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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 SiQOin strong fields. Hot electrons dislodge hydrogen

from dangling SiQ and Si bonds, creating traps for electrons and holes. Computations have
been carried out for hydrogen redistribution and charge accumulation in $ie

experimental data of D.A. Buchana al. [J. Appl. Phys.76, 3595(1994] are used to determine

the hydrogen-formation reaction cross sectigp=6x 10 2° cn? and the hydrogen-

photogeneration frequenay,,=2x 1078 sec' . An explanation is given for the accumulation of

an anomalous positive charge in the Sifdm. © 1997 American Institute of Physics.
[S1063-78267)00103-9

Hydrogen plays an important role in the growth of the SiO, region and in the SigAl region>° The hydrogen
thermal oxide Si@ as a passivating impurity in silicon saturates dangling bonds of the SiH or SiOH form, which
metal—oxide—semiconduct@vOS) structures-?> By saturat-  can arise during the thermal oxidation of silicon or during its
ing the dangling bonds of silicon or oxygen, hydrogen elimi-hydrogen processing. When free hydrogen migrates in a film,
nates defect states in the bulk and at the SifSEDd reactions of the form
SiO,/Me interfaces. It is assumed that defect states play a Ky
key role in the degradatlc_)n_ pf dewces_bgsed on S|I|cor_1 MOS  giH+H Si_+H, (1)
structures, and the possibility of predicting the evolution of
the hydrogen profile in the subgate insulator therefore ha8'
great significance. Buchana al2 suggested that electrons kq
heated in Si@ can cause redistribution of the hydrogen as a  SiOH+H — SiO_+H,
result of its being dislodged from the bonds and migration to . . . . :
the boundary, so that it creates defects in the bulk and at thd'® possible, where S'Or.S'O* are dang_"T‘Q bonds, V\.'h'Ch
Si/Si0, boundary. They also experimentally studied the hy_are neutral traps for carriers. The possibility of reactions of
drogen distribution in a film for various values of the trans-the form of Eq.(1) was verified by a quantum molecular

: . . dynamics calculation carried out by Yu. N. Morokov using
mitted chargeQ. The formation of defects accompanying the . S
injection of hot carriers has been considered in Refs. 4—8the semiempirical MINDO method. When hydrogen ap-

and the migration of hydrogen atoms was studied in Ref. gproaches a S"-.I co_mplex, anew Honq appears. When this
In this case, the main role was played by hole injection,happens’ the kinetic energy evolved is sufficient to break the

which weakened the SiH bonds at the silicon surface and ir?;%bond' The reaction constant of Hd) can be estimated

the SiQ layer adjacent to it. In Ref. 10, as in Ref. 3, the r
hydrogen distri_bution in Siwas experimentally ;tudied, kKi(X, T)=4mDy(T)ry- £1(x), (2
and two maxima of the hydrogen concentration were . e - .
obtained—on the SiQsurface and at the Si/SjOnterface. whgreD H IS the _dn‘fuspn coeﬁ|C|er_1t of atomic h_ydrogen,
The limiting hydrogen concentrations in Sidilms grown ruis the interaction radius of atomic hydrpgen with SiH or
by various means have been determined. UnfortunaterS'Cin_C?mpl_e);es’ 31.0—2.? A, Qn(tjhg(xg :i a gararr:;:ter
there are no data in the literature on the theoretical study otr]ha 'I':S |nguh|sdes N r;eac Ions n he ltJ d e:)n oln N € sur
the hydrogen redistribution in a Si/Sj\l structure, and no face. Free nydrogen atoms are generated by electrons in-
comparison has been made with the experimental data. Wgcted into the Si@ or created by photogeneration and col-

propose here a computational model that takes into accouJﬁCted in an electric field with energy= e¢=1.5 eV, or by

the hydrogen redistribution, reactions with hydrogen in thehlgh-energy photons. Heeg, is the threshold energy needed

solid state, the creation of new trapping centers, the capturt@ break a SiH or SiOH bond in reactions of the form

of carriers on them, recombination of free carriers with the _ ke

. . —
carriers captured at the traps, and the effect of the electric S|H+e<k—S|+H+e ©)
field on electron heating. 3

or
PHYSICAL MODEL .
2

We assume that there is an inhomogeneous hydrogen SiOH+e = SiO_+H+e

distribution in the SiQ film, with two maxima, in the Si/ ks
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with reaction constants needed on the nature of the electron- and hole-capture cen-
ters(trapping centens Unfortunately, no generally accepted

Ka(T.X)=4mD(T)r - £5(X) “) physical models for these centers yet ekist>*As a rule,

and they are associated with lattice defects, which can be con-

e ventionally divided into those present in the starting material

Ka(TX)=on(e.X)vg, ®)  after synthesis and those that result from repeated treatment

wherev§ is the electron-drift velocity, andry(e,x) is the ~ Wwith a field or with other external perturbations.

decay reaction cross section of the SiH bond, which depends We assume that the neutral dangling bonds that appear

on the electron energy by the threshold relationship are traps for both electrons
0 e
o for e(X)=e, . St
oy(e,x)= 4 ( “ (6) Si_+e — Si,
0 for e(x)<eg.
o'
Here we have taken into account the dependence of the mean SO +e — SiO- (11)
electron energy on the distangefrom the injection site ac- .
cording to a linear law and for holes;
Pa.
g(x)za. X 7S
_ _ _ _ Sii+p— S/, (12)
before the instant of reaching saturatiog;at a given elec-
tric field E. The saturation energys,;also increases linearly _ ’si .
with field E: SIO-+p — SIO_.
esa=b-E. Free carriers can recombine with carriers already captured at
the traps:
Both laws follow from the calculations of Refs. 11 and 12, .
and the approximation constants are adjusted to these calcu- _ 7S
lated results. By the reverse reaction in E8).is understood Si"te— Si., (13
the possibility that the dangling bonds become saturated with o
hydrogen atoms, where it is assumed that these reactions gjo*+e — SiO_
occur differently in the bulk and on the surfafgarameter o
&5(X) has a different value for the reaction in the bulk and on . '
) SiT+p — Si_ 14
the surfacé However, we should point out here that the
binding energy of the SiH complex is about 1.5 eV, whereas osj

it is much greater for the SiOH complex. Therefore, in what  SiO"+p — SiO_.
follows, we shall consider only SiH complexes and the pro-

. The charge-accumulation and current-relaxation equa-
cesses in them.

The system of equations for the model described abovtlons are
has the form Jn=1injtIph» (15
iCy o i =i 4P 1
atH (9)(( H 5o IX +0'H(8 X)UdnCS|H+ VphCSIH ]p g Jn Jph, ( 6)
jihj=A-E? exp(— a¢>%E), 17
—k1(X)CsinCr—ka(X)CxCs;_, (7 3C
Si_ _
ICqn o1~ OHUn/8)CsinK3(X)Csi_ Crtka(X)CsinCr
Fraa o1(&,X)vgn Cain— vprCsin— K1 (X) CsinCh
—03(in/e)Csi_+ 05 (jn/e)CT +odi(jp/e)C,
+k3(X)CyCsgi 8
3(X)CxCsi_ 8 19
(S)C:H2 J &CH é,CJr
ot x| P | TR0 CsikCh, ©) — = 08(ip/e)Csi_—ogi(inle)C, (19
(?CS|_ (9C_ n,: _
ot =o(e,x)vgnCqiyt VpnCsint K1(X) CsivChy TZUSi(Jn/e)C& USl(Jp/e)C (20)
—Kk3(X)ClCs; - (10) where the electron current is determined by the conditions at

the contactgthe injection current is computed from the for-
Hydrogen can also be generated by irradiating the samplmulas for tunneling through a triangular barrief, is the
with light, as was done, for example, in Ref. 3, wheygis  barrier height at the interfaces for electrons with a mean
the frequency of generation of hydrogen atoms by light. Theenergy that exceeds the conduction-band edge, Aaraohd
next problem to be solved is that of the charge-accumulatiomx are tunneling constantand by the generation of electrons
kinetics in SiQ. To solve this problem, information is by photons. For the hole currejy [Eq. (16)], the model of
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7 sec. The causes indicated above make it possible to use Egs.
(15 and (16) instead of the continuity equations with an
accuracy no worse than 0.1-1.0%. A similar approximation
has been used in the literatufgee, for example, Refs. 16,

4 21, and 22 In the same way, we can write the equations of
the charge kinetics at the trapping centers that appear during
the synthesis of Si©and Poisson’s equation:

10

£,V/cm
ﬂq —rrrr
%

i any ) .
Ezo'n(Jn/e)(Nt_nt)_o'rn(Jp/e)ntu (21)
10° : A ; , \
0 2 Y 6 2 7] Py _ ,
.z,10"cm E:Up(Jp/e)(Pt_pt)_arp(Jn/e)pt_pt/Tpv (22)
FIG. 1. Electric-field distribution profiles in the film/,= —42 V for dif- JE(X) _
ferent values of the charge flu=—5x 102 Clcn?; 2—95>< 107! Clen?. ax (ele)(pi—n+C"—C7), (23

whereN,; and P, are the concentrations of neutral traps for
Ref. 15 for the generation of holes from the contact by hotfr I::;r(;r:]z ?]Z?ezoéiﬁiﬁzg F;tatrrﬁattr: chson;:;gatm;s o;ﬁl(;ac—
. ’ p rn:i

electrons is adopted. Since for holes there are large barrleUr are the electron- and hole-capture cross sections and the
heights at the Si/SiQor SiG,/Me boundaries, the hole- P

generation probability constant was assumed & 63 recombination cross sections of the electrons and holes cap-

The quantitieC* andC in Egs.(18)~(20) are the concen- tured at th.e traps, respectlvely. The free electron and hole
i . . concentrations are omitted from E@3) because they are
trations of holes and electrons, respectively, which are

trapped at dangling bonds, a@}; is the concentration of small .
) , ' - . The boundary conditions for the reduced system of equa-
dangling bonds in the neutral state. The free-carrier concen;ons have the form

trations were computed from

=in/(e-v§ o x=0=0, “Mx=Lt)=3
and
. dCh,
p=Jp/(e-v§). CHZ(XZOI)ZO, W(XZL,U:O,

In writing Eqgs.(15) and(16), instead of using the continuity

equations for electrons and holes, we considered the follow- #(0)=0. ¢(L)=Vj.

ing points: (1) The free electron and hole concentrationsHere we have used the conditions of nonflow and semitrans-
were usually several orders of magnitu@es many as six parency for hydrogen and the possibility of transmitting volt-
lower than the electron or hole concentration at the trapsge to the structure. Other versions of the boundary condi-
(n~10°-1¢, p~10*~10cm™3 C~, C*, Cg~10® tions were also used in the numerical calculations. The initial
-10*cm™3) and were uniformly distributed over the thick- conditions for the system of equations are

ness of the insulator, with the exception of thib0 to 100-
A-thick layers near the electrodé:*° (2) The electric field Csin(x,t=0)=Cgy,  Csi (X,t=0)=Cg; ,
distribution was also fairly uniform over the samgkg. 1) 0 — 0

and began to vary only when a charge of about<sl8 2 Chxt=0)=Cp,  Cr,(x,t=0)=Cy,,
Clcn? passed through unit area of the structure, screening CH(x,t=0)=0, C~(x,t=0)=0,

the applied voltage(3) The fields existing in the structure

did not exceed 10V/cm, and therefore avalanche multipli- n(x,t=0)=0, pyx,t=0)=0.

cation processes can be disregartiét). The photocurrent in - ayssian functions were used to approximate the initial pro-

Egs. (15 and (16) can be disregarded, since special filtersgie cO O 0 O  of the concentrations of trapped
1 1 21

were used in the experiments to cut off the spectra of phoﬁ dro Sign’ aziil\,/ell as for the concentration of trapping centers
tons whose energy exceeddslO eV.(5) Current variations ydrogen, bping

due to capture processes can also be ignored because of ttlh]élt appear during sy_nth_eS|s. We shall consider samples in
smallness of the free-carrier concentrations. Note that th&. ich, in strong electric fields, electrons are accumulated at
neutral traps.

role of the constant exposure used here reduced only to ex-
citing the electron subsystem at the contdétsor Si), and

that the already excited electrons with a mean energy abov'\éETHOD OF CALCULATION
the conduction band edge then tunneled into the,3iO We used an implicit technique to numerically solve the
Since no current value was given in Ref. 3, it was impossiblesystem of equation$7)—(10) and (15—(22). The time de-

to estimate the reduction of the barrier height in ELy?). rivatives were approximated with first-order accuracy. The
The current was estimated from a charge of about 1.0 Cétep in time was chosen to increase over time with a growth
c? passing through unit area in a time of about® 10 increment of 8t"/6t""1=1.1. A conservative technique of
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second-order accuracy on a nonuniform grid was used to
approximate the spatial derivatives. The nonlinear system of
difference equations was solved by successive scalar passes,
using the solutions from the previous iteration. The accuracy
of the calculations was no worse than 0.1%.

RESULTS OF CALCULATIONS AND DISCUSSION

L]

Despite the well-known object of this study—hydrogen 'E 4

in silicon oxide—until now the question considered in the &°

literature has been in what form does hydrogen diffuse, as a“’Q

neutral particle or as a positively charged particle. For atoms, 3 3
this is in the form of protons, and for molecules in the form 4

of positive H; ions. What boundary conditions can be used © 2

for the atoms or molecules at the SiBI and SiG/Si

boundary: reflecting boundarieso@/dx=0), adsorbing

boundaries C=0), or transparent boundaries for the pen- 2 1
etration of particles from one material to the otlittre con- “"')r'\:_‘
dition that the fluxes are equal at the interface, 0 2 4 6 8

D, dC,/9x=D,dC,/dx? To answer these questions, calcu- z,70 Fom
lations were carried out with various types of boundary con-
ditions, and the drift component of positive ions of atomic orF!G: 2. Distribution profiles of bound hydrogen in a 3ifim, V= —42 V,

. . . k,=10""°. 1—calculation withkz # 0 in the SiQ bulk; 2—calculation tak-
molecular hydrogen was taken into account in the_ expressmﬁg into account the positive charge of atomic hydrogay=1:
for the flow, Eq.(24). The results of the calculations were 3 calculation withk,=0 in the bulk andks # O close to the Sig/Si bound-
compared with the experimental data of Ref. 3. An analysisry,q=0.
of these data shows that molecular hydrogen does not pen-
etrate into the silicon substrate. Therefore, at the SiSiO
interface, the Neumann condition can be used for mobilglominate in the system, reactions with which involve over-
molecular hydrogen and the condition of equality of thecoming a reaction barrier.
fluxes for atomic hydrogen, since the latter penetrates into We assume that mobile atomic and molecular hydrogen
the Si. Both types of boundary conditionaC/9x=0 and moves through the insulator in the form of ions. We there-

C=0, were tested at the Al/SiQnterface. fore added a drift term to the flux term in the diffusion equa-
It follows from the calculations that, for molecular hy- tions (7) and(9) in the form

drogen, using Neumann conditions at both boundaries makes Pl

it possible to have unbounded growth of the ébncentra- ju+=—Dp+ +E-q- up+-Cy+, (29

tion in the SiQ. It is easy to see this result from the form of X

Eqg. (9), where the right side contains only the generationwhere the mobilityu+ is associated with the diffusion co-
term ~k,CgyCy, Whereas the reflection condition is valid efficientDy+ by the Einstein relation. In addition, the charge
at both boundaries. As a result, for characteristic times obf the particles(molecules and atorhsvas taken into ac-
t~10° sec, a charge flow through unit area @=1 C/  count in Poisson’s equation, E(3)
cn?, and the chosen parameterg and Tph, CONcentrations

0. 3 . ; . JE(X) _
of H,~10?° cm™® were obtained, which are not observed in ~ ——~ — (¢/¢)(p,—n+C*—C~ +Cp+ +Cp).
experiment. It follows from this that either sinks for molecu- 2 2
lar hydrogen exist in the bulk, or the adsorption condition,As follows from Fig. 2, with a negative biag, on the gate,
Cy,=0, is valid, or b emerges from one of the boundaries. the electric field of about % 10° V/cm does not allow the
We have used in our calculations the condition that mobileprotons to drift to the Si/Si@interface, and the hydrogen
molecular hydrogen equals zero. This limits the growth ofconcentration at this site does not increase with time. It can
the H, concentration in the bulk. This type of boundary con-therefore be concluded that hydrogen atoms in,Sifuse
dition corresponds to the case in which part of the moleculam neutral form. The situation with molecular hydrogen is
hydrogen emerges from the film. In order to bring the calcusomewhat more complex. Its diffusion in the form of an
lations into agreement with the experiment of Ref. 3, theH, ion does not disturb the qualitative picture of the process
parametei;(x) in the reaction constart (2) was set equal and gives fairly good agreement with experinfeint both
to ~10 3. The latter is evidence that not every attempt ofcases(Fig. 2). In our subsequent calculations, we assumed
the mobile hydrogen to approach the Si—H or SiO—H com-+that the molecules diffuse as neutral.H
plexes is accompanied by,Hnolecule formation; i.e., the As shown by the calculations, reactions such as(By.
reaction occurs with a certain activation barrier. A calcula-occur in only one direction in the buliFig. 2) [the param-
tion by the semiempirical MINDO method of a reaction in eter isé;(x) = 0], and the dangling bondshe surface statgs
the Si—Ht+H system is evidence that it has a nonactivationare saturated with hydrogen atoms only close to the Si/SiO
nature. Consequently, the SiO—H complexes apparently pre-interface. The cause of this behavior is that, after a hydro-
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FIG. 3. Decrease of the percentage of bound hydrogen at the//8iO
boundary vs time1,1'—E=0, 0,,=2X10"% 2,2 —E=+4X10° Vicm, , , .
oy=6x10"% cn?, v,,=2X10"° sec?, 3—E=-4x10° Vicm, 0 2 A 5 8
oy=6x10"%  cm?,  v,,=6x10° sec'.  1-3—calculation; z 10"%m

1' —2'—experimental values from Ref. 3. ’

FIG. 4. Distribution profiles of atomic hydrogen for various times, de€:
10', 2—10?, 3—10%, 4—10°.

gen atom is extracted from a bond, reclosure of the bonds

and geometrical relaxation of the defect occurs at this’site.

