of the barrier! with respect to
theG-valley in GaAs. For the respective effective masses
use the following values:mG150.067me , mG250.15me ,
mX151.3me, andmX251.1me , whereme is the mass of an
electron.

The mixing of theG- andX states in the heterostructur
is taken into account using the following boundary con
tions for the wave function at the heterojunction:3

CG15CG2 ,
1

mG2

dCG2

dz
2

1

mG1

dCG1

dz
5aCX1 ,

CX15CX2 ,
1

mX2

dCX2

dz
2

1

mX1

dCX1

dz
5aCG1 , ~1!

wherea52a1 /\
2, a1 5 0.1 eV-Å, is taken from Ref. 3.

The transmission coefficient of an electron through
triangular barrierDG,X is calculated from the expressions

DG5
mG1

pmG2kGxG2
ubu2, ~2!

DX5
mG1

pmX2kGxX2

a2uEGbu2

U kX
mX1

EX1
1

mX2xX2
EX8U2 , «<UX1 ,

~3!
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b52F EG1 i
mG1EG8

mG2kGxG2
2 i

a2mG1EG

kGS kX
mX1

1
EX8

mX2xX2EX
D G

21

,

~4!

where kG(«)5A2mG1«/\, kX(«)5A2mX1(UX12«)/\,
F5eE, x(G,X)25(\2/2m(G,X)2F)

1/3,

EG~«!5BiSUG2«

FxG2
D1 iAi SUG2«

FxG2
D

EX~«!5BiSUX22«

FxX2
D1 iAi SUX22«

FxX2
D , ~5!

e is the electron charge,E is the electric field,« is the energy
of an electron incident on the barrier measured from the b
tom of the conduction band of GaAs,\ is Planck’s constant
and Ai and Bi are Airy functions. According to Eq.~5!,
EG,X8 can be expressed by replacing Ai, Bi by Ai8, Bi8.

The third term in Eq.~4!, which is proportional toa2,
measures the influence of theX-valley on the tunneling of
electrons into theG-valley. Becausea is small, the correc-
tion associated with this term does not exceed 0.3% for
structure under consideration in the entire energy inter
and this term can be dropped in Eq.~4!.

If the condition (UG2«)/FxG1@1 holds~i.e., the trans-
parency of the barrier is small!, then forDG it is not difficult
to obtain the approximate expression

DG.
4AmG1mG2«~UG2«!

~mG22mG1!«1mG1UG

3expS 2
4

3

A2mG2~UG2«!3

\F D , ~6!

which formG15mG2 coincides with Ref. 6.

FIG. 1. Dependence ofDG(«) ~1! andDX(«) ~2! for E5106 eV. For com-
parisonDG(«), computed using the approximate formulas~6! and ~3!, is
also shown.
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Figure 1 shows the functionsDG(«) andDX(«) calcu-
lated using Eqs.~2!–~5! ~curves 1 and 2! when E5106

V/cm. For comparison we also showDG(«) calculated using
the approximate expression~6! ~curve 3!. As is clear from
the figure, curves1 and 3 are in good agreement fo
DG<0.1. At small energies, for which the transparency
the barrier forG-electrons is small, the tunneling probabilit
to theX-valley exceeds the probability for tunneling to th
G-valley by four orders of magnitude. As the energy, a
accordingly the transparency of the barrier to theG-valley,
increase, the role of theG2X-transitions decreases due t
their relatively small probability.

The lifetime for the quasistationary state in the triangu
potential well is found from the imaginary part of its com
plex energy

t215n522 Im~«!/\, ~7!

where« is determined from the condition that the wave fun
tion to the right of the barrier have the form of an outgoin
wave at1`, while infinitely far to the left of the barrier it
decays exponentially. By analogy with the stationary ca
these conditions for«, together with the boundary condition
~1!, give a transcendental equation for«. If the potential well
is sufficiently deep, then« can be written in the form
«5«01d«, where«052.34FxG1 is the energy of the ground
state in the triangular well with an infinite barrier. Substitu
ing this expression for« into the transcendental equation an
expanding the latter with respect tod« ~when the condition
d«!«0 holds!, we obtain the approximate expression

FIG. 2. Dependence of the inverse lifetime~1–4! and «0 , Re(«),
Re(«01d«) ~5–7! on the applied electric field for the quasistationary state
an electron in the heterostructure.1—Exact value for the inverse lifetime,
2—n calculated according to~8!, taking into accountG2X-tunneling,3—
n calcuated without including theX valley, 4—inverse lifetime calculated
using the approximate expression~9!.
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mG1 S mG2xG2EG 1

mX1xX1
A02

EX8

mX2xX2
EX
D

~8!

whereA05Ai @(UX12«0)/FxX1#/Ai 8@(UX12«0)/FxX1# and
« must everywhere be replaced by«0 .

If we disregard tunneling through theX valley in ~8! ~the
term proportional to a2!, when the condition
(UG2«0)/FxG1@1 holds, we obtain the simple expressio

d«G.
2\mG2F

mG1A2mG2«0~UG2«0!

3F11 iexpS 2
4

3

A2mG2~UG«0!
3

\F D G , ~9!

where the real partd« determines the energy shift connect
with finiteness of the height of the barrierUG , while the
imaginary part of the complex energy determines the lifeti
of the quasistationary state.

The dependence of the inverse lifetime of an electron
the applied electric field~curve1! is shown in Fig. 2. Here
we plot the functions calculated using Eq.~8!: curve2 was
plotted with G2X tunneling included, curve3 without in-
cluding theX tunneling. For comparison we also show t
inverse lifetime calculated using the approximate express
~9! ~curve4!. In this figure we also show the dependences
«0 , Re(«) and Re(«01d«) on E ~curves5–7, respectively!.
296 Semiconductors 31 (3), March 1997
e

n

n
f

for E.10 V/cm is associated with the fact that in the
fields «0 overestimates« somewhat.

As is clear from this figure, the effect of tunneling int
theG-valley gives rise to an increase ofn(E) only for elec-
tric fields E.1.53106 V/cm; therefore, inclusion of theX
valley in calculating the lifetime is very important. Fo
E.53105 V/cm, where the quasistationary state is lifte
above theX-valley in AlAs, the inverse lifetime is a rathe
weak function of the field and varies in the rang
n;101121013 s21.

The author wishes to thank Yu. A. Romanov for discu
ing the results of the paper. This work was carried out w
the financial support of MNTP~project 1-030!, MNF,
~project NOL300! and RFFI.
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Auger recombination in strained quantum wells

he
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Fiz. Tekh. Poluprovodn. 31, 358–364~March 1997!

A nonthreshold mechanism for Auger recombination of nonequilibrium carriers in quantum wells
with strained layers is investigated theoretically. It is shown that the dependence of the
Auger recombination rate on the magnitude of the strain and the height of the heterobarriers for
electrons and holes can be analyzed only by calculating the overlap integrals between
initial and final particle states microscopically. In quantum wells with strained layers the presence
of strain affects qualitatively and quantitatively the electron-hole overlap integral. The
dependence of the Auger recombination rate on the quantum well parameters, the magnitude of
the stress, and temperature are analyzed for heterostructures based on InGaAsP/InP and
InGaAlAs/InP. © 1997 American Institute of Physics.@S1063-7826~97!02203-5#
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Semiconductor heterostructures—isolated heteroju
tions, quantum wells, and quantum dots—are primary
jects of investigation in semiconductor physics. Many diffe
ent optoelectronic devices have been created u
semiconductor heterostructures, among them lasers base
double heterojunctions and quantum wells.1,2 The lowest la-
ser threshold currents are for semiconductor quantum-
lasers.2 In the majority of these devices, the semiconduc
heterostructure quantum wells contain strained layers.
well known3,4 that the presence of elastic strain in a sem
conductor heterostructure strongly affects the elementary
combination processes that occur there. In long- wavelen
lasers (l.1.3mm! nonradiative Auger recombination pro
cesses must be considered along with radiative recomb
tion processes. Nonradiative recombination processes
crease the internal quantum yield and increase the thres
current of lasers at high temperatures. In order to fabric
long-wavelength lasers with improved characteristics, it
important to suppress these Auger recombination proces
One way to do this is to create structures with strain
layers.3,4

Zegryaet al.5 were the first to show theoretically that th
Auger recombination process has no threshold in semic
ductor heterostructures, and that the Auger recombina
rate is a power-law function of temperature. The existenc
a nonthreshold channel for Auger recombination was de
onstrated experimentally by various groups for type-I~see
Ref. 6! and type-II heterostructures~see Refs.7 and 8!. The
main features of the nonthreshold Auger recombinat
channel are: 1! the Auger electron receives the momentu
necessary for a transition to a highly excited state by in
acting with the heterojunction boundary rather than fro
other particles; 2! because there is no conservation law
the component of momentum perpendicular to the plane
the heterostructure, the Auger processes is one witho
threshold, and the rate at which it proceeds is a nonexpo
tial ~power-law! function of temperature; 3! the excited Au-
ger electron is ejected in the direction perpendicular to
plane of the heterostructure. It is noteworthy that calculati
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literature up to now have proceeded by analogy with b
semiconductors, i.e., the Auger process is assumed to ha
threshold while the Auger recombination rate in the quant
well retains its exponential dependence on temperature.1,2,9

In our previous papers we investigated the nonthresh
Auger process in unstrained type-I and type-II quant
wells.10–12 We showed that the Auger recombination ra
depends significantly on the parameters of the quantum
~the height of the heterobarriers for electrons and holes,
the width of the quantum well!. It is obvious that for strained
heterostructures the rate for the nonthreshold Auger rec
bination process depends significantly on the magnitude
the strain.

Our goal was to study the effect of elastic strain on t
Auger recombination rate in a quantum well with strain
layers. We will show that the Auger recombination rate is
strong function of the parameters of the quantum well a
the magnitude of the strain.

2. AUGER RECOMBINATION RATE

In heterostructures with quantum wells there are two i
portant Auger recombination channels: CHCC and CHHS10

In this paper we restrict the discussion to the CHCC Au
process~Fig. 1!.

According to the standard rules of the theory of Aug
processes, the Auger recombination rate is calculated u
first-order perturbation theory with respect to the electro
electron interaction5,12,13:

G5
2p

\

1

S (
1,2,3,4

uM u2d~E11E22E32E4!

3 f c~E1! f c~E2! f h~E3!@12 f c~E4!#. ~1!

Here f (Ei) is the Fermi distribution function of thei th par-
ticle (i51,2,3,4);E1 andE2 are the initial, andE3 andE4

the final energies of electrons;S is the area of the hetero
junction; andM is the matrix element of the electron
electron interaction computed with allowance for the an
symmetrization of the electron-wave functions in the init

297297-07$10.00 © 1997 American Institute of Physics
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and the final states. After statistical averaging over the ini
spin states of the electrons, the square of the matrix elem
has the form

^uM u2&5uMI u21uMII u22MIMII* , ~2!