These defect complexes do not participate in charge accum{?® nydrogen concentration at this boundary as a function of
lation, as follows from the data of Ref. 3. the transmitted charge is shown in Fig. 7, which also shows
After we adjusted the parameters of the cross sectiof'® €xperimental data of Ref. 3. As can be seen from these
oy of the reaction of Eq(3) and the generation frequency data, good agreement with experiment is observed. _
vgn at which hydrogen atoms are ejected by light from Si—H For instrumental appl|gat|ons, it |s.ess_ent|al to predict
or SiO—H bonds by high-energy phonons, we obtained‘ow the charge accumulatlc_m evolves in i@ was noted
oy=6x10"2 cn? and Vph:2><10‘6 secl The results of [N Ref. 3 that, for small fields, when small amounts of

a comparison of the calculated values and the experimentgharge, 0.1 Clchy are transmitted through unit area into
results of Ref. 3 are shown in Fig. 3. Here we have the>IO2; negative charge is accumulated at neutral traps. When
dependence of the H concentration close to the AlSiO!arge amounts of electrons are transmitted into,Siga-
boundary in a field of~4x1f Vicm and without a field five or positive chargéanomalous positive charges accu-
(E=0) when the sample is irradiated by light for about Mulated, depending on the polarity. The region of trapped
10P sec. The same figure also shows a cu)dn which the charge is rather .extenswe, being .about 100 A, gnd this
polarity of the applied voltage was changed. A smallercharge does n03td|sappear by tunneling through the interface.
amount of hydrogen was evolved from the $i@ region, Buchananet al®> conclude that there are no holes on the
since the electrons are injected from the Al, and they need a

certain distancex in order to attain enough energy to eject
hydrogen from the bonds. When the injection is from the Si,

all the electrons have high energy when they reach the region

with high hydrogen concentratiofthe neighborhood of the

SiO,/Al boundary. Figures 4—6 show the evolution of the

atomic, molecular, and bound hydrogen profiles for various 1.0
times. As can be seen from Fig. 4, as time passes, the con-,
centration of atomic hydrogen first increases, then saturates, 'g
and finally decreases; this occurs because it is lost throughﬁQ

the boundaries and is consumed in the reaction in which =,
molecular hydrogen is formed, and because the hydrogen '-305 i
generation rate decreases. For molecular hydrogen, a maxi- )
mum is formed close to the SHAI boundary during the
initial interval; this increases with time because of the reac-
tion in Eq.(1), and then the Kimolecules diffuse toward the
boundary with Si. Because of the reflection condition at this

i 1 1 I

boundary, the H concentration increases, so that the maxi- 2 s 3 8 10

mum shifts from the boundary with the Al to the boundary .12,10-51cm

with the Si. For hydrogen, the dangling bonds of the

SiG,/Al boundary become saturated, and a second maximurgig. s. pistribution profiles of molecular hydrogen for various times, sec:
appears close to the Si3i boundary. The dependence of 1—10d, 2—1¢?, 3—10*, 4—10".
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- . FIG. 8. Trapped charge density at the &€ interface vs transmitted

8 70 charge density: 1,1',3—V<0; 2,2—V >0; 1-3—calculation;
1’,2'—experimental results of Ref. 3.

FIG. 6. Distribution profiles of bound hydrogen for various times, de€:
10!, 2—10?, 3—10%, 4—10°. with different values of the capture and recombination cross

sections. We used the following values in our calculations:

oe=10"1 cn?, oP=10" cn?, oR=10" cn?,
traps. The accumulation of positive charge in Silas noted o2 =108 cn, and, for traps of the second type, as noted
for the first time by Withan and Lenah@nand Bender in Ref. 3, values ofs,=4x10 8 cn?, o,,=5x10 1°
et al?? attempted to model its accumulation. They assume@n?, 0p=0, 0,,=0. Figure 8 shows the behavior of the
that an external stimulation gives rise to defects in whichtrapped charge as a function of the transmitted charge for
positive charge accumulates. This situation involves danboth polarities. For a positive voltage on the gatg>0 in
gling bonds as a result of the generation of hydrogen. ArsiO,, a negative charge is accumulated, whereas, for a nega-
important point here is the method of appearance of holes itive voltage, a positive charge is accumulated. If we disre-
the insulator, since the SKAI and SiG,/Si barrier heights gard the accumulation of charge at the traps(the case
are too large for holes to appear by tunneling. However, iwg>0), the accumulated char@gis always positivéFig. 8,
our case, we have, first, high-energy electromgh an en-  curve 3). If we take into account the accumulation of elec-
ergy of >2 eV plus the barrier height of 3—4 ¢\énd, sec- trons at neutral trapl;, then, for small values of the trans-
ond, external irradiation by light, which excites a hole sub-mitted charge, we have negative values of the accumulated
system and reduces the barrier height for hole tunneling frorgharge, whereas, for large values of the transmitted charge,
the contacts—the Fischetti mechanism for hole injection intave have positive values. This behavior is caused by compe-
Si0,.!> We used this mechanism with a hole-generation patition between the capture of holes and electrons at the traps
rameterg from Si equal to 10° (Refs. 16 and 20and from  and the recombination of the trapped carriers with free car-
Al equal to 310 *. We assumed that both positive and riers. An important element in this model is the hole-
negative charge can accumulate at the dangling bonds, bgetneration parametay, which determines the value of the
hole current in the insulator. As can be seen from the figure,
extremely good agreement was obtained between the calcu-
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;_,Sn,Te (x=2)
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. Poluprovodr3l, 264—267(March 1997

The effect of electron bombardmenk,{=300 K, E=6 MeV, ®<4x10' cm ?) on the

electrical properties ofi-type P _,Sn Te has been studied. Electron bombardment decreases the
electron concentration and produces conductivity-tgp@ 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 bombardmeni99@ American

Institute of Physicg.S1063-782807)00203-3

A fairly well-established model of the energy spectrum(x=0.2) are affected by deep irradiation by electrons, in
of electron-irradiated Bh,SnTe (x=0.2) alloys is now order to determine the parameters of the energy spectrum of
available. This model satisfactorily describes the reconstruche charge carriers for these materials, to explain how their
tion of the spectrum of undopeg-type alloys during properties vary, and, in particular, to see what limiting char-
electron bombardment and subsequent hydrostatiacteristics of the materials can be attained as a result of irra-
compressiori:? According to this model, electron bombard- diation. In this paper we discuss single-crystal samples of
ment results in the appearance in the energy spectrum of thePb,_,SnTe (x=0.2) grown by the Czochralski method.
alloy of a resonance donor levEl; in the conduction band To obtainn-type crystals with low electron concentrations,
and a band of acceptor-type resonance stBtgswhich is  we used prolonged annealing in lead and tin vagdoping
located close to the top of the valence band and which staby deviation from stoichiometyyand doping with zinc dur-
bilizes the Fermi level in irradiated crystals. It has been esing diffusion annealing. The parameters of the samples stud-
tablished that the character of the variation of the chargeied here before subjecting them to electron bombardment are
carrier concentration as a result of bombardment withgiven in Table I.
electrons and the limiting characteristics of irradiated crys-  The original samples were irradiated at room tempera-
tals are determined by a number of parameters, including theire on an Eektronika H.U-6 linear electron accelerator
energy position and width of the resonance bapdas well (E=6 MeV, d®/dt=10'2 cm 2.sec!, ®=<8.4x10Y
as the ratio of the generation rates of donor- and acceptoem™ 2). The temperature dependences of the resistjviaynd
type defectsdN,/d® anddN,/d®. In particular, for defi- the Hall coefficienRy (4.2<T=<300 K,B=<0.04 T), as well
nite values of these parameters, deep electron irradiation @fs the Shubnikov—de Haas effect and the field dependences
p-type crystals can result in “soft” stabilization of the Fermi of the Hall coefficient T=4.2 K, B<6 T, B|(100)), were
level in the valence band, or can induce an extended insulastudied in each sample before and after irradiation.
ing state in which the Fermi level is stabilized within the It was established that, in all our samples, a slow de-
band gap. crease first occurs during electron bombardment, followed

At the same time, experimental data obtained by studyby an increase of the resistivify at liquid-helium tempera-
ing p-type crystals does not make it possible to predict withtures, with the greatest variations characterizing the samples
adequate reliability how the parameteraafype alloys vary  with the lowest initial electron concentration. The tempera-
as a result of bombardment with electrons: depending on thiure dependences of the resistivity of the original samples
ratio of the generation rates of defects of donor and acceptdrave a “metallic” character, which indicates that there are
character, irradiation ofi-type crystals can either cause-  no local levels in the band gap of the alloysig. 1. In
p conversion of the conductivity type samples with high initial electron concentration, the charac-
(dNg/d®<dN,/dP) or can increase the electron concen-ter of thep(1/T) dependences does not change after irradia-
tration in the conduction band to the point that the Fermition, whereas, in sampl€-22, thep(1/T) dependences ac-
level is stabilized at the energy level of the donor-type de-quire a semiconductor form. An activation section associated
fects @Ny/dd>dN,/dd). Moreover, the question of the with intrinsic ionization of the charge carriers appears in the
energy position of the donor-type radiation level and thetemperature region close to room temperature, whereas, at
character of the reconstruction of the energy spectrum of thiew temperatures <20 K), there is an activation section
irradiated alloys as the tin concentration in the alloy is variedwith an activation energy cAE,=0.2 meV.
remain undecided. The behavior of the Hall coefficient in our samples dur-

Our overall goal therefore was to study how the electri-ing irradiation was more complicated. A rapid falloff of the
cal properties of undoped single-crystatype Ph_,SnTe  absolute value oRy occurs in the low temperature region of
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TABLE |. Parameters of-Pb,_,Sn Te samples aT=4.2 K.

Sample  Compositiorx  n, 107 ecm™®  p, 104 Q-cm  py, 1P cnP/(V-9) B, 107 cm 2

Nn-3 0.2 0.76 11 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

the Ry(T) dependences, and a broad maximui>@0 K), range of the magnetic fields studied here, slowly decreasing
whose amplitude monotonically increases with increasing irwith increasing field.

radiation flux, appeardig. 2). The subsequent behavior of As a whole, except for the anomalous character of the
the Hall coefficient during irradiation evidently depends ontemperature and field dependences of the Hall coefficient, the
the initial electron concentration in the samples. In samplesesults (increasing resistivity, sign inversion &, during

with a high initial electron concentration, the Hall coefficient irradiation indicate, from our viewpoint, a decrease in elec-
retains a negative sign and increases in absolute value toon concentration during irradiation all the way to inversion
values that exceeRy| in unirradiated crystals. At the same of the conductivity type in the sample with the smallest ini-
time, in sampleC-22, with a minimal initial electron concen- tial electron concentration. According to the model of the
tration, the Hall coefficient changes sign at low temperaturegnergy spectrum proposed in Refs. 1 and 2 for electron-
when the electron flux i®* =6x 10 cm 2, and inversion irradiatedp-Pb, _,SnTe (x=0.2) alloys, this means that, in

of the sign of the Hall coefficient as temperature increases isur n-type samples, the generation rate of acceptor-type de-
observed on the temperature dependenceRof(Fig. 2).  fects during irradiation exceeds that of donor-type defects
Finally, at the maximum irradiation fluxes, the temperature(dN,/d®>dN4/d®). Therefore, as the irradiation flux is
dependences of the Hall coefficient acquire a “normal” formincreased, the electron concentration slowly decreases, and
typical of undopedp-type crystals. the Fermi level moves downward along the conduction band.

In the neighborhood of the—p conversion point during In samples with a relatively high initial electron concentra-
irradiation, the dependences of the Hall coefficient on magtion, the fluxes used in the experiment cause only an insig-
netic field atT=4.2 K also have an anomalous characternificant (10%—-15% decrease in the electron concentration,
(Fig. ). For irradiation fluxes ofb <®*, the absolute mag- whereas, in sampl€-22, whose initial electron concentra-
nitude Ry rapidly decreases as the magnetic flux increasegjon is an order of magnitude lower, it causesp conver-
and sign inversion occurs. After the-p conversion point sion and stabilizes the Fermi level in a resonance band lo-
(d>d*), the Hall coefficient remains positive in the entire cated in the valence band at the lefg).

In sampleC-22, the hole concentration for the maximum
irradiation flux, calculated from the Hall coefficient at
T=4.2 K, is pmac=10" cm™3, while the difference rate of
the generation of radiation defects, determined from the po-
sition of the point where the sign & inverts on the de-
pendences of the Hall coefficient on the irradiation flux is

1~ d(N,—Ng)/d®=0.02 cm L.

Unfortunately, these data were insufficient to calculate the
position and width of the acceptor-type resonance lgpith
terms of the model of the energy spectrum of the electron-
irradiated Pp_,SnTe (x=0.2) alloy? To determine these
parameters of the model, experimental data are needed on
how the hole concentration in the irradiated sample varies
when the spectrum is reconstructed under pressure.

In samples with high initial electron concentrati@uch
asNn-3-Nn-5; see Table)| the defect generation rate was

d(N,—Ng)/d®=0.04 cm' .

It was estimated from the variation of the period of the
Shubnikov—de Haas oscillations after irradiation. Distinct

10

0" . . , . oscillations of the transverse magnetoresistance are main-
g 2 4 3 8 0 tained all the way to the maximum irradiation fluxes in these
200/7,K7 samples, indicating a high uniformity of the generation of

radiation defects during irradiation and high charge-carrier
FIG. 1. Temperature dependences of resistipiipr sampleC-22 for vari- mOb.'“t'eS_ in the irradiated crystals. The appearance of brqad
ous irradiation fluxesb, 10" cm~2: 1—0, 2—4.4,3—5.5,4—6.5,5—7.7. maxima in theRy(T) dependences can be associated with
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the appearance of a donor-type defect ldyglocated above must gradually occupy the entire volume of the crystal. It is
the Fermi level in the irradiated crystals and thermal generapossible that this is why the point where the sign of the Hall
tion of electrons from the conduction band to this level. AncoefﬁcientRH inverts for Samp|£-22 shifts toward h|gher
increase of the amplitude of the maximum in this case couldemperatures as the irradiation flux increages. 2).

be associated with an increase in the density of resonance |, conclusion, we should point out that the nature of the

states as the irradiation flux increases. However, in this CaSgy\v-temperature activation section on the temperature de-
the appearance of the maximum should more likely be ac- e . .

) . endences of the resistivity of electron-irradiated sample
companied by an increase and not by a decrease of the a 99 | t vet cl Starting th del of th
solute value of the Hall coefficient at low temperatures. It is~" IS not yet clear. sStarting from the modetl ot the energy

also not clear how the appearance of a resonance donor leyiectrum of the electron-iradiated PRSn,Te (x=0.2) al-

in the conduction band can be connected with sign inversiotPy and the value ofAE,, it can be hypothesized that hop-

of Ry in the magnetic-field dependences of the Hall coeffi-Ping conductivity along the resonance baigexists in the

cient. low-temperature region in the irradiated crystal. However, to
Another possible explanation of the anomalies observedonclusively solve this problem, additional studies of irradi-

in this work can be that p-type layer appears on the surface

of the irradiated crystals. The possibility for the appearance

of a p-type surface layer as a result of electron irradiation of

Pb,_,SnTe alloys has been discussed in Refs. 2 and 3. It

was assumed that its formation can be caused by intense 704

surface oxidation when the sample is irradiated in ozone-

enriched air. Clearly, the effect of this layer on the param- W ®

eters of irradiated samples measured at low temperatures

must increase as the electron concentration decreases in the

bulk of the crystals. Here the Hall coefficient in classical 10° 2

magnetic fields must be computed in terms of a model of a

bilayer structuré:®

o=(0,d;+0,d,)/d, (1)

AA A
A
A“AAAAAAAAAJ

R — w1010+ oo a0yt pgpo( ooy dy+ pyoady) B?
H (0101 + 020,)° + (up01dy + p10pd)°B?

2
whered=d;+d, is the sample thickness, amti, w;, and
o; are the thickness, charge-carrier mobility, and conductiv-
ity, respectively, for thath layer.

The Hall coefficient at low temperatures must then be
determined not only by the electron concentration in the bulk
of the sample, but must also depend on the hole concentra- L
tion in the skin layer, on the electron and hole mobilities, and a 2 7 I
on the magnetic inductioB. When ap-type layer appears 8,7
on the surface of the sample;-p conversion as a result of
electron irradiation should start from the surface of therig. 3. Hall coefficient vs magnetic field for sample22 atT=4.2 K for
sample, and, as the irradiation flux increasespiitgpe layer  various irradiation fluxes, 107 cm™2: 1—3.4,2—4.43—7.7.
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Transport phenomena in  n-Mn,Hg, _, Te/Cdg g6ZNg o4 T€ epitaxial films

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, 2996
Fiz. Tekh. Poluprovodr3l, 268—272(March 1997

The results of an experimental study of samples of M _, Te films grown by liquid-phase
epitaxy on a CggygZng s € substrate are presented. It shows that, as a result of the

diffusion of cadmium from the substrate, a,®th,Hg, ,_,Te film with a variable band-gap

layer is formed close to théepitaxial-film)—substrate interface. The appearance of this

variable band gap is revealed by the transport phenomena. The temperature dependence of the
band gapE,(T) is determined in a linear approximation @nfrom 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 determinirg,(T) in a specific semiconductor. @997 American Institute of
Physics[S1063-782807)00303-7

By comparison with the well-known semiconductors Studies of the distribution profiles of the components
CdHg, _,Te, which are widely used in modern micro- over the thickness of the structure showed that cadmium was
electronics, the semimagnetic semiconductors of theuniformly distributed in the epitaxial film. Here the percent-
Mn,Hg; _,Te (MMT) system possess a number of advan-age of cadmium is so great that, strictly speaking, the result-
tages. MMT crystals are characterized by relatively high staing films should be regarded as four-component solid solu-
bility of the bulk and surface properties. The presence otions of CgMnyHg, ,_,Te (CMMT). Figure 1 shows the
magnetic Mn ions in the lattice makes it possible to effi-distribution profile of the components in one of our struc-
ciently control the band parameters of the material by meantures k~0.04,y~0.07), which will be used in what follows
of a magnetic field. However, there are many questions reas a characteristic example. At the substrate—film interface,
garding the technology and use of a set of components baséhiis structure contains a transition layer about2® thick,
on narrow-gap semimagnetic semiconductors that have natith a large composition gradient. Here the variation of the
been sufficiently studied. These questions include, in particupercentage of Cd qualitatively reflects the variation of the
lar, the problem of liquid-phase epitaxy of MMT films on a band gap through the thickness of the structure. Thus, in
wide-band substrate. It is a rather complex task to synthesizeontrast with bulk crystals, in the epitaxial films studied here,
an ideal (MnTe) substrate for the growth of such films. the band gaft, (the energy gap between the extremes of the
Therefore, substrates are made from other materials, whiche andI'g band$ is a function not only of composition and
possess the optimum parameters for this purpose. To sutémperature, but also of the thickness.
cessfully predict the properties of the indicated structures, it It is hard to predict priori to what extent the presence
is therefore necessary to determine the degree to which the
“nonideality” of the substrate affects the parameters of the
as-grown epitaxial film. In this paper we consider a solution

of this problem, in the particular case of a CdZnTe substrate. fgfs = = = = = » 2 s 8w
The MMT layers were grown by liquid-phase epitaxy on F4 A4 4 A A 4 4
chemically and mechanically polished G@ng osTe (112) 40 A

A substrates. Single crystals of ¢dZngqsT€ were grown -
by the vertical Bridgman method. The dislocation density in s
these crystals did not exceedxa0® cm 2. The epitaxial 3 +2
films were grown at a temperature of 848 K, with a cooling o *J

interval of 5—15 K. The films were then annealed in mercury A ag .
vapor at 523 K for 100 h. After annealing, the electron con- [
centration at liquid-helium temperature was about'®10 0

73 .. . P | *
cm°. The Hall coefficient and the resistivity were measured RS + | + et

by the van der Pauw method. Before the measurements, the
surface of the films was etched in a 2% solution of Br in
dimethylformamide. The uniformity in composition was
m_omtored by a KamSk_an x-ray mlcroanalyzer. The fIImFIG. 1. Distribution of the concentratiod of the components of the solid
th|Ckne§5 was also monitored by means of an MIl-4 interferqution through the thickness of the structure. The components-afie,
ence microscope. 2—Mn, 3—Cd, 4—Hg; x is the distance from the surface.