MI5E c1* ~r !c3~r !
e2

k0ur2r 8u
c2* ~r 8!c4~r 8!d

3rd3r 8,

~3!

wherek0 is the static dielectric constant permittivity of th
medium; MII is obtained fromMI by the replacemen
1↔2. To calculate the matrix element for an Auger tran
tion, it is necessary to find the wave function of the carri
that participate in the recombination process. It was sho
previously that the wave functions of carriers~both holes and
electrons! should be computed in the multiban
approximation.5,12,13 In this case the choice of an effectiv
Hamiltonian for the multiband model is very important. Th
Hamiltonian should describe the basic features of the sp
trum and wave functions of carriers in the quantum well~the
mixing of light and heavy holes, the nonparabolicity of t
spectrum!. In our paper we have used the Kane model,
cause this model gives a good description of the band st
ture of narrow-gap semiconductors. Within the framework
this model the basis wave functions for the bottom of
conduction band and the top of the valence band are ch
in the form us&- and up&-functions ~the X axis is directed
perpendicular to the plane of the quantum well!. The wave
functions of electrons and holes are superpositions of
basis states

c5u~r !us&1v~r !up&, ~4!

where u(r ) and v(r )[(vx ,vi) are smooth envelopes o
Bloch functions. The system of equations for the envelo
has the form

FIG. 1. Schematic representation of the band diagram of a heterostru
with a single quantum well. The numbers 1 and 2 denote initial states
particle, 3 and 4 denote final states. The arrows point to transitions
particle from initial states 1 and 2 to final states 3 and 4 during the Au
recombination process.
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FE1

Eg

2
1Vv~x!2dx1

\2k̂2

2mhh
Gvx2g k̂xu50, ~5!

FE1
Eg

2
1Vv~x!2di1

\2k̂2

2mhh
Gvi2g k̂iu50.

Herek̂52 i¹; g is the Kane matrix element;Eg is the width
of the band gap of the narrow-gap semiconductor~without
including strain!; mhh is the heavy-hole effective mass of th
bulk material; andVc(x) and Vv(x) are the heights of
the heterobarriers for electrons and holes, respectiv
in the absence of strain. The quantitiesdc , dx , anddi are
expressed in terms of the deformation potential consta
ac , av , and b: dc5ac(ex12ei); dx52ei(ax2b)
1ex(av12b); ai5(av2b)(ex1ei)1(av12b)ei . In the
case we are studying, i.e., an unstrained barrier, we have
the strain tensor components:ei5(aB2aW)/aW ,
ex522C12ei /C11, whereaB and aW are the lattice con-
stants of the barrier and quantum well materials, resp
tively; C11 andC12 are elastic constants. The system of equ
tions ~5! does not contain terms that describe the spin-o
coupling and its variation in the presence of strain. The eff
of the spin-orbit coupling on the Auger recombination pr
cess is taken into account only through the Kane matrix
ementg:

g25
\2Eg~Eg1Dso!

2mc~Eg12Dso/3!
,

whereDso is the magnitude of the spin-orbit splitting. At th
heterojunction boundary the wave functions determined fr
the system~5! satisfy certain boundary conditions.12We note
that in calculating the wave functions and spectrum of
holes it is necessary to take into account the mutual con
sion of light and heavy holes. As we already noted above
the mixing of light and heavy hole states gives qualitative
and quantitatively incorrect results for the overlap integr
and consequently for the Auger recombination rate.

3. AUGER TRANSITION MATRIX ELEMENT

The fundamental problem in calculating the Auger r
combination rate is computation of the Auger- transition m
trix element. Expanding the Coulomb interaction potential
a Fourier integral, we obtain

MI5
4pe2

k0
E d3q

~2p!3
1

q2
I 13~q!I 24~2q!, ~6!

I i j ~q!5E d3rc i* ~r !c j~r !e
iqr. ~7!

Here I i j is the overlap integral between states of particlei
and j . Using the explicit expressions for the wave functio
of electrons and holes determined from the system~5!, we
can obtain analytic expressions for the overlap integrals
matrix element. In this case it is convenient to use the f
lowing computational scheme. We first calculate the over
integral I 13(q) between states ‘‘1’’ and ‘‘3’’ ~see Fig. 1!.
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Then we integrate overqx in MI , using the residue theorem.
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In this case it turns out that in the complexqx plane there
exist two kinds of poles: 1! a pole corresponding to low
momentum transferqx

(1)5uq12q4u ~whereqi is the longitu-
dinal momentum of particlei ); 2! a pole corresponding to
large momentum transfer qx

(2);Q, where
Q;(mcEg /\

2)1/2. As a result, the matrix element splits in
two parts:

M5M ~1!1M ~2!,

whereM (1) and M (2) are the contributions to the matri
element corresponding to smallqx

(1) and largeqx
(2) momen-

tum transfers.
It has been shown previously5,12 that the overlap inte-

grals entering into the Auger recombination matrix elem
must be calculated within the framework of the multiba
Kane model, taking into account the nonparabolicity of t
carrier spectrum. For the overlap integralI 14 between states
of the localized~‘‘1’’ ! and highly excited~‘‘4’’ ! electrons
this is important for the following reasons. First of all, th
wave function of a highly excited electron in the conducti
band contains a significant admixture ofup& states of the
valence band~i.e., u3;vx3). Secondly, this overlap integra
consists of contributions from three regions of integrat
with respect toX: two regions of below-barrier motion o
electron ‘‘1’’ (x,2a andx.0; see Fig. 1! and the quantum
well region (2a,x,0). In the summation, contribution
from the regions of below-barrier motion compensate for
contribution from the quantum-well region, leading to an a
ditional smallness in the matrix element of orderṼc /Eg ,
whereṼc is the effective height of the barrier for electron
~taking strain into account!. Note that in type-II heterostruc
tures an analogous compensation leads to the suppressi
the Auger recombination process for certain heterostruc
parameters.11

In computing the electron-hole overlap integralI 24, it is
necessary to take into account the mutual conversion of l
and heavy holes and the strongly nonparabolic depend
of the hole spectrum on the longitudinal momentumq4. It is
possible to do this on the basis of the multiband Kane mo
In this model the wave functions for holes consist of sup
positions of light- and heavy-hole states. The interaction w
the heterojunction causes a strong mixing of these sta
which depends strongly on the longitudinal hole moment
q4. In Fig. 2a, we show the dependence of the amplitude
light L and heavyH hole states in the quantum well regio
(2a,x,0) as a function of the longitudinal momentu
q4. The effect of mutual conversion of light and heavy ho
on the amplitudesH andL leads to a nonmonotonic depe
dence of the overlap integral for electrons and holesI 24 on
the hole momentumq4 ~see Fig. 2b!. For q;p/a the pri-
mary contribution to the electron- hole overlap integ
comes from light-hole states~see Fig. 2!. It is especially
important to emphasize that the dependence of the ove
integral I 24 on the momentum transferuq22q4u is strongly
nonlinear. For an unstrained quantum well a linear dep
dence ofI 24 on the momentum transfer is obtained only f
small momentum transfersq,p/a, wherea is the width of
the quantum well; in the regionq.p/a, the overlap integral
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I 24 is a weak decreasing function of the momentum trans
~Fig. 3a!. In Fig. 3b we show the same function for a strain
quantum well. Our analysis shows that strain affects the
pendence of the electron-hole overlap integral on momen
transfer, both qualitatively and quantitatively.

Wanget al.9 computed the Auger recombination rate b
using a phenomenological expression to calculate
electron-hole overlap integraluI 24u25auq22q4u2/Eg ; i.e.,
they assumed thatI 24 is a linear function of the momentum
transfer~wherea is a certain fitting parameter!. In their cal-
culations the value of the fitting parametera does not de-
pend on the quantum well parameters or the magnitude
the strain. In our paper we show that this phenomenolog
approach is inapplicable, in general, and cannot be use
analyze the dependence of the Auger recombination rate
the quantum well parameters, the magnitude of the strain
the temperature. Thus, in order to calculate the overlap i
grals of the particles that participate in the Auger recom
nation process, it is necessary to use wave functions ca
lated on the basis of the multiband Kane model.

In order to evaluate the Auger recombination rate,
must subsutitute into Eq.~1! the matrix element, which is
calculated analytically according to the scheme descri

FIG. 2. a—Dependence of the amplitudes of lightL and heavyH hole states
on the longitudinal momentumq in a strained InGaAsP quantum wel
a560Å, j51.5%.b—Dependence of the overlap integral for electrons a
holes I 24 (qx50) on the longitudinal hole momentumq[q4 for q2[0,
calculated from the exact expression~7!—the solid curve; the dashes are th
linear approximationI 245guq22q1u/uE22E4u used in papers by other au
thors~see Ref. 9!. The parameters of the structure were taken from Ref.
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above. From here on we will use the standard scheme
these computations. Transforming to polar coordina
(qi ,w i) in the plane of longitudinal momentumq, we have
for the Auger recombination rate

G5
1

4p5\ (
n1 ,n2 ,n4

E
0

`E
0

`E
0

`

q1dq1q2dq2q4dq4

3E
0

2pE
0

2p

dw1dw2uM ~q1 ,q2 ,q4 ,w1 ,w2!u2

3 f c~q1! f c~q2! f h~q4!U E3

]k3
U21

.

For further calculations of the Auger recombination rate
will calculate numerically the five fold integral~8!. Analysis
of Eq. ~8! allows us to conclude that the Auger recombin
tion rate has a nonexponential dependence on tempera
i.e., the Auger recombination process is a nonthresh
process.5,10

FIG. 3. Dependence of the overlap integral for electrons and holesI 24
(qx50) on the momentum transferuq22q4u for an unstrained~a! and
strained~b! quantum wells based on InGaAsP;Eg

eff5 0.83 eV, a560Å,
with band structure parameters taken from Ref. 14.
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or
s

e

-
re;
ld

4. DISCUSSION AND RESULTS

As a demonstration of the dependence of the Auger
combination rate on the quantum well parameters, we w
discuss two heterostructures based on In12xGaxAsyP12y and
In12x2zGaxAl zAs. The composition of the quaternary sol
tions determined from the conditionEg

eff5const for these
values of the strainj and the quantum well width~here,
Eg
eff is the effective width of the band gap!. In this case the

values of the strainj that correspond to real structures c
vary only with specific limits that depend onEg

eff anda. The
choice of these structures is motivated by the fact that t
are widely used to make long- wavelength lasers in the ra
1.3–1.5mm. In making lasers that emit in this waveleng
range it is important to choose structure parameters~while
keeping the value ofEg

eff fixed! such that the Auger recom
bination current is minimal and the quantum yield maxim
Our primary task was to carry out qualitative and quanti
tive analyses of the dependence of the Auger recombina
rate on the structure parameters.

We have analyzed theoretically the dependence of
Auger recombination rate on the quantum well widtha, the
height of the heterobarriers for electronsVc and holesVv ,
the magnitude of the strainj, and the temperatureT. Our

FIG. 4. Dependence of the logarithm of the Auger recombination r
log10(G) on the quantum well widtha for two values of elastic strainj for
quantum wells based on InGaAsP~a! and InGaAlAs~b!. For both structures
Eg
eff5 0.8 eV,n5p5231012 cm22, with band structure parameters calc

lated according to Ref. 14.
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analysis shows that the Auger recombination rate depe
strongly on these quantum well parameters.

Figure 4 shows the dependence of the Auger recomb
tion rate on the quantum well width for the two structur
described above. As the quantum well width increases,
Auger recombination rate falls off strongly. For examp
when the quantum well width changes from 40 to 120 Å,
rateG drops by more than two orders of magnitude. For
two structures mentioned above, the dependences of the
ger recombination rate ona differ qualitatively. In the struc-
ture In12x2zGaxAl zAs, the height of the heterojunction ba
rier for electronsVc is larger than the height of th
heterojunction barrier for holesVv , in the ratio
Vc /Vv57/3. Therefore, the quantum well for electrons
deep and the number of electron levels that participate in
Auger recombination process does not change as the w
of the quantum wella changes. Hence,G(a) is a monotoni-
cally decreasing function ofa for this structure. As the mag
nitude of the strainj increases, the dependence ofG on a
becomes sharper~Fig. 3!. The situation is quite different fo
a quantum well based on In12xGaxAsyP12y . For this struc-
ture the depth of the quantum well for electrons is sma
than that for holes, the ratio between them isVc /Vv54/6. In
this case, asa increases, the number of electronic levels th
participate in the Auger recombination process increase
well. The appearance of a new level for electrons gives

FIG. 5. Dependence of the Auger recombination rateG on the height of the
heterobarrier for electronsVc for two values of the elastic strainj and
quantum wells based on InGaAsP~a! and InGaAlAs~b!. For both structures
Eg

eff5 0.8 eV,n5p5231012 cm22, with band structure parameters ca
culated using the data from Ref. 14.
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appreciable contribution to the Auger recombination ra
Consequently, the curve for the dependence ofG on a ex-
hibits a slight increase in the Auger recombination rate at
appearance of each new level; asa increases further, the
Auger recombination rate decreases as before. At low t
peratures the functionG(a) is a decreasing function with
rather small oscillations for those values ofa at which new
levels appear. As the value of the strain increases, the de
denceG(a) becomes weaker, because in this case the ef
tive height of the heterojunction barrier for electrons d
creases. However, asVc decreases, the Auger recombinatio
rate decreases as well.

As was shown previously,5the nonthreshold Auger re
combination mechanism at heterostructures is caused by
interaction of a charge carrier with the heterojuncton barr
For unstrained quantum wells, the Auger recombination r
increases with increasing height of the electron heterobar
In Fig. 5 we show the dependence of the Auger recombi
tion rate on the heterobarrier height for a strained quan
well. In the presence of strain the dependence of the Au
recombination rate on the height of the heterobarrier
weaker than in the absence of strain.

Figure 6 shows the dependence of the Auger recomb
tion rate on the magnitude of the strainj; in this case the

FIG. 6. Dependence of the Auger recombination rateG on the magnitude of
the elastic strain for two values of the quantum well widtha and hetero-
junctions based on InGaAsP~a! and InGaAlAs ~b!. For both structures
Eg
eff5 0.8 eV,n5p5231012 cm22, with band structure parameters calc

lated using the data from Ref. 14.
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range of variation of possible values ofj depends on the
quantum well parameters. For values ofj corresponding to
real structures, the Auger recombination rate decreases
increasingj. As the width of the quantum well decreases, t
dependence of the Auger recombination rate on the ma
tude of the strain becomes stronger. The dependence o
Auger recombination rate on the strain is determined by
dependence of the overlap integralsI 13 and I 24 on j @see~6!
and ~7!#. With increasing j, the effective value of the
heterobarrier height for electrons decreases. This leads
decrease in the electron-~highly excited electron! overlap in-
tegralI 13. The electron-hole overlap integralI 24 changes sig-
nificantly as a function of strain: for a large momentu
transferq,p/a, I 24 decreases with increasingj, while for
q.p/a it has a maximum~Fig. 3!. As a result, the Auger
recombination rate decreases with increasing magnitud
the strainj.

As we already noted above, in uniform semiconducto
the fact that Auger processes have a threshold cause
Auger recombination coefficient

CA5G/~\2p!

FIG. 7. Dependence of the Auger recombination coefficientCa on tempera-
ture T for two values of the elastic strainj and two heterostructures
InGaAsP ~a! and InGaAlAs ~b!. For both structuresEg

eff5 0.8 eV,
n5p5231012 cm22, with band structure parameters calculated accord
to Ref. 14. The dotted curves correspond to the functionCA(T) whenEg

5 const. The solid curves are the same function
Eg5Eg(T5300K)2a(T2300K), wherea5431024 eV/K.
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CA } exp(2Eth /T), whereEth is the threshold energy (Eth

} Eg), and n and p are electron and hole concentration
respectively. In quantum wells, as we already noted abo
the Auger process has no threshold, and the Auger recom
nation coefficient depends only weakly on temperature. O
exact analysis shows that over a wide range of quantum
widths the Auger recombination coefficient is virtual
temperature-independent. In this case the temperature de
dence ofCA is determined by the dependence of the width
the band gap on temperature. In Fig. 7 we show the dep
dence of the Auger recombination coefficient on temperat
for the case whereEg is temperature independent, and for t
case whereEg is a function of temperature.

5. CONCLUSION

We have carried out a theoretical first- principles calc
lation of the rate for CHCC Auger processes in quant
wells with strained layers. Our theoretical analysis sho
that the Auger recombination rate in a strained quantum w
depends strongly on the height of the heterobarriers for e
trons and holes, on the width of the quantum well, and on
magnitude of the strain. We have shown that the qualita
and quantitative analysis of the dependence of the Au
recombination rate on these parameters of the quantum
requires a microscopic calculation of the overlap integr
based on the multiband Kane model. This approach is imp
tant for investigating the threshold characteristics of se
conductor quantum-well lasers. In optimizing the paramet
of these laser structures it is necessary to know the de
dence of the threshold current density on the quantum w
parameters, which in turn is determined by processes of
ger recombination and radiative recombination.
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Luminescence of porous silicon in the infrared spectral region at room temperature

to-
G. Polisski  and F. Koch
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A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
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Fiz. Tekh. Poluprovodn.31, 365–369~March 1997!

A method for preparing mesoporous silicon onn-type substrates has been developed. The
material exhibits two intense bands of photo- and electroluminescence at room temperature: a
primary one in the range 1.4–1.8 eV, and a low-energy infrared band near 1–1.2 eV. It
is shown that the position of the primary emission maximum and the intensity of the band can
be controlled. The properties of the primary band are explained in terms of a quantum-
size model for formation of porous silicon, while the low-energy band is explained as radiative
recombination in larger non-quantum-size crystallites. ©1997 American Institute of
Physics.@S1063-7826~97!02303-X#
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In recent years there has been much interest in a n
semiconductor material—porous silicon. Its photolumin
cence~PL! in the visible region of the spectrum is a we
known phenomenon that has been studied extensively1–3

The position of the PL peak in porous silicon made
p-type substrates is rather easily shifted over a wide ra
from the blue-green to the dark red and infrared spec
regions by varying the time and density of the anodizat
current,4,5 and also by additional etching after the anodiz
tion process.6

In all the PL spectra, the intense primary band in t
visible is accompanied by a broad, weak, low-energy b
between 0.8 and 1.2 eV, primarily at low temperature.1,7 An
infrared band is also observed in electroluminescence~EL!
spectra of samples ofn-type porous silicon in contact with
liquid electrolyte, but at room temperature instead.8

The reason for the appearance of the infrared band in
EL and its relation to the infrared band in the PL is uncle
Nowhere in the literature is a method described for cont
ling the position and intensity of this band.

In this paper we report our efforts to modernize the te
nology for makingn-type porous silicon with the goal o
obtaining intense low-energy PL and EL bands at room te
perature.

EXPERIMENTAL METHOD

All of the samples of porous silicon we investigate
were made on n-type conducting substrate
~the specific resistivity was 2–4V•cm, orientation~100!!
by anodization in standard solutions of hydrofluoric ac
~40% or 50% HF:Et51:1! for 10 to 180 min at current den
sities of 5–80 mA/cm2 and illumination. The samples wer
illuminated by a 300-W halogen or xenon lamp through va
ous filters. The optical power was in the ran
0.1–0.2 W/cm2.

In order to excite the PL, we used the 441 and 325-
lines of a He-Cd laser. The spectrum was dispersed b
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multiplier ~Hamamatsu! or a cooled germanium detecto
~North Coast!.

EL was excited by current pulses with durations
0.5–10 ms and repetition rates of 10–100 Hz. The amplit
of the pulses was varied from 1 mA/cm2 to a few hundred
mA/cm2. The samples were placed in an electrochemical
with a quartz window and a platinum counter electrode. W
used an electrolyte based on potassium or sodium persu
in a 0.1M D2SO4 solution. Heavy water was used in th
electrolyte because of the considerable absorption of ligh
ordinary water at wavelengths longer than 1200 nm, wher
D2O, according to our data, is transparent at least out to 1
nm.

RESULTS AND DISCUSSION

Photoluminescence. During anodization we used filter
that absorbed the high-energy part of the spectrum~low-pass
filters!, allowing to limit the energy of the light quanta use
in the illumination. It is expected that this will lead to
decrease in the energy of the photogenerated carriers,
consequently to an increase in the size of the crystallites
porous silicon. The statistical distribution of crystallites wi
respect to size in the porous layer that forms under illumi
tion by longer-wavelength light should shift in the directio
of larger-scale crystallites. This is because no electron-h
pairs are generated in microcrystallites, for which the eff
tive width of the band gap exceeds the energy of quanta f
the illumination source, so that these crystallites are not s
ject to any further dissolving. Thus, bounding the illumin
tion energy on the high-frequency side should lead to
‘‘red’’ shift of the PL maximum of the porous layer.

Figure 1 shows PL spectra of samples of porous silic
Actually, use of the longer-wavelength illumination durin
the etching process shifts the maximum of the PL toward
low-energy region. The maximum shift of the primary P
peak was 1.38 eV, obtained by illumination through a silic
filter (E , 1.12 eV); i.e., the light quanta were close in e
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ergy to the width of the band gap of silicon~Fig. 1, curve1!.
It is noteworthy that the intensity of the PL peak in this cas
changes only slightly. The intensity of the PL from sample
of porous silicon obtained by illumination through a silico
filter depends strongly on the water content in the electroly
and is minimal when an electrolyte of 50% HF:Et51:1 is
used.

It is clear from Fig. 1 that the shift of the primary PL
peak toward the long-wavelength region of the spectrum
accompanied by a growth in intensity of the low-energ
peak, while its position is practically unchanged. This beha
ior differs from that of the infrared peaks observed at lo
temperatures, and is connected with dangling bonds. As
well known, when the conditions for preparing the porou
silicon are changed, these infrared peaks shift ‘‘in symp
thy’’ with the shift of the primary peak.9 Figure 2 shows the

FIG. 1. PL spectra of samples at room temperature.Eex 5 3.81 eV. Anod-
ization during illumination by light quanta of various energies, eV:1—
,1.12,2—,1.77,3—,2.06,4—,2.38. The inset shows the high-energy
band of these samples on a semilogarithmic scale.

FIG. 2. Photoluminescence spectra of mesoporous samples at room
perature.1—on an-type substrate, obtained by anodization under illumina
tion by quanta with energy,1.12 eV;2—on ap1-type substrate~anodiza-
tion in the dark!.
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PL spectra of a sample on an-type substrate obtained usin
the method described above~in what follows these will be
n-type samples! and mesoporous silicon prepared on ap1

substrate. Even when there is fairly good agreement betw
the position and intensity of the primary PL bands, the lo
energy bands differ profoundly. Then-type sample is char-
acterized by a distinct broad band with a maximum at ab
1 eV and an intensity more than two orders of magnitu
larger than the PL intensity of a mesoporous sample
p1-Si in this region of the spectrum.

Figure 3 shows the temperature dependence of both
bands forn-type porous silicon. The temperature dependen
of the intensity of the low-energy band is nonmonotonic a
analogous to the temperature dependence of the intensit
the high-energy band. The temperature maxima of the cur
coincide, although they differ from sample to samp
~samplesA andB in Fig. 3!. The temperature at which maxi
mum intensity is achieved is lower for samples with weak
PL intensity at room temperature.