1 1
0 20 40 60 & 0 120
z, }Lm
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is determined from measurementsngil) on the given crys-
tal. The resulting dependence is then used to theoretically
describe the mobility. It can now be considered as
establishe®® that, when u is calculated in the range
4 K<T=<300 K for semiconductors of the given class, it is
sufficient to take into account three main scattering mecha-
nisms: scattering at ionized impurities and at holes, scatter-
ing at the disordering potential, and inelastic scattering at
optical phonons. Since the density of electron states in the
conduction band has a substantial effect on the efficiency of
the indicated mechanisms at each temperature, although in a
different way, agreement of the theoretically calculated curve
FIG. 2. Temperature dependences of the conduetiectron concentration ~ With experiment serves as a good criterion that EyéT)
n in a variable band gap structurgdashed curyeand in an epitaxial fim  values thus obtained are correct.
after removing the substrate along with the variable bagap layer(solid The details of a mobility calculation carried out by a
curve. .. 7 . .
variational metho8l’ and also a calculation of the main en-
ergy parameters are given in Ref. 3. The parameters that
were used for the materials and the results of the calculations
of a variable band-gap layer will manifest itself in the trans-are given in Table I. In calculating the mobility, we took into
port phenomena at the temperatures that are critical for thaccount the three-mode character of the phonon spectrum, as
use of CMMT-based devices. Therefore, after measuring thwell as the temperature dependence of the contribution to the
annealed structures, the substrate was removed by chemicatigh-frequency part of the permeability from virtual inter-
dynamic polishing to a film thickness of about 1dn, in  band transitions over the entire Brillouin zohekgg
order to eliminate the possible influence of the film—=10.4 — 10.3% — 3x for T<100K and xgc=6.24
substrate transition layer on the measured quantities. It was 0.017(300— T) in the range 100 KT=<300 K, assuming
found that, in the temperature regidn-70 K, the tempera- «pg=10.4— 10.37 for Mn¢Hg, _;Te?® The frequencies are
ture dependences of the Hall concentrati¢ii) differed ap- o~ w{}(kg), wherek is the wave vector of the electrons
preciably in films with a variable band-gap layer and withoutat the Fermi level. The scattering efficiency at the disorder-
it (Fig. 2. Similar differences are also observed on the temding potential was calculated in terms of the coherent-phase
perature dependences of the Hall mobilityT) (Fig. 3. At  approximatior?, using the averaging
lower temperatures, these two dependences virtually coin-
cide. pais=W[xyd5+xzds+yzdg]~?,
The observed differences in th€T) dependences can ] ]
be qualitatively explained in the following way: At low tem- WhereW is a function that depends on the energy parameters
perature, the Fermi level is close to the bottom of the con®f the crystaf the d; are the values of the disordering po-

duction band: consequently, the effective addition to the dent€ntials — for the termary solutions = CdMnTe<(1),
sity of the electronic states caused by the presence of §dHgTe {=2) and MnHgTe (=3); z=1 — x — y; and
variable band-gap layer is negligible. As temperature in+ dis IS the electror_n mobility, limited by the scattering at the
creases, the contribution of the variable band-gap part indisordering potential.
creases because the Fermi level increases and beEguse
increases more rapidly in the narrow-band part of the
structuret This shows up on thea(T) dependence as an
increase of the slope in the intrinsic-conductivity region, re-
flecting the fact that the density of electronic states in the
conduction band of such a variable band-gap structure in-
creases more rapidly than in an ordinary semiconductor.
This assertion can be illustrated by using the self-
consistent approach to a combined description ofrtiE)
and u(T) dependences. Even in bulk samples of CMMT,
such a problem is nontrivial, which is mainly attributable to
difficulties in determining théy(T) dependence. As will be
shown below, the use for these purposes of the well-known
procedure of averaging the available semiempirical depen-
dences for the ternary compositiémsin produce rather large w TK 0
errors. Therefore, to solve this problem, we have used the ’

approach described in Ref. 3, where the temperature depeRiG. 3. Temperature dependences of the Hall mobility and the calculated
dence of the energy gap mobility of the conduction electrons, respectively, in a variable bayab
structure (triangles and dashed cupvand in an epitaxial film after the
E — Ekzo— Ekzo supstrate is removed along with the variable bagdp layer(squares and
g~ Ty I'g solid curvs.
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TABLE |. Parameters used for the materials.

Lattice parameter, 1 cm

ay=(6.4605%+6.3300/ + 6.4820)

Refs. 9 and 14

Matrix element of the Kane model, e¥m P=8.1x108 Ref. 2
Spin-orbit splitting, eV A=1.08 Ref. 4
Luttinger parameters y1=2; y,=7v3=0
_ CdTe:17.3-1.1(1- x), Ref. 4
fol), meV MnTe: 23.1, Ref. 6
HgTe: 14.5+ 1.5 Ref. 4
Insulator CdTe: 34 Ref. 4
lattice constants MnTe: 4/5 Ref. 15
HgTe:4.7(1-x—vy) Ref. 4
Disordering d;=d;—d,=1.9
potential, eV d,=1.6 Ref. 5
d;=3.5 Ref. 6
Constants of nonpolar pPe=29.3 Ref. 4
deformation potential, eV p;=5

Calculational parameters.

Sample without a variable bandjap layer Variable bandgap structure

Ey(T)=0.010819 2.4156% — 4xT,eV
Np=2.53x 10%%cm 3
Nay=1.27x10%cm3

E4(T)=0.023324-9.187% — 5xT,eV
Np=2.1x 10%cm 3
N,=0.9x 10*%cm3

As can be seen from Fig. 3, the theory gives a fairlyordinate is disregarded, it can be asserted that the indicated
good description of the experiment in a sample without adiscrepancy is associated with the effect of the variable
variable band-gap layer, whereas, a variable band-gap struband-gap layer on the transport phenomena.
ture reveals a substantial discrepancy, which increases with It should be pointed out that, for a variable band-gap
temperature. Such a discrepancy is a good confirmation dftructure, it is possible to make the experimental and theo-
the qualitative remarks made above, since it is observed in eetically calculated mobilities agree in the temperature region
temperature range where scattering at optical phonons <70 K by simply adjusting the total concentrations of ion-
dominant, and this can be correctly calculated only if theized donorsNy-, and acceptorsy,+. However, the error in
E4(T) dependence is taken into account correctly. SincedeterminingEy(T) causes this concentration to be about
E4(T) was calculated in each case using Kane's three-ban#5% less than the concentration of ionized impurities calcu-
model, in which the dependence of the band gap on the cdated for an epitaxial film without a variable band-gap layer.

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

016+
onl
ok -
o0l -
:;,, a08f

0.06

004

10 30 700 Joo
T,K 002

FIG. 4. Experimentalsquares and theoretically calculate¢solid curve 0
without symbol$ dependences ofx(T) in a film without a variable

band-gap layer. The calculations included scattering at charged impurities

and holes(dashed curve at the disordering potentiad(s), and at polar  FIG. 5. E¢(T) dependences: the solid curve shows the dependence obtained
(PO) and nonpolar IPO) optical phonons. The inset shows théT) in this paper; the dot-dashed and dashed lines show the dependences calcu-
dependence used in the calculation. lated in the virtual-crystal approximatidisee text
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was assumed for samples of the given composition, it is suf?) N the temperature region where intrinsic conductivity
ficient to take into account scattering at charged centers, at Predominates, the presence of a variable band-gap layer
the disordering potential, and at polar optical phonons. The ~Cclose to thgepitaxial-film) —substrate interface manifests
agreement of theory and experiment in this case is also evi- tS€lf in the transport phenomena. This circumstance
dence that there is no deep resonance acceptor center capableMUSt be taken into account when calculating the energy
of affecting the observed values. Thus, the approach used Parameters of the structure.

here makes it possible not only to describe the set of expers) Even in the absence of a variable band-gap layer, the
mental data, but also to establish the temperature dependence {emperature dependence of the paramgigm narrow-

of the parameteE,. band.n-CoL(MnyHgl,%,yTe' semlconductprs must be self-

It can be seen in Fig. 5 that the values Bf(x,y,T) con_S|stentIy determln_ed in each specm_c case from ex-
calculated from different semiempirical dependences in the Perimental data, since the averaging of known
virtual-crystal approximation are substantially different not ~ Sémiconductor dependences for ternary compounds for
only from each othe(dashed and dot—dashed straight lines ~ these purposes in the framework of the virtual-crystal
but also from the dependences that we obtairsalid approximation can result in large errors.
curve. The dependence indicated in the figure by the dot-
dashed line is obtained by using formulas for the extreme!J. M. Pawlikowski and E. Popko, Solid State Comm28, 4231(1977.
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Scaling in the regime of the quantum Hall effect and hole localization in p-Gel/Ge, _,Si,
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For multilayer Ge/Ge_,Si, (x=0.03 heterostructures with two-dimensionaitype conductivity
over the Ge layers, the temperature and magnetic dependences of the longitudinal resistivity
pxx and the Hall resistivity,, have been studied in fields up to 12 T in the temperature interval of
T=(0.1-15 K. The observed decrease of the amplitude ofdhepeaks with decreasing
temperature fof <2 K corresponds to a transition to the scaling regime under the conditions of
the quantum Hall effect. Scaling diagrams in thg(, o,) 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 level99®@

American Institute of Physic§S1063-7827)00403-]

1. INTRODUCTION ding

=B(9), @

The phenomenon of the integral quantum Hall effect dInL
(QHE), detected by Von Klitzinget al.! is closely associated
with the problem of electron localization in a two-
dimensional(2D) system in a quantizing magnetic fieBl  \yhereg=hG/e?, and B is a function of the single variable
Laughlir? and Halperii showed that, for the QHE to exist, ¢ (a function of the scaling If the conductance is repre-
narrow bands of delocalized states must be present close i@nted ag= oL 92, whereo is the conductivity in units of
the middle of each of the Landau subbaf@iovided that all - e2/h, andd is the dimension, metallic behavior of the system
the other states are localize®n the other hand, fd8=0,  corresponds to the conditian=const ad — . For 2D sys-
an earlier paper of Abrahanes al* used the theory of one- tems the concepts of conductance and conductivity coincide,

parameter scaling to conclude that quantum diffusion is abang the condition of delocalization of the electronic states
sentin D disordered systems; i.e., there are no delocalizedresponds to the conditigB(o)=0.

states in B systems in the presence of even a small degree  aAg shown in Refs. 4 and 12. wheég=0. the function
of disorder. The conclusions of LaugHiand HalperiA thus B(a) is always negative for a|,:2 gas, ar,1d only when
contradicted the consequences of the theory of singlez .o which corresponds to the absence of disorder, does it
parameter scaling of Ref. 4. o asymptotically tend to 0. Whernr>1, it is B(o)=
To explain the ~QHE, Pruiskén” and also  _ 1274 Thus, for an electron in a disordere® Zystem,
Khmel'nitskir® proposed the hypothesis of two-parameterng trye delocalized statéstates with an infinite localization
scalingz which results in the exist.ence of both localized andagijysx) exist. In the framework of the hypothesis of single-
deloca!|zed stategclose to the middle of the L(_amdau sub- parameter scaling, for dissipative conductivity,, the con-
bands in the spectrum of a disordere®2system in a quan-  clysjon that all the states in an infinit®2system are local-
tizing magnetic field. The consequences of the theory of tWoyzeq is maintained even in a magnetic field; i,8(o,,) <0
parameter scaling in the QHE regime were experimentallyor a| finite values ofoy,.%” In the limit o, 1, the scaling
verified by Weiet al? for InGaAs/InP heterostructures, by function has the fornB(oy,) = — 1/2m202, .
Kawaiji et al!® for n channels in a silicon MOS transistor, Pruisken was the first to express the idea that, in a quan-
and by Dolgopolovet al** for silicon MOS structures and  tizing magnetic field, it is necessary to consider renormaliza-
for AlGaAs/GaAs heterostructures. S tion for variations ofL of both components of the conduc-
In this paper we analyze the scaling diagrams foryity tensor—the dissipative component,, and the Hall
multilayer Ge/Ge_,Si, heterostructures wittp-type con- componento,,. The dependence of,, on L shows up

ductivity over the germanium layers. when one takes into account the closed currents at the
boundaries of the sample that unavoidably arise in an exter-
2. THEORY nal magnetic fieldedge currenis As a result, for noninter-

acting electrons in a chaotic impurity potential, we have the

According to the hypothesis of single-parameter i : ¢
following system of equations of two-parameter scaling:

scaling*!? the variation of the conductanéthe inverse total
resistancgG as the macroscopic sizeof the system varies din (Txx:B (Ces0i) @
is determined by dinL P&yl
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dInL :ﬂxy( Uxxaa'xy)- 2

Each of the scaling functiong,, andg,, is a function of the
two parametersr,, ando,,; i.e., the variations obr,, and 10b
oyy are mutually dependent whenis varied. In the weak-

localization limit o,,>1, Pruisken obtained the specific ~
form of the scaling function$? g
! D 270,,)COS 27 %
Bo=— —D exp(—2moy,)C0oSs 2ray,,
XX mﬁ; li X Xy g
() Y

Bxy=—D exp(—2may,)sin 2moyy,

where oy, and oy, are given in units ofe?/h, andD is a
positive constant that contains information on the micro-
scopic behavior of the syste(for example, on the character
of the chaotic impurity potential

It is convenient to study the consequences of the scaling 0
equations by considering the motion of the points on the
(oxy, 0xx) plane asL increasegscaling diagrams It di-
rectly follows from Egs.(2) and(3) that two types of fixed

points exist on a phase diagram ior 9, o) coordinates. FIG. 1. Integral curves of the system of equations of typarameter scaling
When =i wherei is an inteaer v>\(/e haxve (2) according to the theory of Ref. 6. The arrows indicate the direction of
Txy=1h ger, motion of the @, oy,) points as. increases. The symb#l marks stable

1 fixed points corresponding to plateaus of the QKEils an unstable fixed
=0, I —D exp —27o..)<0. (4 point, corresponding to a delocalized state at the center of the Landau sub-
Bxy ﬁxx 27720-x2x F( xx) ( )

band.

Consequently,o,, does not change ak varies, while
oxx—0 asL—oo, which indicates that the sample behavesneighborhood of the pointi ¢ 1/2,0*) to the points {, 0)
like an insulator. Thus, for an infinite sample, we have aand (+1,0) as L increases, were obtained by

fixed point (,0) that describes a plateau of the QHE. Khmel'nitskii® from the general properties of the symmetry
Whenao,,=i+1/2, we have and periodicity of the functiong,, andg,, . The numerical
1 calculations of And&’ for a s-form impurity potential con-
Bxy=0, Bux=— Py +D expl—27oyy). (5) firm the strong variation o, asL varies(renormalization
T Oxx of oyy) and the mutual dependence of the renormalization of
It thus follows thato,,, as in the preceding case, is not the quantitiesr,, andoy,. .
renormalized a4 varies. It is further assumédhat there is Theoretical representations developedTer0 are ordi-
a finite value ofo,= o, which is determined by the con- narily compared with experimental data at finite tempera-
dition tures using the concept of the Thouless lerigth—the path

length of an electron from one inelastic collision event to
another'* The loss of phase coherence of the electron wave
function does not occur at this length, and scaling consider-
ations are consequently applicable, with playing the role

of the effective size of the sample. It is well known that
L,,~T P2 at low temperatures. For electron—electron scat-
atering in D systemsp=2 for pure samples and=1 for
gamples with impurities when processes with small energy
transfer are substantigthe Nyquist mechanispt® Since
L,— asT—0, under certain conditions the experimental

localization regimer,,<1, Pruiskeft’ obtained the qualita- o (T) ando.(T) dependences, -0, can be compared
tive form of the scaling diagrams on the,, o,,) plane, XX Xy ’ '
i.e., the form of the trajectories of the matched transformrcly\”th the 7(L) anday,(L) dependences ds—c.

tion of the conductivitieso,, and o,, asL varies from a
value of the order of the magnetic length lte—~~. These
diagrams have been repeatedly reproduced in the literature We have measured the dependences of the longitudinal
(see, for example, Refs. 6-9 and)1lh Fig. 1, we show a resistancep,, and the Hall resistancg,, on magnetic field
section of the scaling diagram for one Landau Idteé zero B in multilayer, selectively doped Ge/GeSi, (x=0.03)
level) from Ref. 6. The main features of the scaling diagramsheterostructures witlp-type conductivity along the Ge lay-
are as follows: The presence of two types of fixed points, agrs. The heterostructures studied here contain from 15 to 30
well as the existence of a universal trajectoayseparatrix ~ periods, with Ge and Ge,Si, layers (200—230 A thick.
along which points on thed,, , o4, plane “flow” fromthe  The Ge layers are undoped, but the GeSi layers are doped

1
*\2 *\ —
(o*)° exp—2mo )_2772D’ (6)
for which 8,,=0. In this case,3,,<0 for o.>0c* and
Byxx>0 for o,,<o*. Then, asL—x, we haveo,,— c*
(metallic behavioy, and the fixed pointi¢+-1/2, o*) corre-
sponds to a delocalized state in the center of the Land
subband.

By extrapolating Eq(3) into the region of the strong

3. EXPERIMENTAL RESULTS AND DISCUSSION
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TABLE |. Parameters of the samples. 0.6

Sample p, 10" cm2 wp, 100 cP/(V-9) Bo. T - 42K,
1 33 1.4 95 051
2 2.4 11 6.9 L
3 2.6 15 7.6 ‘\
4 23 1.2 6.6 2 041 42K
Note: B, is the field at which the,, 0~ peak is observed &t=0.1 K. “: i
X 0d}-
ba -

with boron in such a way that spacers about 50 A thick
remain between the doped part of the solid solution and the
germanium layers. The top of the valence band in the Ge i T
layer is located higher in energy than the top of the valence a7}

band in the Gg_,Si, layer. As a result, holes from the doped 5 0.1k
part of the solid solution pass into the Ge layers. The growth 0 \ , , . X .
methods and the properties of tipeGe/Geg_,Si, hetero- 1 1.5 2 2.5 3
structures are described in more detail in earlier pafses Ty /(67 7)

Ref. 16 and the bibliography cited there FG. 3. Sealing di ind ) i . o1 The f
: : : : . 3. Scaling diagram ind,y, oy,) coordinates for sample 1. The flux
Samples in the form of Hall bndges with a size of lines are shown for fixe@® with a constant step ci=0.2 T. The data are

0.27 cmx0.05 cm were fabricated for the measurementse, t—_g1 0.36,0.9, 1.1, 1.7 and 4.2 K. The arrows show the boundaries of
The measurements were carried out in a superconducting S@re band of delocalized states for the peak wherT=0.1 K.

lenoid in magnetic fieldB up to 12 T in a temperature
interval T=(0.1-15 K. The hole concentratiop and mo-
bility u, at T=0.1 K are shown in Table | for the samples
studied here. The hole concentration was determined fro .

Hall measurements in a weak magnetic field and from th%;ggsgle;gnggg(ig ?-n ;Zertlagsis; s(,)k;ci\;]v; éheﬁ é‘;(‘ g’?)o;r:a? ’tjé?n
period of the Shubnikov—de Haas oscillations for large Lan-
dau level numbers. peratures.

Figure 2 Shows thpy, (B) andpyy (B) dependences at o o 28 0, IO Moy 7 PR R O o
T=0.1 K for sample 1(see Table ) The p,, (B) curve P g: o 9

i V.2 : the interval 1< o, < 3 (in units ofe?/h), which corresponds
shows well-developed quantum plateaus=ie”/h With ;e filing of the Landau sublevels O(1 < o, < 2) and
numbersi=1, 2, 3 and 5. The absence of a plateau Wlth1+ (2 = 0., = 3). The points correspondin téafixed ag.
i=4 means that the 1 and 2" levels are not splifthey o oxy =2/ P p g g

overlap. The first two magnetoresistance pedk®m the netlc field (or to a d_egree of filling ofr=p_/nB, V\{here
: . _ : . ng=eB/hc) for six different temperatures in the interval
side of large fields 0" and 1" correspond to spin-

(0.1-4.2 K are combined so as to form a set of broken lines
(flux lines). The envelope curve is also shown for a tempera-
ture of 0.1 K.
5 a0 Figure 4 shows the,, and p,, dependences on mag-
0" oA netic field B for sample 2, which has a lower hole concen-
25 tration than sample 1. QHE plateaus with numberd, 2,
and 4 are seen on thg,(B) curve for this sample. No spin
; splitting of the Landau levels withl=1 (and, consequently,
AN\ N 140 of the QHE plateau with=3) is observed all the way to the

G lowest temperatures. As shown in Ref. 17, the qualitative
TR . ,5”‘; difference of the pattern of quantum oscillations for small

<& Landau-level numbers in Ge/GgSi, samples with differ-
3 ’ ent hole concentratiorsis caused by the presender com-
N =3/ 4+ 7 paratively largep) or the absencé&or small p) of filling of
. the second quantum-well subband. Figure 5 shows the scal-
T 45 ing diagram for sample 2 only for the spin-nondegenerate
Landaulevel0 (1< oy, =< 2).
. ’ It can be seen from Figs. 3 and 5 that, for the samples
g Z 4 ] 8 70 12 studied here, the motion of the points on the,(, oy,)
8 plane as temperature decreases corresponds, on the whole, to

the predictions of the theory of two-parameter scaling: the

FIG. 2. p, and p,, vs magnetic fieldB for sample 1(see Table ) at . . .
T=0.1K. The inset shows parts of thg,(B) and p,,(B) dependences at flux lines tend to the fixed pointd, 0), (2, 0) and(3, 0). The

T=4.2K (dashed curves T=1.7 K (dotted curves andT=0.1K (solid  formation of a ql_lantum pla_teau wiih=3 [p(_)int (3,0] as
curves. the temperature is lowered is clearly seen in sample 1.