Electroluminescence.Figure 4 shows the EL spectra o
samples ofn-type porous silicon in contact with a liquid
electrolyte for a cathode bias~minus at the semiconductor!.
Sample 1 was obtained using a red filter (E, 1.77 eV) in the
anodization process, while sample 2 was illuminated
white light following the method described in Ref. 8. Th
changes in EL as the conditions of anodization change c
relate with changes in the PL spectrum. The intensity of
infrared band with respect to the visible increases by m
than an order of magnitude in samples made using red fil
~Fig. 4, curve1! compared with the intensity of bands i
samples illuminated during anodization by white light~curve
2!. In Fig. 5 we show EL spectra~curves1 and2! and PL
spectra~curve3! of porous siliconn-type samples. The po-
sition of the visible EL band in the samples under study w

m-
-

FIG. 3. Temperature dependence of the PL ofn-type porous silicon
samples. Anodization under illumination by quanta with energy,1.12 eV
in different solutions: sampleA ~1 and2!—40% HF1standard~1:1! sample
B ~3 and4!—50% HF1standard~1:1!. 1,3—position of the maxima of the
primary band for samplesA andB, 2,4—position of the maximum of the
low-energy band of these samples. Scale:1—31, 3—32, 2,4—3100
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usually shifted toward the low-energy region compared wi
the position of the PL band. In accordance with the ide
advanced by Bsiesyet al.,10 this shift can be explained by
the small applied fields and currents in the cell. In our e
periments we also observed shifts in the EL band that depe
on the value of the current~see curves1 and 2 in Fig. 5!;
however, they were considerably smaller than the differen
between the PL and EL maxima. The wide low-energy ba
in the EL spectrum has a complex structure; on differe
samples its maxima could be located in the range from 1
1.2 eV. It should be noted that at this time it is difficult to
decide what controls these shifts. However, the EL of a p
ishedn-Si substrate in contact with the same electrolyte
characterized by a much weaker and narrower peak with
maximum for 1.1 eV.

MODEL

In explaining these results we assume that the position
the PL peak is determined by the size of the crystallite1

while the PL intensity depends significantly on the ratio o
radiative and nonradiative recombination channels in t
bulk and at the crystallite surface.

The appearance of quantum-well crystallites~nanocrys-
tallites! during the etching of silicon weakens the bulk non
radiative recombination, because the number of defectl
and ‘‘undoped’’ crystallites in which there are virtually no
impurity atoms increases.

In addition, the degree of passivation of the porous si
con surface affects the PL intensity, where this latter depen
on the composition of the etchant and the anodization co
ditions. It is clear from Fig. 3 that when we use an electroly
with an increased amount of water, the PL intensity at roo
temperature increases severalfold. According to the data
Ref. 11, this is explained by an improvement in the passiv
tion of the porous silicon surface due to the formation

FIG. 4. EL spectra ofn-type porous silicon samples. Anodization during
illumination by quanta with energies,1.77 eV~1! and for illumination by
white light ~2!. The current density in a pulsei540 mA/cm2, t55 ms, f
540 Hz.

306 Semiconductors 31 (3), March 1997
h
s

-
nd

e
d
t
to

l-
s
a

of
,
f
e

ss

-
ds
n-
e

of
-
f

stretched Si–O–Sibonds, whose presence in small quantitie
enhances the ordinary hydride passivation of porous silico

The shift of the primary PL peak toward lower energie
is explained by the increased sizes of the nanocrystallite
This confirms our original assertion that decreasing the e
ergy of electron-hole pairs generated by the light during a
odization leads to an increase in the crystallite sizes. Th
number of these crystallites in this case decreases, natura
leading to a decrease in the intensity of the primary peak f
both PL and EL.

We assume that the low-energy PL band of the sampl
under study is determined by radiative recombination in th
non-quantum-size crystallites. The existence of radiative r
combination in these crystallites at room temperature can
explained by fluctuations in the potential at the strongly pro
filed surface of the latter, leading to localization of carriers
In our case, the considerable increase in the intensity of t
low-energy PL band is determined either by an increase
the number of non-quantum-size crystallites, a decrease
the porosity, or a lower level of doping of the original sili-
con, which allows us to assume the existence of a larg
number of ‘‘undoped’’ and defectless crystallites than in po
rous silicon obtained on a strongly doped substrate, and a
a high degree of surface passivation.

The effect of low-energy illumination, while increasing
the nanocrystallite size, at the same time increases the nu
ber of non-size-quantized crystallites, which preserve th
properties of bulk Si. The number of these crystallites in
creases not only in the porous silicon itself, which become
practically mesoporous, but also in the macroscopicn-Si
sublayer,12 whose thickness increases with increasing ab
sorption depth of the light used during anodization. We als
note that when a longer-wavelength laser is used to exc
the PL~0.441 nm in place of 0.325 nm!, the intensity of the
low-energy band increases more strongly than that of th
high-energy band. This confirms the existence of ann-type

FIG. 5. EL ~1,2! and PL~3! spectra of the same sample. PL excitation a
Eex53.81 eV, EL at t55 cm. Current density in the pulse, mA/cm2:
1—30, 2—40.
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macro-underlayer in porous silicon which contributes to the
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low-energy emission band.
The fact that the low-energy band is caused by radia

recombination in macrocrystallites is also confirmed by o
observation of temperature maxima in the photolumin
cence of this band, which differ significantly from those th
are well known in the literature,13 and also a temperatur
variation identical with the primary band for PL. The distin
tive features of the EL are explained by analogy with t
same features for the PL. The shift in the maximum of
high-energy EL band toward longer wavelengths with
spect to the PL peak~Fig. 5! is attributable to the differen
methods for exciting luminescence. In the case of EL
nonuniformity of the crystallites leads to nonuniformity
the current distribution in the porous silicon layer; natural
a larger current flows through the larger crystallites, caus
an enhancement of the EL intensity and shifting the EL ba
toward longer wavelengths. The origin of the low-energy
band is connected, as in the case of PL, with radiative
combination in macrocrystallites.

Thus, we have developed a method for preparing me
porous silicon onn-type substrates with two intense PL an
EL bands at room temperature: one in the range 1.4–1.6
and a low-energy infrared band near 1–1.2 eV. We h
shown that it is possible to control both the position of t
primary emission maximum and the band intensity. T
properties of the primary band are explained on the basi
a quantum-well model for formation of porous silicon, whi
the low-energy part is explained by radiative recombinat
in large-scale non-quantum-sized crystallites.
307 Semiconductors 31 (3), March 1997
e
r
-
t

e
-

e

,
g
d

e-

o-

V,
e

e
of

n

INTAS ~grant No. 93-3325!. O. M. Sreseli and A. V. An-
driyanov also acknowledge with gratitude the support by
Russian Fund for Fundamental Research~Grant No. 96-02-
17903!, while G. Polisski� and F. Koch are grateful to the
BMBT.

1L. T. Canham, Appl. Phys. Lett.57, 1046~1990!.
2Porous Silicon, edited by Zhe Chuan Fenget al. ~World Scientific, 1994!.
3Microcrystalline Semiconductors: Materials, Science, & Devices, edited
by P. M. Fauchetet al. ~Pittsburgh, PA, Mater. Res. Soc. Proc., 1993! V.
283; Silicon-Based Optoelectronic Materials, edited by M. A. Tischler
et al. ~Pittsburgh, PA, Mater. Res. Soc. Proc., 1993! v. 289.

4H. Koyama and N. Koshida, J. Appl. Phys.74, 6365~1993!.
5T. Asano, K. Higa, S. Aoki, M. Tonouchi, and T. Miyasato, Jpn. J. Ap
Phys.31, 373 ~1992!.

6A. Nikolov, V. Petrova-Koch, G. Polisski, and F. Koch, in Nano
crystalline Semiconductors, edited by L. Bruset al. ~Boston, USA, Mater.
Res. Soc. Symp. Proc., 1994! v. 358, p. 423.

7C. H. Perry, F. Lu, F. Namavar, N. M. Kalkhoran, and R. A. Sofer, Ap
Phys. Lett.60, 3117~1992!.

8O. Sreseli, V. Petrova-Koch, D. Kovalev, T. Muschik, S. Hofreiter, a
F. Koch,Proc. 22th Int. Conf. on the Physics of Semiconductors~Vancou-
ver, Canada, 1994!, edited by D. Lockwood~World Scientific, 1994! V. 3,
p. 2117.

9V. Petrova-Koch, T. Muschik, G. Polisski, and D. Kovalev, inMicrocrys-
talline and Nanocrystalline Semiconductors, edited by L. Bruset al. ~Bos-
ton, USA, Mater. Res. Soc. Symp. Proc., 1994! V. 358, p. 483.

10A. Bsiesy, F. Muller, M. Ligeon, F. Gaspard, R. Herino, R. Romesta
and J. C. Vial, Phys. Rev. Lett71, 637 ~1993!.

11L. Tsybeskov and P. M. Fauchet, Appl. Phys. Lett.64, 1983~1994!.
12F. Kozlowsky and W. Lang, J. Appl. Phys.72, 5401~1992!.
13S. Gardelis and B. Hamiltom, J. Appl. Phys.76, 5327~1994!.

Translated by F. Crowne
307Polisski  et al.



Negative differential resistivity of a nonideal Schottky barrier based on indium arsenide

ive
A. V. Kalame tsev, D. A. Romanov, A. P. Kovchavtsev, G. L. Kuryshev, K. O. Postnikov,
and I. M. Subbotin

Institute of Semiconductor Physics, Siberian Department of the Russian Academy of Sciences, 630090
Novosibirsk, Russia
~Submitted January 1996, accepted for publication April 4, 1996!
Fiz. Tekh. Poluprovodn.31 370–376~March 1997!

The process of elastic tunneling is investigated theoretically and experimentally for MOS
structures with Schottky barriers based onp1-InAs. At liquid-helium temperatures, current-
voltage characteristics are obtained with negative differential resistivity segments. Using
the quasiclassical approximation, analytic expressions are obtained for the tunneling transmission
coefficient with carrier conversion. It is shown that the decreasing segments of the current-
voltage characteristic are connected with participation in the tunneling process of high-lying
quantum-well levels in then-channel. The calculated current-voltage characteristics are in
good agreement with the results of experiment. ©1997 American Institute of Physics.
@S1063-7826~97!02403-4#
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Metal-semiconductor and metal-thin-layer insulato
semiconductor structures with Schottky barriers are wid
used to investigate tunneling phenomena. Their attract
ness is due to the relative ease with which the barrier par
eters can be changed. With regard to electrical proper
structures based on InAs are particularly unusual represe
tives of these structures. Their peculiarities are normally c
nected with the fact that the Fermi level at the surface
indium arsenide is located near the edge of the conduc
band, irrespective of the position in the crystal bulk.1–4 For
this reason, an-type conductivity channel arises near t
surface of InAs, which is accumulating forn-type material
and inverting forp-type material. In such a structure, char
carriers are forced to tunnel through a barrier of comp
shape~Fig. 1! and in the case of inversion they can conv
not at the semiconductor boundary, but rather in the de
tion layer. This complexity of the tunneling process is r
flected in complexity of the current-voltage characteristi
Mead and Spetzer1 reported the first observation of a se
ment of negative differential resistance on the curre
voltage characteristics of a Schottky barrier based on g
degenerate,p-type indium arsenide at liquid-nitroge
temperatures. Later on, analogous current-voltage chara
istics were reported by Esinaet al.2

So far, the existence of a decreasing section of
current-voltage characteristics has not been satisfactorily
plained. Esinaet al.2, assumed that the reason for the neg
tive differential resistance was the competing dependence
the tunneling transparencies through the thin dielectric b
rier and through the bandgap of the semiconductor on ex
nal voltage~it is clear from Fig. 1 that the first of thes
transparencies decreases with increasing voltage, whe
the second increases!. However, quantitative calculation
showed that the effect of this competition is not always s
ficient for negative differential resistance to occur. Therma
stimulated tunneling currents with participation of the co
duction band, or inelastic tunneling currents with particip
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differential resistance.
In this paper we describe a combined experimental

theoretical investigation of tunneling-induced negative d
ferential resistivity of a Schottky barrier with an ultrath
dielectric sublayer between metal~Au! and degenerate
p-InAs. Structures are used with controllable thickness of
sublayer. In order to eliminate the effect of thermally stim
lated phenomena, the current-voltage characteristics w
taken at liquid-helium temperature. We show that the falli
portion of the current-voltage characteristic is connec
with a specific quantum effect: inelastic tunneling of ele
trons from the metal to the valence band of the semicond
tor, which is strongly affected by a higher-lying, quantum
well level in the inversion channel. Using the quasiclassi
approximation, we find analytic expressions for the transm
sion coefficient, which are used to calculate current-volta
characteristics for specific values of the system parame
They are in good agreement with experimental results.

1. EXPERIMENTAL RESULTS

As substrates we used polished films ofp-InAs with
acceptor concentrations of (125)3107cm23 and^111& ori-
entation. Three groups of samples were prepared.
samples of the first group, the substrates were etched in la
acid ~80% C3H6O3 and 20% H2O!, and then washed in
deionized water. After chemical processing of the substra
gold contact pads were deposited on the surface of the c
tals through a mask in a vacuum of 1026 Torr with diameters
of 100mm. For samples of the second group the substra
were etched in KOH, then oxidized in a stream of dry ox
gen at a temperature of 200 °C for 2 h; gold contact p
were then deposited with a thickness of 0.2mm. In order to
make ohmic contact, a solid indium coating was deposi
on the nonplanar side of the substrates with a thicknes
0.5 mm. According to data from ellipsometry and tunnelin
spectroscopy,5,6 an insulating film is present on the surfac
of the substrates of samples from the first and second gro
with a thickness of 20–30 Å, consisting of a mixture

308308-07$10.00 © 1997 American Institute of Physics



n
i
d

it

t

s
s
a
o

ls

have well-marked regions of negative differential resistance,
the
an
ing
mix-
a-
as
ic

s
ing

the
bar-
nce
ctor
ge

su-

o
the
nc-
his
ffi-
nce

ret-
er
on-

ng
of
ribe
the
ugh

yer
m-
ro-
It is
trix
om-

is

er-
f
in
w,
co-
ris-

tial
s to
b-

g
e

in
oxides of indium and arsenic for samples of the seco
group and remnants of lactic acid molecules in an ultrath
insulating film for the first group. Samples of the first an
second groups acted like nonideal Schottky barriers with
sublayer, or metal-insulator-semiconductor structures w
an ultrathin insulating layer.

The current-voltage characteristics were measured a
temperature of 4.2 K, using a sawtooth voltage signal with
ramp rate of 4 mV/s. In this case, the forward and rever
current-voltage characteristic plots exhibited no hystere
phenomena. Figure 2 shows the measured current-volt
characteristic for a sample from the second group. A regi
of negative differential resistance is clearly evident. Curren
voltage characteristics from a sample of the first group a

FIG. 1. Band diagram of an MOS structure with an applied external volta
U. d and Ud are the thickness of the insulating layer and height of th
energy barrier in it;Ys is the band bending.

FIG. 2. Current-voltage characteristics in a model with constant built-
charge. The solid curve is theoretical.d511.2 Å, Ys50.49 eV,«d5 10
~dielectric constant!.
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but they differ somewhat with regard to the magnitude of
current. Samples from a third group were prepared in
ultrahigh vacuum using a Riber 250 setup. Before be
placed in the chamber, the samples were processed in a
ture of hydrochloric acid and isopropyl alcohol. In an ultr
high vacuum the surface of the indium arsenide film w
cleaned by heating to a temperature of 200 °C until atom
cleanness was achieved.7 On the InAs surface that wa
cleaned of its oxide, platinum contacts were deposited us
an electron beam through a mask with diameter 100mm.
According to data on tunneling spectroscopy,8 there was no
ultrafine insulating film on the substrate surface and
semiconductor structure was close to an ideal Schottky
rier. There were no regions of negative differential resista
on the current-voltage characteristics of these semicondu
structures from the third group; rather, the current-volta
characteristics were close to calculated ones~in calculating
the current-voltage characteristics, the thickness of the in
lating layer was assumed to equal zero!.

2. THEORETICAL DISCUSSION

1. Model. The ultimate goal of our investigation was t
obtain the dependence of the elastic tunneling current on
voltage across the MOS structure and to compare this fu
tion with experimental current-voltage characteristics. In t
case the main difficulty was finding the transmission coe
cient for charge carriers through the metal to the vale
band of the semiconductor.

The situation we are discussing is one of broad theo
ical interest, e.g., for tunneling of carriers through multilay
structures in one of whose layers the carriers can be c
verted. Actually, the results of the classical paper9 were di-
rected toward finding the coefficient of interband tunneli
in an electric field in the bulk of a sample. However, one
these quantities turns out to be clearly insufficient to desc
the process of coherent transport in a layered system. On
other hand, contemporary papers that treat tunneling thro
layered structures~see, e.g., Ref. 10! are limited to situations
where conversion of the carriers takes place at the la
boundary and is taken into account with the help of pheno
enological boundary conditions. The approach we will p
pose here fills in the gap between these limiting cases.
based on a quasiclassical variant of the transfer-ma
method and can serve as a basis for investigating more c
plicated tunneling structures with ‘‘conversion’’ layers.

The band diagram of the structure under discussion
shown in Fig. 1. When a doping level of;231017 cm23 is
used, the thickness of the depletion layer is;6.231026 cm.
Calculations show that the quantum-well level in the inv
sion channel of then-band is located within the bandgap o
bulk InAs and lies close to the edge of the valence band
the latter. This position of the state, as we will show belo
gives rise to the distinctive features in the transmission
efficient and, accordingly, in the current-voltage characte
tics.

The relative smoothness of the depletion layer poten
and the large thickness of the interband barrier allows u
remain within the framework of the Dirac model in descri

e
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regard the exponentially small contribution of heavy holes
the interband tunneling.11 The four-component carrier wav
functionC is determined from the equation

ĤC5EC ~1!

with the matrix Hamiltonian

H5S e01V~z! vŝp̂

vŝp̂ 2e01V~z!
D ~2!

wherep̂ is the momentum operator,s i is a Pauli matrix,v is
the interband velocity matrix element, ande0 is the half-
width of the band gap.

On the other hand, the smoothness of the poten
V(z) makes it possible to use the quasiclassical approxi
tion in ~1!. The quasiclassical wave functions obtained in
appendix essentially recall the quasiclassical solution to
Schrödinger equation.12 In particular, the form of the expo
nent turns out to be*pz(z)dz, wherepz is found from the
dispersion relation in the corresponding semiconductor ba

2.Transmission coefficient. In order to derive a transmis
sion coefficient based on the quasiclassical wave funct
found in the appendix, we will reason by analogy with we
known transfer-matrix methods.9 In each of the classically
accessible regions~within the metal and semiconductor, an
also in the surface inverted region of the latter!, the wave
function consists of a sum of two oscillating terms cor
sponding to oppositely directed currents. In the classic
bandgap regions~the insulating layer and the band gap of t
semiconductor!, the wave functions are growing and deca
ing exponentials. We will find 232 matrices that connec
pairs of coefficients for these fundamental solutions on
ferent sides of the classical turning point between e
neighboring pairs from the regions listed above. Let
specify that in the vector of coefficients the upper elem
will correspond to the amplitude of a wave carrying a curr
from left to right, or to the coefficient of a growing expone
tial.

For definiteness let us begin the discussion with the tu
ing point at the boundary of the band gap and the vale
band of the semiconductorzb . According to the appendix
the two-component wave functions on the right and left
this point are written in the form

C̃c~zb ,z!5
A

Aupzu
F̃c1e

i /\ *zb
z upzudz

1
B

Aupzu
F̃c2e

2 i /\ *zb
z upzudz, z.zb ,

C̃b~zb ,z!5
C

Aupzu
F̃b1e

1/\ *zb
z upzudz

1
D

Aupzu
F̃b2e

2 1/\ *zb
z upzudz, z,zb . ~3!

The connection between vectors (C,D) and (A,B) is ob-
tained by using a circuit around the turning point (pz50) in
the complexz plane. It can be shown that on the basis of o
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matrix is the same as in the case of the Schrodinger
equation:13

S C
D
D 5S 1

2
ep i /4

1

2
e2p i /4

2 ie2 p i /4 ie2 p i /4
D S A

B
D . ~4!

In an analogous fashion, if we consider a turning point at
boundary between the conduction band and the band
za , we find the connection matrix between vectors of co
ficients in the functionsF̃a(za ,z) andF̃b(za ,z):

S 1

2i
ep i /4 ep i /4

2
1

2i
e2 p i /4 e2 p i /4

D . ~5!

Note that in deriving~4! and ~5! the wave functions in the
same region of the band gap were written in different form
The connection betweenF̃a(za ,z) and F̃b(za ,z) is obvi-
ously given by the trivial diagonal matrix

S e2 1/\ *
za

zbupzudz 0

0 e1/\ *
za

zbupzudz 0
D . ~6!

Analogous matrices with obvious replacements at the lim
of integration are obtained for the regions within the insul
ing barrier, and with replacement ofupzu by i upzu for the
classically accessible regions in the inversion channel.

It remains for us to obtain the connection matrix for t
boundaries. In general, at the boundary of an insulator an
semiconductor we must establish boundary conditions
connect the single-component wave function in the insula
with a two-component wave function in the semiconduct
However, since under the conditions of our problem an el
tron at z50 has an energy close to the conduction ba
edge,uC2u!uC1u and the pre-exponential factor is;1/Ap.
We therefore have the same matching conditions for sin
component wave functions at a sharp boundary as thos
the boundary between metal and insulator: equality of
quasiclassical wave functions on the right and left of t
boundary and equality of their first derivatives normalized
the corresponding masses. Simple calculations give the
quired connection matrix for the metal-insulator a
insulator-semiconductor boundaries in the form

S a a*

a* a D ; S b b*

b* b D ;
a5

1

2 SApm
pd

2 i
mm

md
Apd

pm
D ,

b5
1

2 SApd
ps

1 i
md

mm
Aps

pd
D , ~7!

where pm ,pd , and ps are wave vectors in the metal, th
insulator, and the semiconductor, andmm ,md , andms are
the corresponding effective masses.

The resulting transport mass
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S a21 a22D , ~8!

which connects the coefficients for plane electron waves
the metal and valence band of the semiconductor, is a p
uct of the matrices listed above, multiplying from left to rig
in the sequence corresponding to Fig. 1.

Let us now find the transmission coefficient for a char
carrier from the metal to the valence band of the semic
ductor. For this formulation of the problem the vect
(A,B) in the valence band should be located at (1,0), i
only a transmitted wave should be present. Multiplying t
vector by the resulting transfer matrix, we obtain the value
the coefficients for incident and reflected waves in the me
The coefficient for transmission through the structure is
fined as the ratio of the fluxes of the transmitted and incid
waves. In the case where the energy of an electron pas
through the valence band turns out to be close to the to
the latter, this coefficient is

D5
mm

ms

1

ua11u2
. ~9!

Using the matrices obtained above, we can find explicit a
lytic expressions for the transmission coefficient. In partic
lar, if the energy of an electron lies above the bottom of
surface inversion channel,

D2152uabu2~coshI ~A,b!coshI ~2d,0!