0.2 01K

nondegeneratévith = directiong Landau levels with num-

T v 11
RN
d
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5 30 Landau level caused by interaction with impurities. By using
G oy _ the formula for the widthl’ in the case of a short-range
- - 1= . . .
Ky 125 impurity potential,
o = o — ] 2 %
- AN I'=\/—fo.—, )
g z : /{'{. -.".\ \\ n 20 ™ T
Il R A Nt ]l . . . i
o] 5 & 7 8 8 ~ wherer is the relaxation time of the pulse, we find
~ L 1, BT 415 5
é’: i=2 | < fioc  |mupB ®
2 r 2c
470
i \ i where u,B/c=w.7. Estimates show that, for the Opeak,
/- 2 ha the parametefiw /T'=4.5 in sample 1 and . /T'=3.3 in
1¢ sample 2. Thus, smaller values of the paraméter/T" in-
i . crease the asymmetry of the scaling diagrams.
P TS Wb O B — 0 It can be seen from the graphs in Figs. 3 and 5 that, at
g ‘ “ 1{7 8 " % T=0.1 K, the 0 peak of o,y in sample 1 shifts in the

direction of smalleroy, relative to the pointo,,=1.5,
FIG. 4. px andp,, vs magnetic field for sample 2 aT=0.09 K. The inset ~ Whereas, in sample 2, it shifts toward largey,. This dif-
shows sections of the,(B) andp,,(B) dependences &t=4.2 K (dashed  ference is caused by the nonlinear dependencd oand
curves, T=2.0 K (dotted curvep andT=0.09 K (solid curves. hence by the inequivalence of the Landau levels for holes in
the 2D structures studied here, in agreement with the numeri-
cal calculation of the energy spectrum in a quantizing mag-
A certain asymmetry of the envelope of the curve rela-netic field!’
tive to the lineo,,=1.5 is seen in Fig. 3 for sample 1. For The maximum(peak value of o,,(B) is reached when
sample 2, the asymmetry of the envelope for thepak is  the Fermi level coincides with the ener@y of the delocal-
much more pronounce(Fig. 5. Asymmetry of this sort is ized states at the center of the Landau subband. The equation
associated with partial overlap of adjacent Landau levels ang_=E_ corresponds to half-integral values of the degree of
is caused by a shift of the position of a delocalized statsilling r =i+ 1/2 (and also to half-integral values of,). Let
relative to the center of the Landau level because of mixingis consider the temperature dependence,gfin the neigh-
of the states of overlying or underlying levels toward stateshorhood of the fixed pointi¢-1/2,0*), corresponding to a
of the given level?® According to Ref. 13, the degree of delocalized statépoint C in Fig. 1). WhenT=0 in an infi-
asymmetry is determined by the parametes./I', where nite sample, all the states of the Landau subband other than
o, is the cyclotron frequency, antl is the width of the states withE=E_ are localized. A&—E_, the localization
radius¢ approaches infinity according to the [Hwv

§(BE)~|E-E ™" (9a)

wherev>0 is the critical index. For the short-range impurity
0.5 potential, the estimat@

F 14
§(E)E)\(m> (9b)

is valid, wherex = (cosheB)'? is the magnetic length. Ac-
cording to theory(Ref. 21 and the bibliography cited there
and the experimental results of Ref. 225 2.3 for the lower
Landau level. It is clear that, in a sample of finite size
states withé>L can be regarded as delocalized. At finite
temperatures, the role of the size of the sample is played by
T the Thouless length,,. Therefore, al # 0, we see a band

of delocalized statefE—E.| < 7y, whose widthy is deter-
mined by

4 &=L, (10

1.5
Ty /(¢%/ 1) where £,=¢(Ec+ y). SinceLy(T)~ T~ P2 we have from
Egs.(9b) and (10) that y~T%*, wherex=p/2v. The experi-

FIG. 5. Scaling diagram indy, o) coordinates for sample 2. The flux mental value of this parameter for the lower Landau level
lines are shown for fixedB values with constant step=0.2 T. Data for i 23 —0.4
T=0.09, 0.13, 0.17, 0.27, 0.37, 0.85, 1.15, 1.4, 2.0, 2.2 and 4.2 K are used.s % U
The arrows indicate the boundary of the band of delocalized states at 10 analyze the temperature dependence of the conduc-

T=0.09 K. tivity, it is convenient to start frof?-?*

a1k
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f(E—Ep)

Tl T) =~ f ael ==

£ (B,

11
where f(E-E;) is the Fermi—Dirac distribution function,
and o(E) is the partial contribution to the dissipative con-
ductivity of the states with enerdy. Since only delocalized
states in the energy interviE—E;| < vy contribute to the
conductivity, we can write the partial conductivity as

_r
(E— Ec)3+ ')’2 '
WhenEg=E_, we find from Eqs(11) and(12) that

T Y
o1 = Zo'ck_-l- (kT>),

o(E)=o0 (12

Tx(T)=0(KT<7y).

The quantityc.=o(E.) in Egs.(12) and(13) at zero tem-
perature depends only on the linear sizef a 2D system.
This dependence is determined by the system of equations
two-parameter scalingEgs.(2)], which for o, =i+ 1/2 re-

duces to two independent equations. We introduce the sym-

bol o* for the zero of the functiorB,,(i +1/2,0*)=0, and
we expandg,, close to the poin.=c*. We then obtain
the following expression from Ed5):

din o, .

qamL - Moo, (14
where >0. Integrating Eq(14), we find

o.—0o*~L"7. (15

It is clear from Eq.(15) that 7 is the scale dimension of the

1
4
K

bfG. 6. Temperature dependence of the peak value,gffor the Landau
levels 0 (1) and 1* (2) in sample 1, and also for the Qpeaks in sample 3
(3) and O in sample 4(4).

that the main mechanism at low temperatures is the Nyquist
mechanism for the loss of phase cohereltassingp=1, we

find »=2. Extrapolating ther,,(T) dependences td=0,

we found the limiting values of* =0.33 ando* =0.30 for

the 0" and 1" peaks in sample 1 ang* =0.23 in samples 3
and 4(Fig. 6). A theoretical calculation in the model of the
short-range impurity potential gives a value af =0.5 for

the lowest Landau leveksee, for example, Ref. 26 and the

longitudinal conductance close to the fixed critical pointbibliography cited there

(i+1/2,0%).2 WhenT # 0, replacingL with L;, and using
the dependence;,,~ T P2, we find

02, (16)

og.—o*~TP

Let us estimate the parameters that characterize the
localization-delocalization effects in the samples studied
here. LetAB be the magneticfield interval corresponding
to the region of a QHE plateau on thg,(B) dependence

Two regions can therefore be distinguished in the temand 5B be the field interval corresponding to the transition

perature dependence of the peak amplitudergf(T). In
low-temperature regionkT<<vy we realize the scaling re-
gime, in which the temperature dependeiagg(T) is com-
pletely determined by the Thouless lendth, and o, in-
creases with temperature according to 8d). The limiting
value of¢* corresponds td =0 in an infinite sample. When
kT> v, the scaling dependence of E{.6) does not hold,
and, according to Eq13), the relationship of the width of
the interval of delocalized stateg~T* and the thermal
smearing of the Fermi steRT becomes the main factor.
Since the parameter is ~0.4, o, decreases with tempera-
ture. The maximunr,,(T) is reached akT=v.

Let us examine the experimental results. Figure 6 shows

the o,,(T) dependence for three samples. Curiteand 2
relate to the magnetoresistance peaks (@,,=3/2) and
1" (oxy="5/2) in sample 1, and curvesand4 relate to peak

region between adjacent plateaus. It is easy to show that the
ratio of the quantitiessB and AB, within a factor of the
order of unity, equals the ratio of the width of the band of
delocalized states and the total width of the Landau subband:
6B/AB=+y/T'. In the samples studied here, at the lowest
temperaturel ~0.1 K, the fraction of delocalized states for
the 0" peak is about 10% /I'=0.1 for sample 1, and
vI/T'=0.12 for sample R

According to Eq.(9b), the localization radius at the
boundary of the band of delocalized stat€&s—=E.* vy) is
determined by

2.3

g’E)\(V

In the samples studied heres=100 A and¢,=10"* cm for
the 0 peak. According to Eq(10), this also gives an esti-

17

0~ (oyy=3/2) in samples 3 and 4. It can be seen that, in themate of the inelastic scattering lengthTat 0.1 K. Thus, at
samples studied here, the transition to the scaling regime dhe lowest temperature of the measuremehts, remains

Eq. (16), in which the amplitude of the peaks begins to de-

crease with decreasing temperature, occur§=aR K. As

T—0, theo,,(T) dependence is close to linear, which cor-

responds to a value afp/2=1 in Eq.(16). If it is assumed
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much less than the geometrical size of the sample
(5x10 2 cm).

As the temperature is lowered, the quantum plateaus on
the p,,(B) dependence become increasingly wider, while the
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transitions between them become increasingly sharper, in atimiting value o* =0.3e?/h. The finite conductivity within a
cordance with the decrease of the paramgteDn the scal- band of delocalized states of appreciable widthyef0.1

ing diagram, this process is expressed by the fact thal, as even at the lowest temperatufe=0.1 K does not allow us to
decreasegandL increasep the density of the points on the gecide between the presence or absence of the separatrix

(04, 0xd plane close to fixed points of the type &  \yhose existence is predicted by certain versions of scaling
(Fig. 1) increases, while, close to fixed poidt it decreases. theory®

As T—0 (L—e), all the (oyy, o) points, except the one This work was supported by the Russian Fund for Fun-

in the region of the maximum af,,, should cluster around :
the points {, 0) corresponding to the QHE plateaus. ASdamental Research, Projects No. 94-02-05769a and 95-02-

noted above, on the scaling diagrams for the samples studie(ff1891 and the Russian pff)grarn on the “Physics and Tech-
here, a tendency is actually seen for the experimental poin{a!0dy of Nanostructures,” Project No. 1-065/3.
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Defects in intrinsic and pseudodoped amorphous hydrated silicon
O. A. Golikova

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted April 12, 1996; accepted for publication April 24, 1996
Fiz. Tekh. Poluprovodr31, 281—-284(March 1997

The data on the dark conductivity and photoconductivitype®i: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 pseudodoge®i:H, with an increased density

of defects(dangling Si—Si bongsand with inhomogeneous structure. The defects in intrinsic and
pseudodoped-Si:H are found, respectively, iB° andD™* states. ©1997 American

Institute of Physicg.S1063-782@07)00503-§

1. INTRODUCTION that have high mobility at the film surface participate in the
film growth> Second, the intensity with which the surface of
the growing film is bombarded by the charged particles of
the plasma is minimized. The so-called soft-deposition re-
eqime is thereby implemented: with no increase of the defect
density with increasing.

Many other methods were subsequently developed that
provided a “soft” regime for depositing-Si:H films: a re-
mote silane—hydrogen plasm4, catalytic breakdown of
SiH, at a hot tungsten filameA€ and high-frequency(70
MHz) breakdown of Silj in a diode reactot.It was recently
shown that the method of SjHbreakdown in a chamber for
magnetron sputtering in a constant electric field also makes it

The conditions for obtaining intrinsic amorphous hydra-
tion of silicon (a-Si:H) in a standard diode reactor
(f=13.56 MHz) using undiluted silane (SiH are well
known: The optimal temperatures for depositing the films ar
T,=230-250°C, and the deposition rates are
r=1—2 A/sec. Intrinsica-Si:H has the following param-
eters at room temperature; a dark conductivity of
0q=10"1-10" Q"t.cm™1, a photoconductivity AMI)
of opp=10"°"-10"* Q" *-cm*, and a defect density, de-
termined by the constant photocurrent meth@PM), of
Np=(5—10)x 10'° cm 3. Here the activation energy, is

close toAE=g.—&¢|7-0=0.85 eV (g, is the conduction _ ) - 10 s

band edge, and. is the Fermi level This AE value possible to provide a soft-deposition regifieFigure 1

corresponds  t0 .~ &r)a00k=KT In 0p/og=0.72 eV shows rather good agreement of the dataaeBi:H films
. .

(T=300 K, 0=150Q*.cm™1). depos_itec_j k_)y t_he_ indicated methqu: re_gardl_esé’sqf the
material is intrinsic. At the same time, Fig. 1 illustrates the

well known, increases the defect dendif/in this case g, result of pseudodoping for films deposited in a standard di-

shifts, respectively, towarel, or &, (the valence band edge ~ ©4€ reactor! _ _

i.e., a pseudodoping effect is obserded. ' Let us cppsuder how th@PM) defect density correlates
On the other hand, the pseudodoping effect opens ufyith the position of the Fermi levek( — ) g0 Of pseudo- -

possibilities of controlling the position of the Fermi level in d0peda-Si:H. Figure 1 shows our data for films deposited in

the mobility gap ofa-Si:H not only by introducing electri- & {riode reactor at constant temperattirg=300 °C, but

cally active impurities, but also without introducing them: With varyingV andP, whereV=0-200 V is the cathode—

entirely by creating defects in the film-deposition process. [@rd bias, and>=50—120 mT is the pressure of Sitin the

is evident that the defects in the second case formally plaghamber. In addition, Fig. 2 shows data f@rSi:H films

the role of a dopant. In this connection, the question arises dibtained at a number of European scientific centers: Philips

the nature of the defects in intrinsic and pseudodoped/Niversity, Marburg(FRG); the Polytechnic School, Pal-

a-Si:H. The experimental results presented in this paper, ifiseauFrance; BARI (italy); and PATRAS(Greecg.'? The

type, temperature, composition of gas mixture,)etout the
resulting data are in good agreement with each other, regard-
less of this circumstance. We should also point out the agree-
We indicated above the conditions for obtaining intrinsic ment with the data obtained for films deposited in the Elec-
a-Si:H, a deviation from which makes the material only trotechnical Laboratory, Tsukub&lapan.l® We therefore
pseudodoped. However, Golikowt al* were the first to  conclude that the correlation between— e andNp shown
show that this depends on the type of reactor: the pseuddn Fig. 2 is universal.
doping effect can be avoided if the film is deposited in a  Based on the above discussion, we shall next consider
triode reactor {=13.56 MHz) when the anode—grid dis- the Fermi level é¢) and also the photoconductivityr(;) of
tance is optimized and when the cathode and grid have theseudodope@-Si:H as a function of the defect densits
same potential. In this case, since the substrate is at the catin- the same way as is done for dopa€dSi:H, whereNp
ode, the discharge region is spatially remote from the growequalsNp g, the atomic density of introduced impurities of
ing film. This means, first, that only long-lived SjHadicals  phosphorus or borotFigs. 3 and 4 It can be seen thatr

IncreasingT to 400 °C or decreasing it to 100 °C, as is

2. EXPERIMENTAL RESULTS
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increasing value oNp . Note also that the maximum values

FIG. 1. Dark conductivity and photoconductivihMI ), measured at room 0217ND ,'Q pseudodopeda-Si:H films do not exceed
temperature for undoped-Si:H films obtained by various methods, vs 1 cm “.
deposition temperature: in a triode reactbrand 1a; the arrows show the
scatter of the experimental datéy the remote-plasma meth@@), by cata-
3. DISCUSSION

lytic breakdown at a hot filamen®) and in a high-frequency70 MHz)
diode reactor(4), and by the Silg-breakdown method in a chamber for
magnetron sputtering in a constant electric figdyl The dark conductivity
of a-Si:H films deposited in a standard diode reactor is shown by dve

Let us consider the curve af.—eg=f(Np) shown in

Fig. 3. Samples belonging to branches | and Il of this curve

are, respectively, analogs of samples doped with phosphorus

and boron. In this case, the limiting valuessgf- ¢ in each

and o, are not one-to-one functions &fy ; i.e., the same
value of Ny corresponds to two states of pseudodope
a-Si:H that differ in the position of the Fermi level and the
value of the photoconductivity. We should point out that, for
Np = const, the differences betweep ando, increase with

Joron atomsNp g=10"" cm 2 (for doping from the gas
phasg!i.e., Np g corresponds in order of magnitude to the
maximum defect density in pseudodopadSi:H. Note that

shown in Fig. 3.
It follows from a consideration of the,,= f(Np) curve

of the branches correspond to the densities of phosphorus or

the points belonging to doped samples lie on the curve

(Fig. 4 that the defects in the samples of pseudodoped
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FIG. 2. Correlation between the defect density in undopeSi:H and the 1015 1075 10”
position of the Fermi level in the mobility gap. The films were obtained at N cm_a
A. F. loffe Physicotechnical Institut€l), Philips University(2), The Poly- D’

technic School(3), BARI (4), and PATRAS(5). The measurements for
(2-5) were made at Philips Universitfg—data for films obtained at the
Electrotechnical Laboratory.