1sinh I ~a,b!sin I ~0,a!coswa1sinh I ~a,b!

3~coshI ~2d,0!sin I ~0,a!coswb1sinh I ~2d,0!

3cos I ~0,a!sin wb!1coshI ~a,b!coswacoswb

2sin wasin wb!,

where

I ~zl ,zr !5
1

\ E
zl

zr
pz~z!dz, ~10!

zl andzr give the limits of integration and are denoted in t
figure, anda andb are defined in~7!.

3. Expression for the tunneling current. In order to cal-
culate the current-voltage characteristics we use the stan
expression for the dependence of the elastic tunneling
rent density on the difference in potentials at the boundar
the tunneling structure:9

j ~U !5
2ueu
h3 E D~E,pi!@ f ~E1U !2 f ~E!#dEd2pi ,

~11!

where f (E) and f (E1U) are Fermi distribution functions
~which for liquid-helium temperatures and the values ofU
which we used in our experiments can be replaced by
functions!; pi is the longitudinal component of an electron
momentum; andD(E,pi) is the transmission of an electro
through the MOS structure.

Because the spectrum of charge carriers in the meta
described by a parabolic dispersion relation, it is conven
to transform~11! from an integration over the total energ
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and longitudinal momentum to an integration over the two
terms of the total energy in the metal connected with th
transverse and longitudinal motion. After some simple trans
formations we obtain

j ~U !5
2pueum
h3 E D~E' ,Ei!@ f ~E1U !

2 f ~E!#dE'dEi , ~12!

whereE' andEi are the transverse and longitudinal energie
in the metal (E5E'1Ei). The limits of integration are de-
termined by the Fermi level in the metal and the semicon
ductor and the edges of the band gap in the semiconduct
The dependence of the transmission coefficient on the com
ponent of the wave vector along the boundary, i.e., onEi ,
plays an important role in our subsequent calculations.

3. RESULTS OF NUMERICAL CALCULATIONS AND
DISCUSSION

1. Transmission coefficient. Figure 3 shows the depen-
dence of the transmission coefficient on the energy obtaine
in the previous section. The parameters of the structure co
responding to an actual experiment are shown in the insets
the figure. Different curves correspond to different values o
the surface band bending in the semiconductor, while th
remaining parameters are fixed.

Using curve 1, we illustrate a case in which the
quantum-well level in the inversion channel is set against th
background of the bulk valence band of the semiconducto
The peak in transmission coefficient exactly corresponds
resonant tunneling through this quasistationary level. Fo
smaller values of the band bending~curve 2! the surface
level ‘‘looks into’’ the band gap of the semiconductor. Nev-
ertheless, the transmission coefficient increases considera
near the top of the valence band, because the tunneling ne

FIG. 3. Transmission coefficientD(E) for various band bendings:
Ys50.49 eV~1!, 0.46 eV~2!, 0.43 eV~3!. The insulator parameters corre-
spond to Fig. 2.
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region that is considerably narrower than the width of the
of the resonance peak. Further reduction in the band ben
involves driving the level into the interior of the band ga
which eliminates its influence on the transmission~curve3!.

Estimates show that in our experiments the sample
rameters correspond to the case illustrated by curve2. There-
fore, in what follows distinctive features of the comput
current-voltage characteristics are associated with tunne
of carriers through the tail of the resonance level.

2. Current-voltage characteristics. For the numerical
calculation of current-voltage characteristics based on~12!
the following two circumstances are important.

First of all, inclusion of the dependence of the transm
sion coefficient on the longitudinal wave vector~which along
with the energy is conserved during an elastic tunneling p
cess!. According to Eq.~A7!, allowing for the longitudinal
momentum of an electron leads to an effective increase in
width of the band gap. This causes a strong dependenc
the transmission on the longitudinal wave vector of the c
rier.

Secondly, at doping levels of;101721018 cm23 for the
semiconductor the impurity level is washed out into an i
purity band and merges with the valence band.14 We include
this effect semiqualitatively by effectively shifting the top
the valence band by the width of the impurity band, i.e.,
;50 meV.

The shape of the potential in the depletion layer of
semiconductor is assumed to be quadratic, i.e., created
by charged acceptors. There are no electrons in the inver
channel because the quantum-well level is located above
Fermi level and at low temperatures is unoccupied. The
tential drop across the insulator and the semiconducto
determined by the Poisson equation and the condition
the total charge of the MOS structure be zero, taking i
account surface-state charges.

The results of our numerical calculations and compa
son with experimental data for two different cases are sho
in Figs. 2 and 4. The broad peak in the current-voltage ch
acteristic is connected with the close-to-resonant tunne
described earlier as follows. On the initial voltage segm
the tunneling current increases for two reasons. The first
son is trivial: as the difference between the Fermi levels
the metal and semiconductor increases, the number of ac
sible final states for the tunneling carriers increases. The
ond reason is more specific: the increase in voltage acros
structure leads to a flattening of the surface band bend
i.e., a decrease in the electric field intensity in the invers
channel. As a result, the Fermi level in the metal approac
the quantum-well level, which leads to a considerable
crease in the tunneling through the near-resonance tail.

A decrease in current takes place when the Fermi le
of the metal reaches the top of the semiconductor vale
band, after which the number of electrons that participate
the tunneling no longer increases. In this case, the s
quantized level continues to be repelled into the depth of
band gap and withdraws further from the energy gap
which the tunneling takes place. The resulting decreas
tunneling through the near-resonance tail also leads to
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fall-off in the current-voltage characteristics. Any further in
crease in the voltage causes the current to increase, but
until the bottom of the conduction band at the boundary
the semiconductor and insulator is above the top of the
lence band in the semiconductor bulk. The reason for t
increase in the current is the obvious decrease in trans
ency of the tunnel barrier connected with the band gap of
semiconductor.

The fitting parameters of the insulating layer, for whic
we in obtained good agreement between experimental
theoretical curves, are listed in the figure captions. Note t
the curves in Figs. 2 and 4 are successfully matched
considerably different assumptions about the character of
cupation of surface states at the semiconductor-insula
boundary. Figure 2 corresponds to the assumption that all
surface states are empty, which is equivalent to a cons
built-in charge at the boundary. Figure 4 corresponds to
assumption that the value of the surface-state density is h
in this case their occupation is determined by the Fermi le
in the metal. This implies that all the voltage applied to t
structure is dropped entirely within the space-charge reg

It is clear that the results of numerical calculations usi
these expressions give good agreement with the experime
data. However, there are several discrepancies betw
theory and experiment: the rather small shift~;10 meV! in
the position of the current maximum and the somewhat m
rapid increase in the experimental curves compared to
theoretical as the voltage increases. This disagreement
be connected with several simplifications and assumpti
made in our model. First of all, incorrect use of the qua
classical principle in narrow regions of energy close to t
top of the valence band~;5–10 meV!. Secondly, the poten-
tial profile in the space-charge region, which was chosen
be quadratic, corresponds to the potential created by a
form distribution of charged acceptors. However, in the re

FIG. 4. Current-voltage characteristics in a model with pinned bands.
solid curve is theory.d511.6 Å, Ys50.51 eV.

312Kalame tsev et al.
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the doping in the skin layer and the influence of the deg
erate hole gas on the shape of the potential near the sp
charge region’s edge. These inadequacies, however, sh
not affect the qualitative picture of the effect and can
taken into account in a more detailed model.

In this paper we have described theoretical and exp
mental investigations of the effects of negative differen
resistance for MOS structures based onp1-InAs. Current-
voltage characteristics were obtained at liquid-helium te
peratures for samples with differing thicknesses of the in
lating sublayer. Theoretical dependences of the magnitud
the tunneling current on the structure parameters were ca
lated using a quasiclassical analog of the transfer ma
method. The presence of a falling portion of the curre
voltage characteristics is explained by peculiarities of tunn
ing through a near-resonant tail of the quantum-well le
lying outside the energy region of interest. Theoreti
curves are in good agreement with the experimental one

We wish to thank E. M. Baskin and M. V. Entin fo
useful discussions. This work was carried out with the par
support of the Russian Fund for Fundamental Resea
~Grant No. 96-02-19028! and a Grant from the Russian Un
versity No. 95-0-7.2-151.

APPENDIX

Let us find the quasiclassical wave functions for Eq.~1!
with the Hamiltonian~2!. In our problem the potential de
pends only onz, which allows us to reduce the number
components of the spinor wave functionC. Following Ref.
15, we look for a solution to the Dirac equation in the for
C(z)exp(i/\)pr , wherep is the component of momentum i
the (x,y) plane. A unitary transformation

U5
1

A2 S Î1 i
ŝp

p
0

0 Î1 i
ŝp

p

D ~A1!

transforms the Hamiltonian~2! to the form

Ĥ5S e01V~z! v~ ŝzp̂z1 ivp!

v~ ŝzp̂z2 ivp! e01V~z! D , ~A2!

which obviously commutes with the projection of the sp
onto thezŝz axis. Consequently, as eigenfunctions of~A2!
we may choose eigenfunctions of the operatorŝz . They con-
sist of spinors C5(C1,0,C2,0) for the eigenvalue
sz511 andC5(0,C1,0,C2) for sz521. Thus, the prob-
lem reduces to finding a two-component wave funct
C̃5(C1 ,C2). Turning to the sum and difference of comp
nentsf 15C11C2 and f 25C12C2 , we obtain the system
of equations

~V~z!2E1szv p̂z! f 11~e02 ivp! f 250,

~e01 ivp! f 11~V~z!2E2szv p̂z! f 250. ~A3!
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form from ~A3! to separate second-order differential equ
tions for the functionsf 1 and f 2 . Expressing one function in
terms of the other, we obtain

v2\2
d2f k
dz2

1S ~21!k21szv\
dV

dz
1~E2V!2

2~e08!2D f k50, ~A4!

where (e08)
25e0

21(vp)2. Applying to ~A4! the standard
WKB approximation

f k5Ck expS i

v\ SSk01 v\

i
Sk11 . . . D D , ~A5!

we obtain the equations forSk0 andSk1

2S dSk0dz D 21~E2V~z!!22~e08!250,

d2Sk0
dz2

12
dSk0
dz

dSk1
dz

1~21!k21sz

dV

dz
50. ~A6!

Substituting these solutions~A5! into the original system
~A3!, we obtain the relation between the constantsCk .

The resulting quasiclassical wave functions are

a)C̃ad5
C

Aupzu
F~ upzu!ei /\ d* upzudz8,

b)C̃bd5
C

Aupzu
F~2 i upzu!ei /\ d* upzudz8,

c)C̃cd5
C

Aupzu
F~2upzu!e2 i /\ d* upzudz8,

F~ upzu!5
a2~szd!/2

2Ae0~E2V1upzu!

3S E2V1vupzu1~e01 iszdvp!

szd~E2V1vupzu2~e01 iszdvp!! D ,
~A7!

wherepz
25((E2V)22(e08)

2)/v, anda5e08/(e02 ivp). The
value of d561 determines two linearly independent sol
tions corresponding to waves propagating in opposite dir
tions. a), b), c) are solutions in the conduction band, th
band gap, and the valence band, respectively. The cons
are chosen in such a way that the wave functionsC̃nd trans-
form one into the other~up to a phase factor! as a result of
passing around the turning point in the complexz plane.
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Luminescence of copper-aluminum diselenide

V. A. Savchuk, B. V. Korzun, N. A. Sobolev, and L. A. Makovetskaya

Institute of Solid State Physics and Semiconductors, Belarus Academy of Sciences,
220072 Minsk, Belarus
~Submitted December 1, 1995!
Fiz. Tekh. Poluprovodn.31, 377–380~March 1997!