FIG. 4. Photoconductivitis=10' cm 3.sec?, hv=2eV, T=300 K as a
function of the defect density. The notation is the same as in Fig. 3.
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states: forNp=const, theur value of the electrongthe  a-Si:H is concerned, it was established in Ref. 17 that an
product of mobility and lifetimg differs, and the difference increase in defect density is accompanied by changes in a
increases with increasing value Nf. number of structural characteristics: an increase in the con-
Since we can assume==const, it is obvious that, as centration of bound hydrogen in the film, in the microstruc-
Np increases, the difference between the electron-captureiral parameter, and in the Urbach energy; a shift of the
cross sections increases, ag#8i:H doped with phosphorus Raman frequencwro; and an increase in the half-width of
and boron, where the defects—dangling Si—Si bonds—arthe TO peak Awrtp). Moreover, in sucta-Si:H films, the
predominantly in the charge states andD*. Therefore, if  total content of hydrogen, determined by the proton-recoil
the defect density is minimal in intrinsi-Si:H, and all the method, substantially exceeds the concentration of bound hy-
defects are in th®° state, then, in pseudodopeadSi:H, the  drogen. It is apparently the inhomogeneity of the films that
Np- p+/(Npo+Np- p+) value increases at the same time makes it possible to satisfy the condition of local electrical
that the defect density increases. We should point out that theeutrality. Thus, for example, in the opinion of Faeteal.,'®
points that belong to doped samples lie on a reduced cuniée predominance dd~ centers that they detected in nonin-
(Fig. 4. trinsic a-Si:H films is compensated for by the existence of
A long intense exposure o&-Si:H films, as is well positively charged traps—tailing levels of the valence band.
known, increases the defect density, but the Fermi level apt is evident that other models can be proposed, but further
proaches a point corresponding to the intrinsic matétie  structural studies are needed for their development.
Stabler—Wronski effegt It is also well known that the We hypothesize that, in the inhomogeneous structural
photoinduced defects are in ti¥ state. Thus, for a defect network of a-Si:H, which contains additionally, unbound
density formed during the deposition of anSi:H film that  hydrogen, it is impossible in principle to expect defects to
is the same as the photoinduced defect density, the FerrgXist in only theD? state. At the same time, it is evident that
level shifts in the opposite direction. We also conclude fromwe do not have in mind the formation of pairs of defects,
this result that defects formed during film growth are inD~ —D™, as was done in the model of Branz and Siff&n
charge states that differ from°. this case, the Fermi level does not shift; i.e., the indicated
We also note in this connection the results of Hata andnodel is not applicable to pseudodopedsi:H.
Matsudal® who showed that laser annealing affects the den-
sity of photoinduced defects and the density of defects
formed during film growth differently. These authors associ-# CONCLUSIONS

ate this behavior with structural differences in the neighbor-  There is thus a close association of the defect density in
hoods of the defects. Actually, different charge states of defiims of pseudodopea-Si:H, the structural inhomogeneity
fects should have different effects on their local of these films at different level§rom close order to micro-
surroundings. Thus, in Ref. 16, it is concluded that the forstructure, the predominance in them of charged defects of
mation of photoinduced defect®f) reduces the variance of one sign, and the shift of the Fermi level in the mobility
the angles between the Si-Si bonds. At the same time, irband. Both in intrinsic and in pseudodopasSi:H, the de-
creasing the density of the defects formed during film depofects are dangling Si—Si bonds; however, in the first case,
sition, in our opinionD ~ or D*, has the opposite resdft.  they are in aD° state and, in the second case, they are in a
If it is assumed that pseudodoping ®fSi:H is accom- D~ or aD™ state. Intrinsica-Si:H in which the defect den-
panied by the formation of charged defects, will the localsity is minimal, while its structure is homogeneous, is ob-
neutrality condition be satisfied? In other words, in additiontained in a soft-deposition regime, regardlessTef When

to the formation of a charged defe@ dangling Si:Si bond  deviations from this regime occur, the material becomes
one should expect the formation of an oppositely chargegseudodoped.

center. It was natural to assume that there may be an effect

from associated O, C, N, and possibly W and Cr defects, This work was supported by INTAS Grant No. 931916
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Structural perfection of epitaxial layers of 3 C-SiC grown by vacuum sublimation on
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This paper discusses how the processing parameters affect the structural perfection of epitaxial
layers of 3-SiC grown on 61-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 G/6H structures. Epitaxial layers ofCG3 SiC with a defect density of

10'—1C¢ cm 2 and a twinning area of up to 6 nfmhave been obtained. @997 American
Institute of Physicg.S1063-782@07)00603-0

1. INTRODUCTION carbide substrates of modificatioti6 to determine how the
processing conditions affect the size of the twin formations

The high mobility[ 1000 cnf/(V-s)] and drift saturation  in the ELs and the defect density formed at the heterobound-

rate (2.7<10" cm/sec) of the electrons and the large value ofary of 3C-SiC/6H-SiC structures. It should be pointed out

the electric breakdown field (410° V/cm),?in combina-  that the question of the study of the transition layers at the

tion with a rather large band gap, have aroused interest iReteroboundary and the structural perfection of the interface

using silicon carbide in the cubic modification to fabricate of SiC-3C/SiC-6H structures is almost never mentioned in

semiconductor devices for various purpoflegh-frequency most papers.

devices, power devices, devices for high temperatures, etc.

To implement the high potentialities of this material, epitax-, THE TECHNOLOGY OF GROWING 3 C-SiC EPITAXIAL

ial layers(ELs) of satisfactory quality are needed. They are| AYERS

difficult to produce because of the need for heteroepitaxial

growth, which is usually done on silicon or silicon carbide

substrates of various crystal modificatiofusually the com-

monest modification, ). The use of silicon substrates

The ELs were grown at temperatures of 1800—1900 °C
by vacuum sublimation in a closed growth systéhion the
(000JSi-face of substrates obtained by the Lely method.

causes the resulting ELs to have a high defect level becau%_@e" surface-disorientation qngle relative to the base plane
of the large differences in the crystal lattice constants id not exceed 1020 Immediately before growth, the sub-

(~20%) and the thermal expansion coefficients0(08%) strate was sublimation etched situ to remove the layer
of Si and 3-SiC 34 disturbed by mechanical polishing and to clean the substrate

In the case of growth on-SiC substrates, the struc- surface. The Bl—3C transformation of the modifications
tural imperfection of £-SiC ELs is mainly determined by was achieved by two methodel) by high growth rates

the presence of a twin structdré and is usually character- (ﬁ g=3-4u rI?/ mm),l ';md_l(IZ) t_)y supsr:an.tl!al enrichment of
ized by the density of intertwin boundariédislocation-pair the vapor phase with si icod.e., wit sStlicon vapor pres-
boundaries, DPBs Some decrease in the DPB density with sures in the growth'pell corresponding to its equilibrium
increasing thickness of the epitaxial layer was observed i ressure over a silicon mgltfor low values of vg

Refs. 6 and 7, but it was accompanied by an increase in th -A—0.8um/min). The growth rate was increased or de-

transverse size of these boundaries. The complete disappeﬁf-eased by varying the temperature grad_|ent between th_e va-
ance of DPBs has not been experimentally obsetithre- por sources and the sub_str’étand by vary|[16g the composi-
over, in certain cases, the growth of fairly thick layers hagton of the vapor phase in the growth c&if
caused the formation of a polycrystalline struct(feowell
et al® used deposition from the gas phase to grow ELs with?: METHODS OF STUDYING THE STRUCTURE OF 3C-SiC
a maximum twinning area of about 1 im EPITAXIAL LAYERS
A decrease of the DPB density can also be achieved by In most papers connected with the growth of ELs of
using 1R-SiC substrate$)out this modification, like &, is  3C-SiC, either etching in an alkali solutiéf or oxidatiort’
an uncommon one. To avoid DPB formation in ELs of is used to reveal the DPBs and other defects; this allows the
3C-SiC, another, comparatively complicated method wasiefects to be observed by optical microscopy. These tech-
proposed in Refs. 10 and 11: growing layers ¢f+-6iC and  niques make it possible to obtain information on the distri-
4H-SIiC substrates with a specially chosen surfacebution of twin formations only on the surface of the ELs.
orientation—(014)ey and (01B),y, respectively. The degree of structural perfection of the as-grown ELs
Our goal was to study the degree of structural perfectiorwas studied by x-ray topography not only in the Laue geom-
of ELs of 3C-SiC grown by vacuum sublimation on silicon etry by the Lang method, using May, radiation, and by the
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FIG. 1. X-ray topograms of a
3C/6H structure (4=3.2 wm/min)
in the Bragg geometry. CH « radia-
tion. Reflections from a—(113}
and b—(1.0.115)g .

method of anomalous transmission of x rdd XR), using can be seen from the topograms in Figs. 1b and 3b, the
CuK ¢, radiation, but also in the Bragg geometry by the defect structure of the transition layer is mainly determined
method of skew-symmetric Barett—Newkirk reflections inby the presence of stacking faults, which are formed along
CuK a; radiation. The quantitative characteristics of the de-the faces of the growth pyramids that appear at the initial
gree of perfection of the G/6H structures were determined stage of growth on the surface of the substrate from separate
from the half-widths of the two-crystal rocking curves in nuclei of the cubic phase of@ For heteroepitaxial growth,
(111)3c and (00063 reflections on CKea; radiation, re-  the main cause for the formation of such defects is the dif-
spectively. ference of the crystal lattice parameters of the substrate and
To identify the twin structure on the topograms, we usedihe EL. On the topograms, the stacking faults appear as char-
skew-symmetric diffraction spots of the type (138)n the  acteristic triangles or elements corresponding to cross sec-
Bragg geometry. They have the characteristic that the diftigns of the faces of the growth pyramids with a (13d)
fraction conditions corresponding to the maximum intensityp|ane_ Growth pyramids oriented with respect to each other
of a diffraction spot cannot simultaneously be satisfied fory; goe rejative to the (113} direction form twins of a dif-
twins of different_ types, and the diffrac_tipn i_mage is formed o ent type(Fig. 4), which can be seen on the topograms
only by twin regions of the same modification. As a result,pom the analogous orientation of the stacking defects asso-
regions of black an.d white contrast that correspond to tWQsiad with them(for example,A and B in Fig. 2b. The
p035|.b.Ie types pf twins are observe_zd on Fhe topograms. ThegRciinution and size of the twin regions in the resulting ELs
conditions are implemented for twin regions of another typ€y¢ 3¢_sjic mainly correspond to the defect structure of the
by rot_atlng t_he test sample by 60% relatl\_/e to e 1]5c transition layer, which is evidence of the determining role of
direction (which corresponds tp000]ey); this reverses the growth centers that appear on the substrate surface: de-

'magri cs?n;ra?rt]:f dtger;\glgfrigrm;s.ral erfection of the EL creasing the number of such centers promotes the formation
udy 9 ucturai p : ~of ELs with relatively large twins. Thus, by influencing the

substra_te interface, we us_ed (1"0‘5)_ 6H Bragg reflection.  cjeation processes, is possible to predetermine the charac-
Reflections from planes with such indices have no analogg,. ¢ the twin structure and, consequently, the degree of
for the cubic SiC lattice, and this makes it possible to Obtair‘structural perfection of the growing ELs

the diffraction image of layers of a noncubic structure that lie One of the parameters that can substantially influence

directly unde_r a g-Sic E.L' l_\lote that, on such toppgrams, tpese processes is the growth rate. Starting from this premise,
the DPB outlines are maintained over the entire thickness o : : . .
the EL. se_vgral experiments were carried out W!th the goal Qf opti-
mizing the growth conditions of the@ SiC ELs. At high
growth rates, caused by increasing the temperature gradient
between the vapor source and the substrate and by enriching
Our studies showed that twin regions were present in althe vapor phase in the growth cell with silicon, ELs were
our 3C-SiC ELs, but their size varied significantly, depend-formed with a high DPB density and, consequently, with
ing on the growth conditiongFigs. 1-3. The degree of twins of small size. The G/6H structures obtained under
structural perfection of the transition layers formed at thethese conditions had a high defect density at the heterojunc-
EL-substrate boundary was also substantially different. Asion. Typical topograms of such structures are shown in Figs.

4. RESULTS AND DISCUSSION
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FIG. 2. X-ray topograms of a G/6H
structure  (4=0.9 um/min)  obtained
a—in the Bragg geometry. Ckia radia-
tion, (331)c reflection, b—by the Lang
method, MoK, radiation, (1.1.D)g4
reflection.  1—intertwin  boundaries,
2—dislocation  structure of original
6H-SiC substrate.

la and 1b. No appreciable decrease in the DPB density wamis typegA andC) are observed in the transition layer, only
observed all the way to the maximum thicknesses of the ELsne twin is present on the surface of the EL in the same
(35—-40um). Their substantial defect concentration is con-section.
firmed by x-ray diffraction data: the measured half-widths of  An increase in the size of the twinning regions produced
the rocking curves ¢ yg) was 40—90 for various samples. a significant increase in the structural perfection of the ELs
Most ELs obtained as the growth rate was decreased tas a whole; this is confirmed by x-ray topograms obtained by
vy=0.4-0.8um/min were characterized by comparatively the Lang and ATXR methods. The defect density in such
large twins(Figs. 2a and 3aand a lower defect density in epitaxial films was 18-10¢* cm™2, with stacking faultgand
the transition layefFig. 2b. Forvy<0.6 um/min, the area not DPBg being predominant. On the topogram in Fig. 2b,
of the twins in the resulting films reached 5—6 finWe  the dislocation structure of the originaH8SiC substrate is
should point out that increasing the area of the twins is aselearly seen under the@ SiC EL, and this is evidence of a
sociated in a humber of cases with processes by which thdyigh degree of perfection of the interface o€®H struc-
are obliterated. Thus, for example, it can be seen by compatures obtained at smatl,. These structures were character-
ing the topograms in Figs. 3a and 3b that, while stackingzed by small half-widths of the rocking curves (14-“R0
faults corresponding to the growth pyramids of twins of vari- In a number of cases, less perfect films were obtained

FIG. 3. X-ray topograms of a G/6H structure
(vg=0.6 um/min) in the Bragg geometry. Cla
radiation. a—(113). reflection; regions corre-
sponding to twins of different typ¢A and B) re-
verse the contrast when the crystal is rotated by
180° relative to theC axis. b—(1.0.115),, reflec-
tion. A, B, andC are stacking faults; 1—intertwin
boundaries; 2—location of a step at the periphery of
the sample, formed during preliminary sublimation
etching.
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7 ments must include the following: first, the use of substrates
obtained by the Lely method, which to date have the most
nearly perfect structure; second, the use of fairly deep pol-
\ ishing sublimation etchingn situ immediately before the

) \ growth of the L-SiC ELs.

5. CONCLUSION

Based on the fact that the characteristics of the twin
structure of E-SiC ELs that arises when the layers are
FIG. 4 Formation of various ty_pes of twins. Th#&l1];c direction is per- grown on 8H-SiC substrates are determined by nucleation
pendicular to the plane of the figure. processes at the initial growth stage, an attempt has been
made to optimize the growth conditions. It has been shown

» R that, at a constant temperature and using virtually undisori-
under the same conditions, which indicates that other factorémed substrates, reducing the growth rate of the ELs in-

affect the nucleation processes. Examples of such factors aggaases the area of the twinning areas and decreases the total

the specific state of the surface, i.e., the presence of traces gftect concentration of the structures. As a result, at small

mechanical poll§h|r-19(spra-1tche)§ after insufficiently deep growth rates (0.4—0.8m/min), silicon carbide ELs are ob-

sublimation etching; relief; or dlslocatlpns reaching the subizined in a cubic modification with a low defect density

strate ;urface. The effecF of these kinds of'defects on th?lol—loz cm~2) and a twinning area of up to 6 nfm

nucleation processes during the growth @&-3iC ELs was

studied in Ref. 17. A characteristic example of the effect of = This work was carried out with the partial support of the

relief is the presence of smaller twins and larger defect conUniversity of Arizona.

centration in the transition layer close to a step formed at the

substrate perlphery. afte)r preliminary  sublimation etChlngrl’The work of Furukawaet al®is an exception. They described the produc-

(see, for example, Fig.)2 tion by a sublimation method of bulk single crystals &-3iC that were

According to the model proposed in Ref. 18, the number characterized by the absence of DPBs on the growth surface, but the linear

of growth centers that appear on the substrate surface duringgze was not indicated. _ _

homoenbitaxial arowth is determined by the followin aram- he growth cell is constructed in such a way that the etching and growth
0 P g y . 9 p . processes do not occur on the entire substrate surface, since its peripheral

eters: temperature, growth rate, and degree of disorientatioriegion is covered by graphite fittings.

of the substrate surfacé.Here, depending on the relation-

ship of t_he |nd|cateq paramet_ers, the growth Process is CoNry,; A vodakov, G. A. Lomakina, E. N. Mokhov, V. G. Oding, V. V.

trolled either by the incorporation of adatoms into the crystal semenov, and V. I. Sokolov, iWide-Band Semiconductofkeningrad,

structure at terraces whose size and number are determined979, p. 164.
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Structure and electrical conductivity of polycrystalline silicon films grown by molecular-
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. LobachevskiState University of NizhhiNovgorod, 603600 NizhhNovgorod, Russia
(Submitted March 12, 1996; accepted for publication May 5, 1996
Fiz. Tekh. Poluprovodr34, 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 Physicg.S1063-782807)00703-3

INTRODUCTION source is applied to the substrate, whereas it decreases if the
potential is positivé. The layers for this project were grown

Polycrystalline silicon flms(PSFg are widely used in with a negative potentiaV, — — (50—300) V applied to the

integrated circuits and solar cefté. Among the various bstrat
methods of obtaining PSFs, molecular-beam depositior?u strate.

(MBD) has attracted the attention of researchers because it The experimental setup is shown in F.'g' 1. The sub.s'trate
. Qolder and the substrate, were cut from single-crystal silicon,

were heated by an electric current. The voltage drop between
the ends of the plate was abottl0 V. The films were
0.1-0.5um thick. The substrate temperature was varied be-

background impurities, and to controllably introduce
dopants® Another advantage of this method is that the film-
deposition conditions can be varied within very wide limits. R

Additional control of the parameters of the growing film tween 300 and 600 °C.

can be provided by bombarding the growth surface with low- The grain size in the f!Ims and the size of the b.IOCkS
energy ion¢=8 This has been demonstrated during theWere calculated from the size of the coherent scattering re-

growth of silicor"® and metal film& in high vacuum, where gions using electron diffractiofdiffraction of a transmitted
a reduction of the epitaxial growth temperaturé was ob_electron beain and transmissjon electron microscopy. The
served, and continuity of the films was attained at an ear”e§urface morphology of the films was studied by a replica

stage. Electron-beam sputtering of amorphous silicon filmgnethOd' ) . .

with a potential applied to the substrate resulted in the for- A copl_anar conf!guratlon of contacts with a 1-mm_ga_p

mation of large cluster&rom 20 to 100 nm in diametgf was used in measuring the I.ayer resistance. The electric field
Polycrystalline silicon films have been virtually ignored during the measurements did not exceed ¥&m.

in those studies. At the same time, additional monitoring of

the growth parameters is needed in order to obtain such flmBESULTS

with given properties. Moreover, in establishing a connection

between the ion-beam parametéiise ion density and en- Film structure.Our studies showed that the grain size of

! . ! . the PSFs increases linearly with increasing deposition
ergy) and the film properties, the film-growth meChamsmtemperature (Fig. 23. At a substrate temperature of

under the act!on O.f low-energy ions must be determined. Ts= 500 °C, itis almost comparable with the film thickness.
Our goal in this study was to analyze the structure and

electrical conductivity of thin PSFs grown by MBD by the At such temperatures, the size of the coherent scattering

o - . e regiont saturategFig. 2b).
sublimation of silicon when a negative potential with respect :
- . . One can judge how the substrate temperature and poten-
to the silicon source is applied to the substrate.

tial affect the film structure from the variation of the diffrac-
tion patterns. Figure 3 shows diffraction patterns of films
grown at 300, 400, and 450°C with a potential of
Polycrystalline films were grown by silicon sublimation, V,=—300 V applied to the substrate. This figure also shows
using the technique described in detail in Ref. 3. A rectandiffraction patterns from films grown with no potential ap-
gular plate cut from a single crystal of silicon doped with plied.
gallium to a concentration of about5x 10" cm 2 was When a potential was applied at low deposition tempera-
used as the source of the silicon and dopant vapors. Thigires (T < 300 °C), the film structure remained amorphous.
dopant was chosen because it has been estatfisA¢aat ~ Only a certain sharpening of the diffraction peaks was noted
there is an ionic component in the molecular flux from sub-in this casgFig. 3, curves a and)bWhen a negative poten-
limating single-crystal gallium-doped silicon. Ti€a) dop- tial of V,= —300 V is applied to the substrate, the size of the
ant concentration in the layer increases if the epitaxial layersoherent scattering region increases from 2.8 to 3.3 nm.
are grown while a negative potential with respect to theSince this parameter for an amorphous material characterizes

RESEARCH METHODS
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FIG. 1 S p . i il blimi i hile th FIG. 3. Diffraction patterns of silicon films at various temperatures
- 1. System for growing silicon films by subliming silicon while the r oc. 5 300, b—400, c—4501—with no bias on the substrate—
growth surface is irradiated with low-energy ionk—substrate holder, V.= —300V

2—substrate3—screen4—source. b '

the short-range ordering region, it can be concluded that The result obtained at a growth temperature of
bombardment by low-energy ions during the formation of anTs=400 °C is the most interesting result, in our opinion. In
amorphous structure causes the structure to become orderddis case, the film structure in the absence of bias is amor-

Figure 3 also shows the diffraction patterns of films Phous(Fig. 3, curvelb), whereas a polycrystalline structure
grown at T,=450 °C. Both films(curves1c and 20) are is formed with bias(curveZb). The differences in the mate-
polycrystalline. The potential affects the substrate by makindial’s structure can be clearly seen from micrographs of car-
the diffraction peaks narrower and more intense. In filmsPon replicas of the surface of these films. The surface of the
grown with an applied potential, the size of the coheren@morphous filn(Fig. 43 is characterized by small irregulari-
scattering region, which in this case should be identical tdies, while we see a well-developed grain relief on the sur-
the size of the blocks inside the grain, increases from 10 téace of the polycrystalline filniFig. 4b).