The results of a multifaceted investigation of the luminescence properties of single crystals of
copper-aluminum diselenide CuAlSe2 are presented. The luminescence spectrum of
undoped single crystals of this compound with homogeneous composition was found to have a
complex structure. The luminescence properties were modified by annealing the compound
in various atmospheres. The nature of the radiative transitions in this semiconductor was analyzed.
© 1997 American Institute of Physics.@S1063-7826~97!02503-9#

The I–II–VI2 ternary semiconductor compounds, which indium, with an aperture of area 0.530.1 mm2 exposing a
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crystallize in the chalcopyrite structure, are of enormous
terest as potential base materials for use in fabricating
vices for the transfer and processing of information, so
energy, and optoelectronics. Copper-aluminum diselen
CuAlSe2 , whose optical activity has already been exploit
to make narrow-band, light-controlled, optical filters1 and
other devices for controlling light by light in the picosecon
regime,2 exhibits an intense luminescence in the visible
gion of the spectrum.3 Because of its rather wide band ga
~the widthEg52.67 eV at room temperature4!, this material
can be used to make light-emitting structures in the bl
green region of the spectrum. However, because it is tech
logically difficult to obtain high-quality optically uniform
single crystals, data on the optical properties of this co
pound is extremely fragmentary in the literature. In this p
per we present the results of a multifaceted investigation
cathodo- and photoluminescence of CuAlSe2 .

The crystals which we studied were grown by t
method of chemical transport reactions~CTR! using iodine
as the transporter from elementary copper, aluminum,
selenium, taken in the ratios 1.1:0.9:1.9, since the region
homogeneity for the compound CuAlSe2 is displaced from
the quasibinary line compound Cu2Se–Al2Se3 toward the
composition Cu2Se, and corresponds to the compositi
Cu1.1Al0.9Se1.9.

5 X-ray-phase analysis shows that the crys
structure of the samples is a chalcopyrite lattice with para
etersa 5 5.597 Å,c 5 10.98 Å, andc/a 5 1.96. Lamellar
samples, which were yellow in color with dimension
53531 mm3, were subjected to annealing in various atm
spheres~Zn, Cd, Cd1Al ! at temperatures 873 to 923 K fo
15 to 20 h. The vacuum anneal takes place at temperat
773 to 973 K for 12 to 24 h. Shutters for the doping comp
nents were designed so as to create saturated vapor pres
only at the initial stage of the process, which eliminates
possibility of formation of secondary phases of type II–
based on them. All the samples, both the original ones
those subjected to thermal processing, hadp-type conductiv-
ity. Cathodoluminescence~CL! spectra were recorded at
sample temperatureT 5 77 K. The luminescence was excite
by an electron beam with energy 35 eV and a maxim
excitation level of up to 15 W/mm2. In order to prevent loca
heating by the electron beam, the samples were enclose
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single facet as the emitting surface. The excitation pow
densityL used to create the cathodoluminescence could
decreased by defocusing the electron beam; the ratio
maximum to minimum excitation power density wa
Lmax/Lmin5103. The spectral resolution did not excee
60.2 nm. The luminescence was uniform over the en
volume of the doped samples. Stationary photoluminesce
~PL! was excited atT 5 4.2 K from those fractions normal to
the most developed and perfect natural facet~112! of the
sample by light from an argon laser~photon energy
Eex52.54 eV! or an ultraviolet xenon high-pressure lam
combined with a UFS-2 filter with a transmission maximu
at 330 nm; the emission was analyzed with a grating mo
chromator and recorded by a cooled photomultiplier with
type-S-1 photocathode. The spectral resolution w
0.25–1.0 eV. The excitation power densityL could be de-
creased by using neutral optical filters such th
Lmax/Lmin523103.

Typical cathodoluminescence spectra of unannea
single crystals of copper-aluminum diselenide with unifo
composition atT 5 77 K show a broad orange peakA with
half-widthDE50.35 eV and a maximum at 1.94 eV~Fig. 1,
curve1!. In the high-energy tail of the bandA there is a band
B1 with a maximum at 2.07 eV. As the level of excitation
cathodoluminescence decreases, the bandA broadens, de-
creases in intensity, and separates into two bands w
maxima at 1.91 and 1.96 eV~Fig. 1, inset!. The position of
bandB1 does not change in this case.

Annealing of the single crystals in the presence of
group II elements of the periodic table Zn, Cd, or Cd1Al
leads to a significant transformation of the spectrum. T
dominating feature in the spectrum becomes bandC ~Fig. 1,
curves2–4!; the position of its maximum is determined b
the type of alloy formed, while the intensity of the orang
bandA decreases by a factor of 102–104, or is not even
detectible~for Cd1Al !. In this case the color of the visible
luminescent emission changes from yellow for Cd1Al to
green for Cd and sky-blue for Zn. The intensity of catho
oluminescence is significantly weakened by thermal proce
ing of crystals of this compound in vacuum: processing
veals a broad (DE.0.5 eV), washed-out red peak, whos
wings overlap the entire visible range, while the intensity

315315-04$10.00 © 1997 American Institute of Physics
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decreased by a factor of;103 compared with undoped
samples~Fig. 1, curve5!. The position of the band maximum
depends on the thermal processing conditions: increasing
working volume of the cell in which the annealing tak
place, and shifting the temperature and duration of the
neal, shift the maximum toward lower energies until the
minescence is entirely quenched.

Figure 2 shows PL spectra of single crystals of copp
aluminum diselenide with uniform composition at a tempe
ture 4.2 K. It is clear from the figure that the magnitude
the energy of the excitation photonsEex affects the position
of the primary bandA: asEex increases, the maximum shift
to higher energies of the spectrum~Fig. 2, curves1,2!. The
position of the maximum also depends on the PL excitat
density. In the PL spectra of samples annealed in the p
ence of zinc, excitation from a xenon lamp leads to t
bands,A ~1.96 eV! andC ~2.53 eV!, with an intensity ratio
I A : I C51:2.

Analysis of the spectra shown in these figures indica
that the same recombination mechanisms operate in t
compounds for all methods of luminescence excitation, si
the spectral content of the radiation does not undergo
significant change. It is obvious that the primary orange b

FIG. 1. Cathodoluminescence spectra of single crystals of CuAlSe2 grown
by CTR~1! and annealed in the presence of zinc~2!, cadmium~3!, cadmium
plus aluminum~4!, and vacuum~5!. T 5 77 K. Spectral positions of maxima
eV: 1—1.94 (A), 2.07 (B1); 2—1.94 (A), 2.58 (C); 3—1.94 (A), 2.445
(C); 4—2.34 (C); 5—1.65–1.75 (A). The inset shows the dependence
the structure of the bandA on excitation power density.
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in the spectrum of the undoped compound is complex
structure, consisting of a superposition of bands correspo
ing to different recombination mechanisms. Evidence of t
is the fact that as the excitation power density for the lum
nescence decreases, we are able to spectrally resolve
peakA ~Fig. 1, inset; Fig. 2, curve4!. In this case peakA1

can be associated with radiative transitions with the part
pation of donor-acceptor pairs (D2A), because the position
of its maximum is sensitive to the change in excitation pow
density and shifts toward the high-energy region of the sp
trum when the latter is decreased.6 The luminescence ban
B2 ~like the bandB1!, can be related to band-localized lev
transitions, since its position does not depend on the exc
tion power density. As the excitation photon energy
creases from 2.54 eV~Ar1 laser! to 3.76 eV~xenon lamp!,
the maximum of bandA shifts toward the high-energy regio
~Fig. 2, curves1,2!. However, the magnitude of this shift i
smaller than the fixed value 0.23 eV assigned by Chich
et al.,7 who associated it within the framework of
configuration-coordinate model with radiative transitio
from deep levels to subbandsA andC of the valence band
the energy gap between these bands is equal to 0.23

FIG. 2. Spectral dependence of the photoluminescence~PL! of single crys-
tals of Cu1.1Al0.9Se1.9—undoped~1,2!, annealed in the presence of zinc~3!
and for decreased power density~4!. T 5 4.2 K. Excitation energyEex , eV:
1—2.54,2–4—3.76. Spectral positions of maxima, eV:1—1.74 (A), 1.24
(D); 2—1.81 (A), 1.97 (B2); 3—1.96 (A), 2.53 (C); 4—1.76 (A), 1.97
(B2). The inset shows the energy diagram for transitions with photon e
tation energiesEex,Eg ~a! andEex.Eg ~b!.
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plained by the dependence of the recombination light on
citation energy. When the excitation photon energy
smaller than the width of the band gap of the compou
(Eex,Eg), the dominant recombination mechanism is t
interaction of donor-acceptor pairs~Fig. 2a!, which we call
L-luminescence by analogy with Ref. 3. As the excitati
energy increases (Eex.Eg), the probability of more high-
energy transitions increases, including localized level-b
and band-band type transitions~Fig. 2b!, a redistribution of
the band intensities takes place to form the bandA, and the
resulting maximum shifts toward larger values of the ener
which corresponds toH-luminescence. Analogous conside
ations apply in discussing the bandD, which is recorded
only at small photon energies (Eex,Eg), implying that it can
be assigned toD2A recombination.

Investigation of the width of the donor and acceptor le
els in multicomponent semiconductors is a complica
problem, because even a discussion of the simplest defec
the crystal structure in I–III–VI2 compounds, such as vaca
cies, substitutional and interstitial atoms, leads to twe
types of point defects, each of which can form optically a
tive levels in the band gap. We recalled above that the reg
of homogeneity for copper-aluminum diselenide correspo
to Cu1.1Al0.9Se1.9, i.e., is shifted toward an excess of C
atoms and a deficit of Se and Al atoms compared to the id
stoichiometric compound CuAlSe2 . In light of this circum-
stance, we can assume that the main contribution to the
combination in undoped crystals comes from intrinsic d
fects connected with an excess of copper and aluminum
selenium vacancies. The excess copper atoms act in
ways: either to occupy the space between lattice sites, w
gives rise to donors, or to replace cation vacancies in
aluminum sublattice, since the closeness of the me
lochemical properties of Al and Cu implies that the probab
ity of forming CuAl exceeds manifold the probability o
forming CuSe. The fact that the grown crystals exhibit on
p-type conductivity suggests that the preferred mechanis
formation ofVAl and CuAl , which leads to the appearance
acceptor levels. Depending on the characteristics of
chemical bonds in I–III–VI2 compounds~ionic or covalent!,
a chalcogen vacancy can be either a donor or an accep8

Since the chemical bond in the semiconductor CuAlSe2 is
intermediate between homopolar~covalent! and heteropolar
~ionic!, the presence of a selenium vacancy can lead to do
and acceptor levels in the band gap, whose mutual elect
compensation decreases their contribution to the elect
conductivity mechanism. Therefore, increasing the num
of anion vacanciesVSedoes not lead top2n inversion of the
conductivity type. Furthermore, by virtue of the high vap
pressure of the chalcogen in the growth process, an auto
ing of the compound by Se atoms takes place. As a re
weakly bound interstitial selenium appears in the latti
which is an acceptor impurity. Therefore, the primary oran
bandA of the luminescence can be viewed as arising fr
the participation of a large number of donor and accep
levels. The character of interaction between these levels
determines the spectral structure of this band. It is also
vious that there is an interrelation between the mechani
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appears in the spectrum as a result of doping. Since the
sition of this band depends on the intensity of the excitat
light, the mechanism that determines its nature isD2A re-
combination. This fact can explain the participation ofVAl

andVSe impurity levels in the formation of the two bands. I
the annealing process, the closeness of the covalent rad
aluminum, zinc, and cadmium~1.23, 1.225, and 1.405 Å
respectively7!, causes a replacement of theVAl vacancy by
atoms of the doping impurity, with the formation of accept
levelsNAl ~whereN is Zn, Cd!. In favor of this assumption is
the impossibility of obtaining material withn-type conduc-
tivity by doping with Zn and Cd; i.e., in this case the pro
ability of replacement of a vacancy by atoms of Zn and Cd
the aluminum sublattice is larger than the probability f
formation of interstitial defects, which are donors. Depen
ing on the degree of doping, the concentrations ofVAl and
NAl and, consequently, the intensity of interaction
VAl2VSeandNAl2VSedonor-acceptor pairs, can change. A
a result, a redistribution of the relative intensities of ban
A andC takes place~Fig. 1, curves2 and3; Fig. 2, curve3!.
When the crystals are annealed in the presence of cadm
with aluminum, due to the diffusion of aluminum atom
from the gas phase to the crystal, there occurs a decrea
the concentration of vacanciesVAl and, consequently, a de
crease in the probability for formation of CdAl defects. Cad-
mium atoms occupy the primary interstitial site, which lea
to the appearance in the band gap of yet another level w
opens a new recombination channel; the resulting maxim
in this case is displaced toward lower energies~Fig. 1, curve
4!. Annealing of the samples in vacuum leads to an incre
in the number of intrinsic defects. Meanwhile, the most pro
able event is formation of new vacanciesVSeandVAl , since
studies of the composition of the vapor phase above the
nary compound indicate the presence of chalcogen ato
along with gas-like molecules of type III2–VI.