12 nm. The additional irradiation thus plays a positive role in It should be pointed out that varying the negative poten-
forming the film structure. tial from 50 to 300 V did not cause any additional differ-

ences in the film structure. The fact that there is additional
irradiation is apparently more important than the energy of
the bombarding ions.

a Electrical conductivity of the filmsMeasured results for
EJUU the layer resistancB; of the films at room temperature as a
< function of deposition temperature, the potential applied to
g 200 the substrate, and the film thickness are shown in Table I. It
Q can be seen that the resistance decreases with increasing sub-
5100 strate temperature. Films grown with an applied negative po-
< 9 L L tential have a resistance one or two orders of magnitude
%00 l’ﬁo o 900 lower than do those grown with no potential.
s?
.« 20} b DISCUSSION
'2’ The effect of substrate temperature on the PSF structure.
) H An analysis of the experimental results indicates that increas-
o101 ing the growth temperature improves the film structure. This
is consistent with the existing model of PSF growth by the
3 1 vacuum method and by gas-transport depositfoAccord-
0400 ﬂ'm 6ll70 ing to this model, the adatom mobility is low at a low growth
T3y °C temperature, and the film grows from virtually rigidly fixed

nuclei. As the growth temperature increases, the silicon ada-
FIG. 2. Grain size@) and block sizeb) vs the deposition temperature of _toms become more mobile, ?—nd the Coal_escence of the n_UC|e'
polysilicon films. increases. As a result, the films grow with larger grain size.
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FIG. 4. Micrograph of carbon replicas of the surface of
silicon films grown atTs=400 °C with no bias on the
substrate (a) and with V,=—300 V. Magnification
16 000.

New nuclei are generated on the bare sections of the sultential accelerates the ions in the molecular flux toward the
strate, and they either migrate to larger nuclei or expandubstrate. From the various qualitative concepts in the litera-
independently. ture concerning the mechanisms by which ionic bombard-
How the application of a potential to the substrate af- ment affects the structure of deposited films, we can select
fects the PSF structuréur experimental results show that strengthening of the surface diffusion of adatdrhét the
applying a negative potential to the substrate when the filmsarly stages of film growth, ions incident on the surface
are being grown improves their structure, as does increasingause the formation of nuclétlusters of larger size than
the substrate temperature. The application of a negative pagvhen deposition is carried out without the action of ions. The
increase in the cluster size is probably caused by the increase
of the adatom mobility and by the breakdown or decay of

TABLE I. Layer resistance of silicon films grown in different deposition . . .
Y g P small nuclei as a result of ion bombardment. Clusters with a

regimes.

certain subcrystalline size decay into free adatoms under the
No. T, °C d, um Vp, V Ry, Q/0 action of incident iong?
256 400 01 300 29 10° The surface diffusion of the adatoms can itself be accel-
257 450 0.1 300 14 108 erated by the formation of small collision cascades on the
258 450 0.1 0 9.3 10° surface. The film growth with uniform-size grains observed
259 400 0.1 0 1.210° in our experiments when ions act on the growth surface is
52(2) igg 8:1 158 33.'2 1151)?) apparently caused by the fact that virtually no new nuclei are
263 450 0.5 300 5% 10/ generated on the intercluster sections.

Other mechanisms for the effect of ion bombardment on
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the film structure are also possible, but are less significant foattributable largely to the strengthening of the surface diffu-

our experiments. For example, the ion flux striking thesion of adatoms as a result of ion bombardment of the

growth surface has a thermal effect, which is usually appregrowth surface.

ciable if the energy contributed by the ions exceeds 2. The experimentally observed increase of the electrical

1 W/cn?-sect? conductivity of PSFs grown with a negative potential applied
How the application of a potential to the substrate af- to the surface can be explained by the increase of the prob-

fects the electrical conductivity of the filmBhe experimen- ability that the growing layer will capture gallium as a result

tal observation that the films show reduced resistance wheof bombardment with ions and by the improvement of the

they are grown while a potential is applied to the substrate istructural characteristics of the material.

associated, in our opinion, with a change in the mechanism

by which the dopan(galllum) IS captured by the growing YThe coherent scattering region in polycrystalline materials is often smaller

silicon layer. When films are grown without applying @ po- than the grain size and is usually identical with the average size of the
tential to the substrate, as in the case of the growth of epi-blocks into which the grains break up. This sReis computed from the
taxial silicon layers, the gallium segregates on its growth angular broadening of the diffraction maximas, using the Scherrer for-
surface, and only a small part of it is incorporated into the mulaD=4wk/As, wherek is the Scherrer constant(1).
growing crystaft® The application of a potential to the sub-
strate strengthens the bombardment of the growth surface byr. L. Ede'man, The Structure of LSI Componertidauka, Novosibirsk,
low-energy ions. When this occurs, some of the gallium ions_1980.
that appear on the grovvth surface are incorporated into aZV. M. Koleshko and A. A. Kovalevskj Polycrystalline Semiconductor

. il at % M th bability that th Films in Microelectronic§¥Nauka, Minsk, 1978
grain as I‘.E'COI atoms. .Oreover' € ijO abill y a € 3p. A Pavlov, V. G. Shengurov, D. V. Shengurov, and A. F. Khokhlov,
dopant is incorporated into the crystal is also increased by Fiz. Tekh. Poluprovodr29, 286 (1995 [Semiconductorg9, 142(1995)].
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Quasi-static capacitance of a MOS-FET upon saturation of the carrier drift velocity
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The effect of the saturation of the carrier drift velocity on the voltage-capacitance characteristics
of the gate capacitancé&;s andCgyq 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 fiedldE). 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 dependene€g)ofsince 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. 1®97 American Institute

of Physics[S1063-782807)00803-X

1. INTRODUCTION rate analytical dependences only provide quantitative refine-
ments.

The analytical modeling of the capacitance characteris-  As will be shown in this article, the voltage-capacitance
tics of metal—oxide—semiconduct@OS) transistors plays characteristics of a transistor, in contrast with the |-V char-
an important role in the design and creation of logic circuitsacteristics, are more sensitive to the form of #{&) func-
and analog circuits. An analysis of the equivalent circuit oftion. Expressions for the voltage-capacitance characteristics
an MOS transistor in the small-signal approximation oOf a transistor operating in the triode regime are obtained on
shows that the total capacitanGgs+ Cqq, WhereCyg is the  the basis of Meyer's simple model. Three different approxi-
gate—source capacitance a@gy is the gate—drain capaci- mations of »(E) are considered, including the piecewise-
tance, determines its most important parameter—the cutotfn®ar approximation. The use of Meyer’s very simple model
frequency. A model of the capacitance in terms of a quasiSt€mMs from the fac;t that it aIIovys one to obt_aln a clear physi-
static approximation was first proposed by Méyier 1971. cal picture and simple analyncgl expressions for the gate
Ward and Dattohimproved this model by taking into ac- capacitance€ys andCyq. Taking into account the charge of

count the charge of the depletion region of the inversionthe depletion region of the inversion channel, as in the case

channel of the transistor. The charge induced in the chann&f the I-V characteristics, can only slightly refine the result-

was taken into account separately for the source and the'd voltage-capacitance characteristics.

drain of the transistor. The calculational technique of Ward

and Dattori made it possible to achieve the best convergence

and accuracy with numerical modelling of the voltage-2. CAPACITANCE OF AN FET IN TERMS OF THE
capacitance characteristics of short-channel transistors. ~ SATURATION MODEL OF THE CARRIER DRIFT VELOCITY

The most complete and consistent approach to comput- We consider an EET with a channel directed in the
ing capacitance was developed by Shan the basis of @ ireciion with a length off (Fig. 1, insel. The transistor
unified model of charge contrdIThe proposed model made operates in the triode reginithe substrate is groundedhe
it possible to compute the voltage-capacitance characteristiGhicknessd of the subgate insulation layer is much less than
of a transistor in all the regimes of its operation, from thethe characteristic scale of variation of the potentialJnder
subthreshold regime to the saturation regime. At the samgjs condition, the approximation of the smooth Schottky
time, the drift-velocity saturation for carriers in an electric channel is app|icab|e_ In this approximation the transverse
field was consistently disregarded as indicated by &ha*  component of the electric field in the channel is much greater

The drift-velocity saturation of the carriers is most im- than the longitudinal component. The surface concentration
portant in short-channel FETs, where the longitudinal elecn, of the carriers induced in the channel for the above-
tric field E in the channel can greatly exceed the characterthreshold regime of operation of the transistor can be written
istic saturation field of the carrier drift velocitgy. The — as
distribution of the potential, the electric field, and the surface cu
carrier concentration in the transistor channel is completely n=— (1)
determined by the/(E) dependence. The very simple and €
widely used piecewise-linear approximation of the carrierwheree is the elementary chargdl=Ug4(x) — Uy, Ugc(X)
drift velocity v(E) gives a qualitatively good description of is the local voltage between the gate and the charuheis
the current-voltage characteristics of a transistor. More accuhe threshold voltage, an@ is the capacitance of the insu-
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FIG. 2. Source-drain voltage drag?'in the |-V characteristic—saturation
FIG. 1. Voltage—capacitance characteristics of the capacitabge@ipper regime vs parametey for a—the piecewiselinear approximation, b—Eq.
curvesg and Cyq (lower curveg with a parameter value of=1 for a— (8), c—Eq.(14).
a piecewise-linear approximationy§$3=0.38), b—Eq(8) (u33=0.62), and
c—Eq. (14 (u¥=0.51).

whereE andE, are the electric fields at the source and the
) _ ) drain, respectively. The computation of the capacitances
lating Ia_yer under the gate per unit area. The current in th%gS and Cyq from Egs.(4) and (5) assumes that the spatial
conducting channel, using Edl), has the form distribution of the potential along the channel and the I-V
J=wC- u(E)U-E, (2)  characteristic of the transistor are known. Substituting into
. . ) . Egs. (4) and (5) the dependence of the local electric field
wherew is the width of the device, anfl(E)=v(E)/E is  g—Eg(uU,J) following from Eq.(2) and the -V characteris-
the field dependence of the carrier mobility. Substituting intoyi¢ iy the formJ=J(Ug,Uy), it is easy to obtain the voltage-
Eq. (2) the relationship that connects the potential and thg.anacitance characteristics of the transistor. These depen-
field, E= — dU/dx, and taking into account the boundary gences are usually constructed as functions of the voltage
condition at the sourceJ(0)=Us, it is easy to write the  y_ o the source for a fixed source—drain voltage drop
equation for the potential distributidd(x) along the chan- | this paper we will use another representation of the
nel. The character of this distribution is completely deter-q|tage-capacitance characteristics, computed for constant
mined by the form of the approximation of the carrier mo- voltageU, on the source and for a variablé,y. The com-
bility 4+(E). The dependence of the current in the channel o, iations will be carried out for two different analytical de-
the source—drain voltage drogJiq=Us—Uy [where pendences of mobilit(E).
Ug=U(l) is the voltage at the drajndetermines the 1-V The voltage-capacitance characteristics for the model of
characteristic of the transistor. This dependence can be reg- gmooth Schottky channel with constant carrier mobility
resented, in general, as a function of the contact voltages—lu(E): uo Were obtained by Meyér.These characteristics

J=J(U5,U_d)- _ have the form
Following Meyer’'s model, the total induced char@eof

the inversion layer can be found by integrating the surface 2

(l_ usd)2
concentratiomg of this charge along the channel in the form Cgs:§

_2 1
amuyy) STt emugy  ©

Ug U . L L
Q= _Wcj ¢ —du, ©) where ugg=U.4/Us. The piecewise-linear approximatfon

u, E of the carrier mobility results in a limitation of these voltage-
where the longitudinal electric field=E(U,J) is a function cggacitance characteristics .by_ the source—drain. voltage drop
of the current and the local voltage in accordance with EqUsd When the I-V characteristic reaches saturation:
(2). Using Eq.(3), it is easy to find general expressions for

(WA
2

1/2
the two independent differential_ gate capaci_tane‘ggand Uiﬁt: 1— , )
Cga, reduced to the total capacitance of the insulating layer

under the gateCo=wClI.

1

where y=2IE, /U is the saturation parameter. Figure 1
aQ 1| Ug Us d (U (curves ashows the voltage-capacitance characteristics for a
Cgs:g_us (Ug=consy= 1|Es fus AU\ E duy, fixed value of the parametgy=1. The dependences of the
(4  voltageugy and the gate capacitanc€? and C3j in the
saturation regime of the transistor on paramgtare shown
(U =const)= E[ﬁ_ Judi( E)du} in Figs. 2 and Jcurves @ respectively.
s | Eq us Ug\ E ' 1. Let us consider a more realistic approximation of the
(5) mobility w(E) in the form

9Q

ng:m
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FIG. 3. The dependences of the capacitar@and C3y, (lower curve in FIG. 4. Potential distributiontl, 2) and its redistributior(1’, 2') under the

the I-V characteristic—saturation regime vs paramgtéor a—a piecewise-  action of a voltage fluctuatiod at the source and a fixed voltage on the

linear approximation of+(E), b—Eq. (8), c—Eq. (14). drain with y=1 for an approximation ofu(E) [EqQ. (8)]: 1, 1'—with
i=0.01,2, 2’—in the saturation regime.

____Ho 2  (1-Ugg)?® 1+2(1—Ugg)®—3(1—Ugy)?
(E) . (8 _4la sd sd sd
T avEED CgS‘S[l 2 ue? " (2~ Usg? '
We introduce the dimensionless values of the local voltage 2 1 1-3ugy— (1—Ugg)?
u=U/Uyg, the lengthn=x/1, and the currenit=J/J,, where ng:_[l_ - sd h sd (13
Jo=CU2w/2l. Equation(2) can be written as 37 (2—usg) X(2=Usg)

du i 1 These dependences differ from E6) for a model with

(9)  constant mobility by the presence of additional terms associ-
ated with saturation of the carrier drift velocity. Figure 1

whereug,=i/x is the saturation voltage at a given current (curves B shows the voltage—capacitance characteristics for

i. The solution of this equation with the boundary conditiona fixed value of the saturation paramefer They are sub-

at the source afi(0)=1 determines the potential distribution stantially different from the case of piecewisknear ap-

dyp  2u—ug

along the channel: proximation of the mobility. The greatest differences are ob-
5 2 served in the saturation regions, which differ for these two
U(77) = Usaeh [ (1= Usad®—i- 7] (100 cases. Figure &urves b shows the dependences of the gate

Saturation of the carrier drift velocity occurs at the sourceSapacitanceC33 and Cg3f in the saturation regime on the
where the electric field has the greatest value, approachingaturation parametey. The difference, by comparison with
infinity as the expression under the radical in Etp) goes the case of the piecewisdinear approximation, is that the
to zero. This condition determines the currégy and the — gate-drain capacitance is identically equal to zero, while the
voltage dropu$3!(Fig. 2, curveb) in the saturation regime as 9gate-source capacitance in the case of a stwrannel tran-

a function of parametex in the form sistor (X< 1) has a different IImItIng ValueC;?:l Let us

carry out a qualitative treatment of the resulting voltage-
2 _ 4 3
XT2-x—Vx"+4-x sa_ f;
2

US| (11) f:apacitan(?e ch_aracteristics, based on a simple geometrical
» Tsd Visat interpretation(Fig. 4).

For small current values<1, the potential along the
channel falls off linearly(Fig. 4, curvea). The gate-source

sat—

We emphasize that, in the model of Ref. 2, with a

p|eceW|se-I|near approximation of the mobility, the E|ecmccapacitancéigs can be found as the ratio of the increment of
field along the channel actually cannot exceed the valu

. .~ “The total chargeQ induced in the channel for fixed drain
E.a- On the other hand, in the case of the approximation .
given by Eq.(8), the electric field exceeds this value. This voltage and source voltages varying by a small amaurk

. . . simple geometrical construction results in an obvious result:
gives a different form of the voltage—capacitance character- pie 9

2 : . . Cgs=1/2. It can be shown in the same way tiGaf;=1/2.
_ gs
f;g;ctfrlizgfq'(l)’ we obtain the expression for the -V In short-channel Y<1) transistors in the saturation re-

gime, the potential distribution is virtually uniforiiirig. 4,

 1—(1-ugy)? curve b). Therefore,C33=1. At the same time, because of
1= 2ugy (12 saturation of the drift velocity, the character of this distribu-
1+ tion sharply changes close to the drain, where

Ey=du/dn|,=. This leads to the obvious result that
Computing the capacitancé,s and Cyq4 by the procedure CZ%‘E 0. Actually, a small variation of the voltage on the
described above and the use of E(®.and (12) gives the drain for a fixed source voltage makes virtually no change in
result the potential distribution along the channe(,n).
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2. Let us consider an approximation of the mobility  1.0r
w(E) of the form

o 0.8
E)=—— —>—15. 14
HE) = rezen) ™ 19
0.6
In this case, Eq(2) can be written as L
3
du i 1 5 04
dn 2 2.2
dy 2 Ju?-uZ, 0z
The solution of this equation jointly with the boundary con-
dition on the source determines the potential distribution 1 ! 1 L !
along the channel: 0 7 2 o J # d
u 1 XN - lim ih g
Fl —|—=F| —|=— , (16 FIG. 5. Limiting voltage dropugy vs parameter with 8=0.25 for an
Usa Usa Usat approximation of u(E) [Eq. (8)] with: a—=0.1, b—x=1, and c—

_ sat. o - |
whereF (y) =y\y?— 1 — In(y+Jy?—1). The I-V character- X~ '0-Usa* a—027, b=0.62, c—0.92.

istic is found by solving Eq(16) after substitutingn=1.

When the potential on the drain reaches valuesiQf the  approximation is applicable all the way to the saturation re-
transistor enters the saturation regime. The saturation curreiime. It is easy to write the condition for which the 1-V

isarcan be found in this case from characteristic in the model with a piecewisénear approxi-
x| ¥ mation of the mobility saturates earlier than the Schottky
F I—J =T (17 model reaches its limit of applicability; i.euS3< U™ :
sal sat "
. 1—(1—ulm)?
The dependence of the voltage drop at the device vs param- X< Xer= (22)
etery in the saturation regimé-ig. 2, curvec) can be found 1-ugg
as where ., is the critical value of the saturation parameter,
- which satisfies the equatiafd=U"" .
sat_ I'sat . . . S .
ugg=1-— X (19 Using the characteristic parameters of the transistor:

I=1 wum, d=350 A, and =4, the saturation field
It can be seen that it differs very little from the case of E¢,=1.25<10° V/m, and the voltagesUs=1V and
piecewise-linear approximation of the mobility. U;=0.5V, the following estimates can be madge=0.25,
Using Egs.(4) and (5), the voltage-capactiance charac- y=2.5, x,,=8.7, anda=0.07. It can be seen that saturation
teristics can be obtained only numerically and are shown irof the drift velocity is extremely important for modern tran-
Fig. 1 (curves ¢ for a parameter value gf=1. The depen- sistors and that Eq21) is satisfied. The Schottky approxi-
dence of the gate—source capacitan(‘.lff_;t (whereas mation is applicable virtually all the way to the saturation
Cgi= 0) in the saturation regime vs paramegeis shown in  regime; i.e. ugy~ uim.
Fig. 3 (curve 9. The form of this dependence substantially Let us carry out similar computations for the approxima-
differs only from the case of the piecewise-linear approximadtion of the mobility determined by E(8). Using Eqgs.(9)
tion. and(19), for a given value of the parametets 8, andy, we
3. Let us consider the criterion for the applicability of
the model of a smooth Schottky channel with a piecewise-
linear approximation of the mobility. The condition that the
longitudinal field is small by comparison with the transverse
field E, is written as
U du Ug

Cdp' 5 doe

U, 06

Us

u+

whereeg; is the permittivity of the subgate layer. The condi-
tion given by Eq.(19) determines the limiting value of the
voltage dropJ'S”(‘j1 along the channel, up to which the Schottky .,
approximation is valid:

lim \/,82+a(1+a)—,8 . , .

Usg=1~— 1+ a ) (20 0 1 062 3

where 8=U/2U; and a=¢;d/2| are dimensionless Param- s 6. Limiting voltage dropu™ vs parametew with 3=0 for an ap-
eters. The parameter values<1 correspond to a transistor proximation of w(E) [Eq. (14)] with: a—y=0.1, b—y=1, and c—

with an infinitely thin insulating layer, in which the Schottky x=10.u$%": a—0.24,b—0.51,c—0.79.
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can find the limiting value of the voltage drmﬂ?}. Figure 5 ences in the potential distribution along the channel. Our
shows the dependence of this voltage on parametéor ~ analysis has shown that the use of a crude piecewise-linear
three fixed values of parametgr Note that the Schottky approximation is applicable. Comparison of the experimental

approximation in this case always is inapplicable earlier tharyoltage—capacitance characteristics with the theoretical re-

the 1-V characteristic saturates; i.a'M<uS%". Despite this sults can make it possible to estimate the actual dependence

circumstance, in an actual transistar<1), it can be used Of the carrier mobility on the field. It is interesting to de-
vitually all the way to the saturation regime, i.e., termine the cutoff frequency of a transistor on the basis of
ugzg uggw ) the resulting voltage—capacitance characteristics.

For the approximation of the mobility determined by Eq. A study of the criterion for the applicability of the ap-
(14), the results are shown in Fig. 6. For simplicity, the Proximation of a smooth Schottky barrier has shown that, for
threshold voltage was assumed equal to zgte 0). In this ~ modern transistors with a thin subgate insulating layer, this

case, the Schottky approximation is also applicable virtually@Pproximation is valid virtually all the way to the saturation

all the way to the saturation regime, i.a3o~ ugrg‘ regime for all the approximations used for the mobility.
The author is grateful to M. |. yakonov, M. Shur, and
3. CONCLUSIONS M. E. Levinshtein for fruitful discussions and support.

Our analYSIS has shown that the 1-V CharaCte”S?IC of arl)This possibility was brought to the authisrattention by M. Shur.
MOS transistor can be computed by using a
piecewise-linear approximation of the mobility, whereas =3« “yeyer, RCA Rev32, 42 (1971,
analytical dependences provide only a slight quantitative re2m. Shur, Physics of Semiconductor Devicerentice-Hall, Englewood
finement. On the other hand, the voltage—capacitance char-Cliffs, N.J., 1990.
3D. E. Ward and R. W. Datton, IEEE J. Solid State Circul—12

acteristics are different in these cases. This shows up espe—(1978

cially strongly in the saturation regio(Fig. 3) for short- 4K. M. Rho, K. Lee, M. Shur, and T. A. Fjeldly, IEEE Trans. Electron
channel transistors. In this caggji=1/2 andC33=1/2 for Devices40, 131 (1993.

the p|eceW|se_|lnear approxn’naﬂon, Where@égtzl and 5M Shurm, T. A. Fjeldly, and T. Ytterdal, K. Lee, Solid State Electron.
CS?}=0 for the other two approximations of the mobility. It 35, 1795(1992.
was shown that this is attributable to the qualitative differ-Translated by W. J. Manthey
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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,Ga _,As—GaAs structures with two or more quantum wells without imposing any restrictions
on the ratios of their sizes. @997 American Institute of Physid$1063-7827)00903-4

1. The possibility of fabricating low-dimensional struc- subbands® Deep impurity states formed by a maximally lo-
tures in the form of quasi-two-dimensional systems of quan€alized potential were considered in Ref. 13. In the present
tum wells (QW), quasi-one-dimensional quantum wires andpaper we examine shallow donor states in asymmetrical het-
guasi-zero-dimensional quantum dots leads to highly divererostructures with quantum wells.
sified and comparatively easily obtained spectra of elemen- 2. As a rule, in the solution of the problem of impurity
tary excitations, both for such systems in isolation and instates in quantum-well heterostructures the variational
combination, integrated into nanostructure devicésidi- method is used in the effective mass approximation. This
tional possibilities in the fabrication of heterostructu(es) simple, yet convenient approach to the study of shallamd
with prescribed properties have been offered by the technosometimes quite degpmpurity states in the volume of a
ogy of selective dopin§.The nature of the arising impurity semiconductor, where the symmetry of the spatial distribu-
states is in many ways determined by the peculiarities of théion of the electron density is evident, has substantial limita-
guantum-well electron states inherent to the given hetercdons when used to calculate impurity states in heterostruc-
structure. tures. Indeed, in an asymmetrical heterostructure with two or

A general qualitative analysis of shalld@oulomb im- more quantum wells the electron wave functions can have a
purity states in a two-dimensional 9 system was carried very exotic form; for this reason the choice of test functions
out by Chaplik and Btin2 They obtained an estimate of the in the case of such heterostructures is inevitably associated
binding energy with allowance for the modification of the with an increase in the number of variational parameters and
Coulomb interaction taking place in theD2system. They a complication of the calculational procedure.
also estimated the energies and lifetimes of the quasi- Here, bearing in mind applications to heterostructures
stationary impurity states split off from thdd2quantum-well  with quite narrow quantum wells and barriers, we make use
subbandsgexcept the lowest The first theoretical study of a of a technique that has been applied eaffittto describe
hydrogen-like donor impurity state in an isolated quantumexciton states in similar structures. This technique reduces to
well with infinitely high barrier§ was later refined in con- an expansion of the impurity envelope functions over the
nection with the finite barrier height of the quantum well and2D Wannier basis of electron envelopes in the given hetero-
the difference in the effective masses and dielectric constantructure. Such an approach makes it possible to effectively
of the materials of the quantum wells and the barrierseparate the motion of the electron into transverse and lon-
layers®™® In individual cases more complicated structuresgitudinal (along the heterostructure axisotion, which sig-
have been investigated. They consist, for example, of twaificantly facilitates the choice of test envelope functions in
identical quantum wells separated by a barrier transparent tine variational procedure. The main details of the design of
tunneling® the heterostructure are taken into account in the calculation:

Of especial interest, however, are asymmetrical systemthe differences in the effective masses and dielectric con-
of quantum wells. In such structures an effective re-stants of the materials of the quantum wells and the barriers,
dislocation of the electron envelope functions in theand also effects of nonparabolicity of the conduction band.
quantum-well subbands is possible under the action of exteAs usual*® the quantum well is represented as a square po-
nal fields** which makes it possible to use these structures atential well, and for the effective masses and dielectric con-
multifunctional  elements of integrated electronic stants in the quantum wells and barrier layers we adopt their
nanocircuits?> Redislocation of the envelopes affects the im-values in the corresponding bulk semiconductors. This ap-
purity state$® and, as a consequence, also affects the posproximation is linked with the presence of two natural and
tion of the Fermi quasi-levels and the filling of the electron highly different characteristic length scales: it is assuthtd
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that the effective thickness of the heteroboundary is of the Expanding the envelopg over the basi$4)

order of magnitude of the interatomic distance, which is sev-

eral orders of magnitude smaller than the characteristic scale |y=> [ng)(ng]), (5)

of variation of the external fields applied to the heterostruc- B

ture. Thus, the effective-mass method is completely appliye easily obtain a system of equations for the expansion
cable in each element of the heterostructure. The solutions i@oefficients<nl[g|>_ We easily see that

the regions separated by a jump in the potential are joined

together with the help of the corresponding boundary condi- 2 (nB|Hqln’ B’ B'|Y=En(—iV)(nBl) 6)
tions. The most commonly us¥d’ are conditions ensuring n'g' " ’
continuity at the heterojunctions of the envelope functionsWherev

and the probability flux density calculated in these enve—able’& which now is considered as a continuous quantity.

lopes. To determine the Coulomb interaction energy of the electron

None of these commonly used approximations, Ofwith an impurity center, we introduce the electrostatic

course, is designed to provide quantitative information aboubreen’s functionG(r,r'), which has the meaning of the
fche energy spectrum of_th_e quanium-well system; howeve'botential at the point of a single positive charge located at
Its qu_alltatlve ana_IyS|s within Fhe framework of_the _envelope-the pointr’. Noting that the effective localization radius of
fL:ncnonIm((ajth(id In theIeIf(TctNet.n]]cas;s appro&r&a’:mn almosEhe shallow donors in semiconductors substantially exceeds
always 'eads to completely satistactory Testils. In par o |atiice constan and, consequently, the defining contri-

.t;(f[rllar’r:t IS gten_ezalléllheld t.hat thftlTethOd tls qu'te”eﬁe;tt')vebution to the formation of the envelopés comes from a
I the charactenstic dimensions ot the quantum well an arK/ery small region of quasimomenta in the vicinity of the

rlers3e$ceeld apoutthtenlan?stro?tﬁst. i ol N Ienter of the two-dimensional Brillouin zoneka<1,
- To classify the electron states in planar quantum-we Altarelli'’ points out that the dependence of the one-

hetEFO]UECtI0n§ \t':]e _m;ly u??hthg set Otf quanhumbrl;umger imensional envelopes i) onk can be disregarded, denot-
{n,k}, wheren is the index of the B quantum-well subban ing them simply as,(z). It is easy to see that in this case

?f the conduc:!on 2_":]nd’ ank: IS thef (i[{rt:asmomlenttum of the basig4) degenerates to a point bagis the heterostruc-
ransverse motion. 1he envelopes of the one-electron wavg, o plane layer-modulated by the envelope functions
functions can be represented in the féfm

f,(z). The Coulomb matrix elements between the basis
functions(4) can now be represented in the form

(nBIUIn"B")= — 855 Wan'(B.20), ()

whereS is the normalization area of the heterostructprés ~ Where

the transverse component of the radius vectothe z axis

points in the direction of the heterostructure axis, and the Wnnf(ﬂ,zo)zf dzfi(2)G(B,2,20) fn(2). (8)
1D envelope functiond,(z) are solutions(for given k)

simultaneously of the Schadinger equation with potential in Herez, is the_position of the impurity in the heterostructure,
the form of rectangular quantum welfs.These envelope @and we took into account th&(r,r')=G(p—p';2,2').
functions (1), which describe single-particle elementary ex-  Finally, the system of equations for the expansion coef-
citations in the electronic subsystem of the heterostructurdicients in(5) takes the form

can be considered as a set of eigenfunctions of some effec-

tive HamiltonianH, which also defines the electron energy ~ [En(—i1V)—ENnBl)=€2> Wou (8,20)(n'Bl).  (9)
spectrume, (k) of the given heterostructuré:

is the gradient operator with respect to tHe 2ari-

|n,k>=%S fad2)exp(ikp), (1)

Solution of system of equatior{8) allows us in principle to
Holnk) =En(k)[nk). (20 determine the envelope functions and the energy spectrum of

The presence in the heterostructure of a donor impurity add$'® heterostructure with a donor impurity, with allowance for
an impurity potentialU(r) to Hy. The electron envelope MXINg of states split off from all the @ quantum-well sub-

function |) is therefore a solution of the equation bands. Here the one-dimensional'envelop.@(sz) and the
one-electron spectrunk,(k) carry information about the
H[)=E[), (3  profile of the 1D potential of the given heterostructure and

whereH=H,+U. As a suitable basis over which to expand also about the peculiarities of the band structure of the semi-
the desired functior]) we may use the two-dimensional conductors forming the heterostructure or, specifically, about

Wannier basis, whose elements are expressed in terms of tH&€!! €ffective masses and the deviation of their dispersion
wave functiong1) as relation from parabolic at smal. The electrostatic Green's

function allows for differences in the dielectric constant in
1 ) the materials of the quantum wells and the barrier layers.
Ing)= N4 exp(—ikB)[nk). (4) 4. It is easy to see that the diagonal matrix elements in
(8) are significantly greater than the nondiagonal one for the
Here the discrete vector indgx defines the position of the sameg andz,: W,,,>W,,, n # n’. This inequality, which
given unit cell, andN is the number of unit cells in the follows directly from the condition of orthogonality of the
heterostructure plane. one-dimensional envelope functions, becomes even stronger
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in the case of substantially asymmetrical heterostructures, in 2
which the envelopes corresponding to different quantum-
well subbands are, as a rule, localizéor the most pajtin
different quantum wells. Therefore, in the zeroth approxima- -3
tion, we may neglect the nondiagonal elementg9nand 3
solve the now independent equations for eacin this case, g
a series of energy levels correspondiiiy the adopted ap- Eiw_,,
Q
&

S
-

&/

N =

W

proximatior) to states localized along the axis of the hetero-

structure splits off from each subbahdturther account of

the nondiagonal terms i®) leads to a certain refinement of -5
the energies of such leve{by removing the degeneracy of

some of these levelsand to a conversion of all the levels

T Ty rrrryrrrirrrrrerg

except for those split off from the lowest subband to quasi- 60 vl s L il
stationary levels. -5 0 i 5/ . 10 %
We write the equation defining the contribution in the 4

zeroth apprQX|mat|omnB|O> of the.nth suk?band to the (_en- FIG. 1. Dependence of the ground-state energy of the shallow donor on its
yelo_pe function of the state associated with the donor IMPUposition in the heterostructure @& _ As—GaAs4—2—-5. Thevalues of the
rity in the form Al concentration in the barriersc} is indicated next to the corresponding
curves.
2

(0) h 2 2
En _HV + Ve Wy(B8,20) —E <I"IB|O>=O (10
n
Here Eﬁo) and m, are the energyfor k=0) and effective and 15 in the treatment of excitons in asymmetrical systems
mass of an electron in theth subband. The operat®f,,,  of quantum wells can also be applied to the calculation of the
which allows for the nonparabolicity of theth subbandfor ~ contribution ofW,,, to the energy functional. Here we re-

smallk), can be written in thé-representation a$'° strict, the discussion, as in Ref. 19, to an account of terms
52 not higher than first order in the small parameter
V,=—— bﬁk“, (12) v=(g,—¢&5)/(e1+¢&,), wheree; and e, are the dielectric
2my constants of the materials of the quantum wells and the bar-

wherem, is the mass of the free electron, and typical valued € 1ayers. The one-electron envelope functidpéz) and
of the phenomenological parametdss lie between 107 effective massesn, in the 2D subbands are determined

and 10°6 cm. It is natural to allow for the influence of the Numerically!® The procedure for calculating the Coulomb

operatorV,, as a perturbation since the contribution of the CoNtribution to the functional being varied simplifies sub-

envelope functions of the localized states to the binding enStantially if we introduce the universal functfbtf

ergy becomes insignificant with increasiig starting with T

k~a; ', wherea, is the characteristic localization radius of ~ F(s)=s]75 [Hai(s)=Yi(s)] -1, (14)

the electron at the impurity center. Such an approach allows

us to avoid an increase in the order of the differential equawhereY(s) andH;(s) are the Bessel and Struve functions,

tion (10) and, correspondingly, the need to formulate addi-éspectively, and the argumesits a linear combination of

tional conditions for the envelopes at the heteroboundariesthe integration variablez and the z coordinates of the
We will find the solution of Eq.(10) by a variational heterojunctioné**® Note that contributions of any order in

method. It is natural to choose the test envelope function of0 the energy functional can be expressed in terms(gf.

the ground state in the form of a2hydrogen-like orbital 5. By (numerically minimizing the energy functional
. defined in this way, it is possible to obtain the dependence of
_[2k the binding energy of a shallow donor on its positgnin
(nBl0)=\/— - exp(—xp) (12 the heterostructure. The figures presented below gives results

of calculations of the binding energy of a shallow donor
impurity in the heterostructure /6a _ ,As—GaAs with two
equantum wells separated by a barrier transparent to tunnel-
ing; the outer barrier layers are assumed to be semi-infinite.
Figure 1 plots the binding energ§n meV) of a shallow
donor state that splits off from the lowen€ 1) 2D subband

of the conduction band of 4—2—5heterostructuréwidth of

3] the leftmost quantum well equal tea4 of the inner barrier,

with the single variational parameter. The ground-state
energy is determined by the minimum of a functional whos
form can be easily found directly from E@L0). Thus, the
contribution of the second term in EQ10) is obviously
equal to2«?/2m,,. The contribution of the third term in the

1+

form (11) is also easily determinet:
T 2
E) 5 (13)  to 2a, and rightmost quantum well, toad as a function of

the positionz, of the impurity in the heterostructure. Here
The logarithm in expressiofil3) is, as usual, the result of and in the following figures the energy is reckoned from the
truncating the corresponding integrand function at theedge of the corresponding subband, each division on the
boundary of the P Brillouin zone. A simple means of con- horizontal axis corresponds to the lattice constant

structing the electrostatic Green’s functtdmsed in Refs. 14 a=5.65A, and the value of the parametey is assumed

Vo) h b2k ||
K)= n
n mo
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FIG. 2. Dependence of the ground-state energy of the shallow donor on it6IG. 3. Dependence of the ground-state energy of the shallow donor on its

position in the heterostructure &a _,As—GaAs 10—-10-10. The dashed position in the heterostructure AGa, ;As—GaAs5—-4-3. ThecurvesC1

curve was calculated without allowing for the difference between the dielecandC2 correspond to the states split off from the first and second quantum-

tric constants of the quantum-well and barrier materials. well subbands; the energy in each case is reckoned from the edge of the
corresponding subband.

equal to 25 A. The numbers beside the curves in Fig. 1 in-

dicate the Al concentration in the bz?\rri_er layéxs=0.1, _0.2, clearly linked with the asymmetry of the enveloggéz) and
0.3, 0.9. The dependence of the binding energyans a ¢ ;). the first of them is concentrated mainly in the left-
complicated nonmonotonic function with a very deep MiNi-pand (widen quantum well, whereas the main extremum of

mum corresponding to the inner barrier. This has to do Withna second curve is located in the region of the narrower
the fact that the dielectric constant in the barriers is less thaauantum well. A heterostructure with still stronger localiza-

in the quantum wells and with the extremely large value ofj, of the 1D envelopes8—4—4, demonstrates a respec-

the one-electron envelope for=1 in the maximally namow ey stronger dependence of the binding energy of the do-
(2a) inner barrier. The minima near the outer heterojunc-,q. siate oz, (Fig. 4).

ti(_)ns are due mainly to the spatial depe_nd_ence of the _dielec- 6. The value of the binding energy found in the zeroth
tric constant. The dependence of th_e binding energy @ approximation based on E(L0) can be refined if we take
governed by two factors—a deepening of the quantum wellgy, account the nondiagonal elements on the right side of
with growth ofx accompanied by an increase in the degre:q (g) in terms of perturbation theory. Below, for simplicity,
of localization of the D envelope, and a growth of the pa- e restrict the discussion to the two lowed Zubbands with

rameterw. , o n=1 andn=2. In this case we can write E(9) as
The conclusion that the binding energy of an electron at
an impurity center located in the barrier can exceed the bind- (E—Hy)#1=Huahp, (E—Ho)¥a=Haiy. (15

ing energy of an electron for an impurity center inside one of
the quantum wells is not unexpected, and specifically for the
reason that in asymmetrical systems of quantum wells the

envelope functions in the innégnarrow) barriers can have “ c1
values comparable with their values in the quantum wells. \
Therefore, an account of the difference in the dielectric prop- "

erties of the quantum-well and barrier materials can lead to a
considerable change in the binding energy, in particular, if
we note that in the heterostructure, Bk, _,As—GaAs for
x~0.4 this difference reaches a value of about 10% and
cannot, in general, be assumed to be negligible. In this re-
gard, note that in a periodic superlatfitas in a symmetrical
system of quantum well§=ig. 2), the envelope function of
the lower subband has a noticeable minimum in the barrier
region; therefore, an account of the difference in dielectric 7 Do lo o i bl
constants cannot lead to a qualitative change in the nature of -1 0 0 20 Jo
the dependence of the binding energy on the position of the z/a
impurity in a superlattice or a system of quantum wells.