9 On the other
hand, the range of homogeneity of the compound is v
small ~less than 0.02 mole fraction.5 Therefore, even a mini-
mal decrease in the amount of host elements Al and Se
evitably leads to the formation of a two-phase region a
consequently, to quenching of the visible luminescen
Therefore, we see no photoluminescence from samples
nealed in vacuum. BandB1 is caused by transitions of th
band-localized level type. It is recorded only in the lumine
cence spectra of starting crystals, and appears eve
samples with stoichiometric composition; in this case
relative intensity does not change. For this reason, it is
sumed that the formation of the bandB1 involves the partici-
pation of defects caused by association of oxygen atoms
doubly ionized copper atoms Cu11. The Cu11 ions are
formed as the result of an oxidation reaction between C1

ions of the primary lattice and impurity oxygen atoms, whi
enter the crystal during the growth process.10 Annealing in
vacuum should lead to a decrease in the concentratio
these defects and to the disappearance of the bandB1 , which
is indeed observed experimentally~Fig. 1, curve5!. The
bandB2 is clearly distinguishable in the PL spectrum on
for Eex . Eg . Annealing in the presence of Al leads t
quenching of the bandB2 . Consequently, we can assum
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that the formation of the bandB2 is caused by transitions
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1L. A. Makovetskaya, B. V. Korzun, S. A. Grutsko, G. P. Popel’nyuk, N. I.
Zheludev, and V. V. Tarasenko, Bull. Acad. Sci. Belarus, Ser. Phys. Math.

P.

.

.
ys-
between the conduction band and an acceptor level gene
by aluminum vacancies.

While studying the spectral dependence of optical tra
mission in unpolarized light, we estimated the width of t
band gapEg of the compound, whose value was 2.69 eV
77 K and 2.61 eV at room temperature.

Thus, the luminescence properties of copper-alumin
diselenide are determined primarily by intrinsic defects. A
nealing in various atmospheres leads to a considerable m
fication of these properties, due to changes in the concen
tion of intrinsic defects and impurities in the single-crys
compounds, which accompany the thermal processing.

This work was financially supported by the Fund f
Fundamental Research of the Republic of Belarus~Project
T94-150!.
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The electrical activity of isoelectronic germanium impurities in lead chalcogenides

in
V. F. Masterov, F. S. Nasredinov, S. A. Nemov, P. P. Seregin, A. V. Ermolaev, and
S. M. Irkaev

St. Petersburg State Technical University, 195251 St. Petersburg, Russia
~Submitted June 17, 1996; accepted for publication July 1, 1996!
Fiz. Tekh. Poluprovodn.31, 381–383~March 1997!

The method of Mo¨ssbauer spectroscopy of the isotope119Sn is used to show that in PbS and
PbSe an isoelectronic germanium impurity is a two-electron donor, and that the energy levels of
germanium lie above the levels formed by tin impurity atoms in these semiconductors.
© 1997 American Institute of Physics.@S1063-7826~97!02603-3#

In a previous paper, using the method of Mo¨ssbauer
119
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30
spectroscopy of Sn, we established that isoelectronic t
impurities in lead chalcogenides~PbS, PbSe! are two-
electron donors: doping of the solid solutions Pb12xSnsS and
Pb12xSnxSe by acceptor impurities~sodium, thallium! is ac-
companied by conversion of a portion of the tin atoms fro
divalent Sn21 state to the quadrivalent Sn41 state.1 In PbSe
the energy levels connected with tin centers are found in
lower half of the band gap, while in PbSe they are in t
valence band.1 We can expect analogous behavior for is
electronic germanium impurities in the lead chalcogenid
The most natural way to observe this effect in PbS and P
would be to use Mo¨ssbauer spectroscopy of73Ge. However,
due to experimental difficulties in carrying out such an
vestigation, we have decided to study the electrical activ
of germanium impurities in PbS and PbSe by the method
Mössbauer spectroscopy of119Sn. The main idea here is tha
in lead chalcogenides that are simultaneously doped with
germanium, and acceptors~e.g., Pb12x2ySnx2zGezAyS,
Pb12x2ySnx2zGezAySe), the presence of electrically activ
germanium donor centers should, under certain conditio
change the ratio of intensities of the neutral and ionized c
ter lines of tin in the Mo¨ssbauer spectrum of119Sn compared
to samples that are doped only with tin and acceptor im
rities.

We synthesized our samples using the method descr
in Ref. 1; we studied single-phase samples for wh
N(Sn)1N(Ge)5N(A) @hereN(Sn), N(Ge), andN(A) are
the concentrations of tin, germanium, and acceptors, res
tively#. Mössbauer spectra of119Sn were measured at 80
using a SM 2201 spectrometer with a Ca119mmSnO3 source.
Typical spectra are shown in Figs. 1 and 2.

Mössbauer spectra of a PbS sample containing only
and an acceptor consist of a superposition of two lines w
roughly the same intensity, corresponding to Sn21 ~a neutral
tin center! and Sn41 ~a doubly ionized tin donor center! ~see
Fig. 1a!. The ratio of the concentrationsN(Sn21) and
N(Sn41) can be determined from the ratio of areasS under
the corresponding spectra:

S~Sn21!/S~Sn41!5@ f ~Sn21!/ f ~Sn41!#

3@N~Sn21!/N~Sn41!#. ~1!

According to Ref. 1, the ratio of the Mo¨ssbauer coefficients
f for Sn21 and Sn41 centers at 80 K is 0.93~1!. In particular,
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R5N(Sn )/N(Sn)50.50(2), which corresponds to ioniza
tion of half the tin atoms, as we should expect for a tw
electron donor.

The gradual replacement in PbS of impurity atoms
germanium leads to a decrease in the intensity of the S41

spectrum ~see Fig. 1, curveb!, while in the spectra of
samples for whichN(Ge).N(Sn) we observe only the line
Sn21 ~Fig. 1c!. This obviously attests to the donor activity o
impurity germanium atoms.

The equation for electrical neutrality for the solid sol
tions Pb12x2ySnx2zGezAyS can be written as follows:

2N~Sn41!1nN~Ge!1p2N~A!50, ~2!

wheren is the charge of the germanium centers, andp is the
concentration of holes. For the compounds we investiga
with x5y we can then write the expression forR as follows:

R51/21~12n!z/2~x2z!5p/2~x2z!. ~3!

FIG. 1. Mössbauer spectra of 119Sn in the solid solutions
Pb0.96Sn0.022zGezNa0.01Tl0.01S: z50 ~a!, 0.005~b!, 0.01~c!. The positions of
the Sn21 and Sn41 spectra are shown.

319319-02$10.00 © 1997 American Institute of Physics
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In Fig. 3 we show the computed dependence ofR on the
ratio of the germanium and tin concentrationsz/(x2z) in
PbS for equal charges of the germanium centers. In the
culations we take into account that forR,1 the concentra-
tion of holes can be disregarded, because the Fermi lev
located in the band gap. Ifn50 ~the germanium is electri
cally inactive or its energy level lies below the level of tin!,
then the increase in germanium concentration should lea
an increase inR as long as we have not reached compl
ionization of all the tin centers forz/(x2z)51. If n51 ~the
germanium is a single-electron donor, and its level is ab
the tin level!, thenR will not change as the germanium co
centration changes. Ifn52 ~germanium, like tin, is a two-
electron donor, with a level above the tin donor level!, then
R will decrease as the concentration of germanium increa
as long as all of the tin has not converted to the neutral s
for N(Ge)5N(Sn) @z/(x2z)51#. However, we should also
take into account the decrease inn due to the incomplete
ionization of the germanium centers. The placement of
perimental values ofR in Fig. 3 for the solid solutions
Pb0.96Sn0.22zGezNa0.01Tl0.01S shows that the isoelectron
germanium impurity in PbS is a two-electron donor and t
its energy levels lie below the tin levels.

Impurity atoms of germanium in PnSe also exhibit ele
trical activity. As is clear from Fig. 2, curvea, doping of
PbSe by tin alone plus an acceptor impurity leads to
appearance of lines in the Mo¨ssbauer spectrum which corre
spond to Sn21 and Sn41. The considerable difference in in

FIG. 2. Mössbauer spectra of 119Sn in the solid solutions
Pb0.96Sn0.022zGezNa0.01Tl0.01Se: z50 ~a!, 0.01 ~b!.
320 Semiconductors 31 (3), March 1997
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tensities of these lines is explained by the fact that ene
levels connected with the tin centers lie in the valence ba
so that the valueR depends not only on the acceptor conce
tration ~as was true for PbS!, but also on the hole concentra
tion. Replacement of tin by germanium is accompanied b
decrease in the intensity of the Sn41 line, and for
N(Ge).N(Sn) only the Sn21 line remains in the spectrum
~see Fig. 2, curveb!. The experimental points shown in Fig
3 for the solid solutions Pb0.96Sn0.22zGezNa0.01Tl0.01Se in the
region N(Ge),N(Sn) are located on a curve~shown by
dots! which passes above the curve f
Pb0.96Sn0.22zGezNa0.01Tl0.01S due to the effect of holes, bu
with a very similar slope. This obviously indicates that t
isoelectronic germanium impurity even in PbSe is a tw
electron donor, and that the energy levels of germanium
above the tin levels.

All appearances suggest that germanium forms cen
with negative correlation energy in both PbS and PbSe,
tin, which requires a special investigation.

This work was carried out with the financial support
the Russian Fund for Fundamental Research~Grant No. 96-
02-16957a!.

1V. M. Masterov, F. S. Nasredinov, S. A. Nemov, and P. P. Seregin,
Tekh. Poluprovodn.30, 840 ~1996! @Semiconductors30, 450 ~1996!#.

Translated by F. Crowne

FIG. 3. Computed dependences ofR on the ratio of the germanium and tin
concentrationsz/(x2z) ~solid curves!. Points—experimental values ofR
for Pb0.96Sn0.22zGezNa0.01Tl0.01S ~1! and for Pb0.96Sn0.22zGezNa0.01Tl0.01Se
~2!.
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