Figure 3 plots data for &—4—3 heterostructure with FIG. 4. Dependence of the ground-state energy of the shallow donor on its

_ position in the the heterostructure AGa, ;As—GaAs8—-4—4. Thecurves
x=0.3. The curves denotedl andC2 Correspond to the C1l and C2 correspond to the states split off from the first and second

ground-state energy "fmd are split off from the subbands V_Vitlauantum-well subbands; the energy in each case is reckoned from the edge
n=1 andn=2. The visible asymmetry of the two curves is of the corresponding subband.

Energy, meV
&

rTrrrrrrrryrrrrr T rrTrT
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HereH,=E,(—iV)—€W,,, Hyy=—€*W,,, forn # n’, Here|nwv) is the donor-state envelope function which corre-
wn=(nBl). Introducing the Green’'s function operators sponds to thenth quantum-well subbandy} is the set of
G,(E)=(E—H,) !, we can transform system of equations transverse quantum numbers passing over in the continuum

(15) into the equivalent equation to the transverse quasimomentyjust asn passes over in
this case to the longitudinal quasimomenjumote that in
(Hi+H15Go(E)Ho) 1 =Eify, (16)  the two-subband approximatiofl5) expression(19) be-

. - . comes exact.
Wh'Ch formall_yl resembles the Schifinger equapon, but con- We restrict the analysis to the case of sufficiently narrow
tains an additional energy-dependent term in the potential

: systems of quantum wells, in which their characteristic size
H12G,(E) |_(|02)1' V\(/le) represent(ot)h_e ground-state energy in thed<a1, wherea, is the effective D Bohr radius of the do-
form E=E}y+E}y, whereE}y is the solution of Eq(10)

for n=1. and the fi . h &2 is found nor state split off from the first subband. In addition, we
orn=-1, an t. e first correction to the enerdy,q Is foun assume that the quantum wells are so deep that their depth
from perturbation theory

AE>#h22m.d?; herem, is the effective mass of the con-
1)_ /(0 0 0 duction band. Under these conditions a rough upper estimate
E10 = (91 1H1Ga( ) Hanl 1”). (7 of the contribution of the quasi-continuum i?1 E(q%; is
Here 4\®'=(np|), the argumenE in the Green’s function d
operator has been replaced by its zeroth approximation (E—Eig)con™ —R)/l)<a—
E(?, and the bracket notation in E(L.7) denotes integration '
over . It is easy to see th&{}<0, i.e., that taking account Here E.~wfi?/m:a’ is a characteristic energy of the order
of the second subband leads to some deepening of the don@k the width of the conduction band, aralis the lattice
impurity ground-state energy level that has split off from theconstant. The logarithmic dependence of the binding energy
first subband. Indeed, the sign of the expression on the righ@n the band width of the quasi-continuum of states allows us
hand side of Eq(17) coincides with the sign of the energy to ignore the contribution of these states, at least in the case
denominator of the Green’s function. Similar argumentsof relatively narrow systems of quantum wells, when
show that the ground-state level split off from the secondd<Z;.
subband under the influence of the states of the first sub- 8. For uniformly doped heterostructures a certain set of
bands, in contrast, becomes shallower, i.e., it has a tenden&poulomb level series is associated with the donor impurity,
to approach the edge of the subband with2. In the case of where these levels are due to the impurities located in each
heterostructures with sufficiently narrow quantum wells andnonolayer of the heterostructure. This circumstance may be
barriers it is easy to make an order-of-magnitude estimate dhe reason for the broadening and attenuation of the impurity
the level shift due to the intersubband interaction. As wadands in the optical spectra of the heterostructures, and may
already noted, the magnitude of the matrix element of thealso limit the possibility of controlling the location of the
operatorH, is in any case less than the characteristic Coufermi quasilevels with the help of an external electric field in
lomb energy R{)=m, e*2s%42, wheres is the average comparison with deep impuritiés,
dielectric constant of the structure. The magnitude of the In conclusion, we note that in heterostructures with
energy denominator of the Green's function in expressiodnaximally narrow quantum wells and barri¢veith width in
(17) can be estimated ad,=E®—E® provided that the range (2- 3)a] the binding energy of a shallow donor, as
A,>Ry™. This condition is obviously satisfied in the case & rule, is significantly less than itsD2 limiting value; its
of quantum wells and barriers of nanometer dimensionsfagnitude is mainly determined by the geometry of the het-

2
In . (20)

C
1+ 5 aE,

Therefore, erostructurefvia the one-electron spectruff,(k) and the
one-dimensional envelopdg] and the difference in the di-
|E(1%)>| RyV electric properties of the components of the heterostructure
W<A_21; (18 due to modification of the Coulomb interaction and forma-
tion of a charge-image field.
and an analogous inequality holds %5 . In this sense, it This work was carried out with the support of the Rus-
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Nonlinear conductivity and current—voltage characteristics of two-dimensional
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Electron transport and heating in a two-dimensional semiconductor superlattice with arbitrary
orientation of the fieldcurren) 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. @997 American Institute of Physics.
[S1063-78207)01003-X

Studies of electron transport in superlatti¢8t) usually of f(k,)—f5(e,t)  f(k,t)— fole,Te)
employ the classical Boltzmann equation with one constant (E) = (e) o)
relaxation time of the electron distribution function. In this col 1 ee

approximation the motions of the electrons along the crystal- f(k,t)—fole, To)
lographic axes of the superlattice are independent and there-
fore its electrical characteristigsn the absence of a mag-
netic field can be obtained by a simple superposition of the
characteristics of one-dimensional superlattices. This, in pawheref(k,t) is the field-perturbed electron distribution func-
ticular, pertains to the results on self-induced transparency dfon, f*(e,t) is the electron distribution function averaged
two-dimensional and three-dimensional superlattioebjch ~ over the equipotential surfacefy(e,Te) and fo(e,To) are
are identical in this approximation to the Correspondingthe equilibrium electron distribution functions with effective
known results for one-dimensional superlattiéesThis also ~ temperaturél, and lattice temperaturg,, respectivelyk is
pertains to the effect of the transverse electromotive force. the wave vector, ané is the electric field. The temperature

However, in real relaxation processes the degrees ofe is determined by the condition of equality of the mean
freedom of the electron are not independent since its stateectron energies described by the distributiqk,t) and
vary interdependently and mix in all three directions. Therefo(e,Te). The first and secondT¢ # To) terms in Eq.(2)
fore, the indicated-approximation can even lead to qualita- “Mix” all the degrees of freedom of the electron, which is
tively inaccurate results. This is the case with the heating othe fundamental difference between the given approach and
an electron gas. For example, this approximation gives zerthat of Refs. 1-6. It is important to emphasize that the
electron heating in the direction perpendicular to the field ifelectron—electron collisions in superlattices are accompa-
the latter is directed along the superlattice axis. It does notied, as a rule, by Peierls distortions and therefore lead to
help to introduce two different relaxation times for the dis-randomization of the direction of the momentum and veloc-
tribution function(i.e., for its symmetric and antisymmetric ity of the electrongadditional resistangewhich is reflected
parts if they pertain to only one degree of freedom of the in EQ. (2). Such collisions cannot have as their result a mo-
electron*® mentum shift of the Fermi distribution functidrNote that in

The present paper examines transport and heating of tHbe case of nonuniform fields the collision integfal must
electrons of a two-dimensional superlattice with square symbe revised to allow for the conservation laws.
metry (SL-2) on the basis of the Boltzmann equation with a ~ The dispersion relation of the electrons of an SL-2 su-
new model collision integral. The latter contains three relaxJerlattice in the tight-binding approximation has the form
ation times:7,(¢) is the randomization time of the direction

: 2

7e()

of the electron momentum, without change of enesgithe e(Kq ko) =£1(Ky) +£2(Ky) = (A/2)(1—cosk,d)
characteristic setup time of the uniform electron distribution
on the isoenergy surface due to elastic collisjpns(e) is +(A/2)(1-cosk.d), €)

the relaxation time of the electron energy, which describes
its transitions between the isoenergy surfaces, ak) is  whered is the period of the SL-2 superlattickk, , are the
the inverse electron—electron collision frequency. In accorzomponents of the quasimomentum of the electron along its
dance with the abovesaid, we have crystallographic axeg; andx,, respectively, and 2 is the
af(kt)  eE af(k,t) of energy width of t_he two-dimensi(_)nal_miniband._ We assume
+— =— (_ } (1) that electron motion along the; direction (the third degree
Jt h ok I o of freedon) is “frozen.” The nonadditive dispersion relation
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used in Refs. 1 and 5 reduces to the above dispersion relation a0
by rotating the coordinate system through an anglertf
radians.

For simplicity we assume that the timesg, 7., and
Tee re independent of the energy. In the stationary case the
electric current and electron heating, according to Eis. 60
and(2), are given by

oo +[1+(Ep1/Eg)?]Es

N TR+ (7, I NETE Q)T+ (7, I mp) (B, ED)?
(4) 30

€)o O'OTEEZ
<A81,2>E<81,2>_%: 2n

[1+(1/2)(E/Eg)?sir? 26 (7,/7,)cos ]
1+(U2)[ 1+ (7, 7p) I(E/Eg) 2+ (7, [ Tp) (E1E5 [EG)?’

© FIG. 1. Dependence of the direction of the current density vgctor the
where o= nezdsz/Zﬁz (A-(s)o) is the linear conductiv- direction of the electric fiel&s. The numbers next to the curves are the
ity of the SL-2 superlatticeE,=%/edr, is the effective ‘S o'F/Fo-
field, 6 is the angle between the field vector and the crystal-
lographic axisx;, 7, =7, '+ 7, '+ 7. is the inverse re-
laxation time of the electron velocity, the angle brackgts frequency effect since it is governed not by intervalley scat-
and(), denote the averages with respect to the perturbed arigiring, but by the dynamics of the electron in the narrow
equilibrium electron distribution functions, respectively, andminiband.
n is the electron concentration. Let us now consider the current—voltage characteristic of
Relation(5) indicates substantial electron heating in thean SL-2 superlattice of finite width. Let thg axis make an
direction transverse to the current. Even in a field directedingle ¢ with respect to the boundaries of the wafer. For
along a crystallographic axi®.g.,x;) heating in the direc- definiteness, we takep| < 7/4. We will not consider domain
tion perpendicular to it and the curreihe x, direction) is  formation here; we will assume, therefore, that the field in
large. The ratio of the corresponding increments of the meathe sample is homogeneous. The dependence of the current
energies in this case is j (E;) and transverse fiel#, (E;) on the stretching fieldE,
in the sample can be found from Eqg) and (5) and the
(Agy) 17— condition that the transverse current vanishes. These depen-
(Aeq) To+Ty ®  dences are shown in Figs. 2 and 3. BrancBemnd 3' are
unstable relative to transverse perturbations of the field.
For 7,=3r,, y=0.5. For7,>37, heating becomes isotro-
pic. In the limit of strong fields and # 0, /2 the electrons
are uniformly distributed in the miniband.
In general, the vectorg and E are noncollinear. Their
mutual orientation is given by 4

Y

1+ (E/Eg)%cod 6 X / 4
( 0) — ' (7) // ‘/7 >
1+ (E/Eg)“sin 0

2F / R -

tan p=tan 6

whereg is the angle between the current density vegtand
the crystallographic axig;. The plots ofe(6) are shown in
Fig. 1. Note that the dependeng€d) is a universal function o g
of the dimensionless fiel#/E, and does not depend on the N
ratio 7, /7, . _50 N .
For givenE>V2E,, three field directions, one of which AN

is unstable, can correspond to a fixed current direction. The -2+ ™A
SL-2 symmetric directionp= /4 is special. Due to the >
transverse negative differential conductivity, the field direc- 0 2 4'
tion with 6=m/4 is unstable forE>\2E,, and electric £ /E
fields transverse to the current arise in the SL-2 superlattice. e
This effect _Was _ConSIde_red !n _REf' 1 f@E: Tp- From the FIG. 2. Dependence of the transverse fi&ld in a superlattice of finite
macroscopic point of view it is analogous to the Erlbachyidth on the applied stretching fiel&, for ¢=30° (curves 1-3) and
effect in multivalley semiconductors, but is a higher- ¢=45° (curvesl’'-3'). Asymptotes of the curves are shown for=30°.
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J 7/

regionE>Vv2E, there exist two—a longitudinal and a trans-
verse conductivity. In the first regioR, =0 and therefore
ordinary strong- and weak-field Gunn domains arise. With an
increase in the ratio, /7, the first region increases in the
direction of smaller fields and the splitting of the current-
voltage characteristic disappears, but the dependence of the
transverse electromotive force d&)/E, remains constant.
Since the currents in the second region in this case are rela-
tively small, it is difficult to attain the regime of “skew”
domains’® Qualitatively, such a situation takes place for all
anglese. Therefore, in the case,> 7, anisotropy effects,
including the transverse electromotive force, are hard to ob-
serve since they are suppressed by the longitudinal current
instability arising in fields when the anisotropy of the SL-2
conductivity is still small.

This work was carried out with the financial support of
the Russian Fund for Fundamental Research.

FIG. 3. Current—voltage characteristics of a superlattice of finite width for
¢=30° (curves1-3) and p=45° (curvesl'-3'); 7, /1,=2.

The orientationp=45° is important and simple to cal-

culate. For it

j12= 200Eg EL2_ 4 [EZ_oE2

(1+ TS/Tp)EH, L - I o

(8)
E,>V2E,,
. ooE
(3)— (3)_

J l+(T£/7'p)(E”/Eo)2, EL O'
jﬁggx_ 2\, 17 ©

NN :
S 1+rlT,

For this orientation in the field regiog27,/7,<E ;<v2E,
there exists only one differential conductivity, and in the Translated by Paul F. Schippnick
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Fabrication of blocked impurity-band structures on gallium-doped silicon by plasma
hydrogenation
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Fiz. Tekh. Poluprovodr31, 311-317(March 1997

The electrical characteristics of blocked impurity-band struct(®¢B-structure based on
gallium-doped silicon Nlg~5x 10" cm™3) 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 temperatuifes 20—220 °C. It is found that the activation energy of the
hopping conductivity with hopping between nearest gallium neighbors decreases from

8.7 meV (before hydrogenationto 1.3 meV (after hydrogenation af=220°C). The
current—voltage characteristics and temperature dependence of the dark current of the structures
and their change after isochrona20 min) annealing at temperaturés- 220—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 Physids$1063-782807)01103-4

1. INTRODUCTION 200 °C. The planar side of the wafers was subjected to hy-
At low temperatures in partially compensated silicondrogenation in a hydrogen plasma under reduced pressure

doped with impurities with shallow levels with concentration (0-1~0-3 Torr), obtained by rf-discharge at substrate tem-
N~ 10— 10'8 cm™3, hopping conductivity is observed _perz_ituresT_= _20— 220 °C. Exposgre time to the plasma var-
with hopping between nearest neighbors or with variabld€d in the limitst=0.2—1 h. Ohmic contacts on the blocking
hopping lengtH— The presence of hopping conductivity layer side were created by |mplantat|50n oj‘zﬁbr.]s with en-
leads to the appearance of large dark currents in photoresi§/9Y E=10 keV and dose> =6.3x 10"® cm 2 without sub-
tances fabricated in a doped semiconductor, and thereby toSgduent annealing. After the implantation we subjected
reduction of their detecting pow&t’ With the aim of sup- Cr_+Au o undergo a transition to metallic state at
pressing dark currents in semiconductor photodetectors if) 200 °C- The concentration profiles of the gallium impu-
heavily doped materials, we propose variants of blockedHty in the electrically active state were determined from
impurity band(BIB) structure-1! room temperature  measurements at frequencies
In a previous pap&? we p.roposed a way to attain this f=0.14-1 MHz of the current—voltage characteristics of

goal and considered the electrical characteristics of BIE*—P-Si Schottky diodes fabricated on wafers which were

structures in which the blocking layers were obtained by hy_not subjected to boron ion implantation and metallization on

drogenation in boiling distilled water. As is well know#;t/ ~ the blocking layer side. The concentration of the deep-level
passivation of shallow donor and acceptor states and form&ENters in the blocking layer was monitored by transient ca-
tion of electrically neutral complexesA H)° and pacitance d_eep—level spectro§cdp'£DL$) in tr_\e constant-
(D*H™)° takes place in such layers. In this paper our goal isvoltage regime by the tec.hn'lque described in Ref. 17. The
to examine the possibility for the formation of Structurescurrent—voltage characteristics and temperature dependence

with blocked hopping conductivity on the surface of gallium- of the resistance of the structures were measured in the tem-

doped silicon by means of hydrogenation in a hydro(‘:](_:,rperature range 4:250 K before and after hydrogenation.

plasma, and to investigate and describe the electrical prope-lr-he thermal stability of the structures was investigated with

ties of these structures the help of isochronalt& 20 min) annealing in a dry nitro-
' gen atmosphere in the temperature raimge200—-400 °C.

2. EXPERIMENTAL TECHNIQUE 3. PASSIVATION OF GALLIUM IMPURITY BY
In this work we use-type silicon wafers of thickness E:'ADSR,\(/?EENAT'ON OF STRUCTURES IN HYDROGEN

d=380um grown by zone melting and doped with gallium
[Nga=(2—5)x 10" cm 3]. Ohmic contacts on the nonpla- Figure 1 shows the concentration profile of the ionized
nar side of the structures were created by implantation oimpurity in Si:Ga with initial gallium concentration
B* ions with energy E=100keV and dose Ng,=5X%10cm ® after hydrogenation in a hydrogen
®=1.9x10% cm 2 with subsequent thermal annealing atplasma. As can be seen from Fig. 1, after processing at
T=1000°C for t=0.3h and C#Au metallization at T=20°C fort=20min a layer with deptth~0.5um is
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FIG. 1. Concentration profile of the ionized impurity atype-Si:Ga with —13
initial concentrationNg,=5x 107 cm™2 after hydrogenation in hydrogen 10 IS I TN T RS
plasma. Treatment timg=20min at T=220°C. Inset: the same at 3 ] g 12
_ono 2 -
T=20°C. 0°/T,K !

FIG. 2. Temperature dependence of the curtehtough a structure of area

formed with residual ionized impurity concentration of about4x5 mn in p-type-Si:Ga withNg,=5x 10" cm™; bias voltage equal to
7% 10 cm3 (see the inset in Fig )1 Processing at 2 V; 1) before hydrogenation; 2, &fter hydrogenation in hydrogen plasma

. for t=20 min atT=20 °C (2), 220 °C(3). Numb t to th
T=220 °C for the same length of time leads to the appear—or min & (@ (3). Numbers next to the curves are

the activation energf, in meV.
ance of a high-resistance layer of thicknéss1.7 um with
residual ionized impurity concentration on the order of
10" cm™3. Thus, the use of hydrogenation in a hydrogenthe freeze-out temperature of the gallium level in silicon
plasma enables a wide variation of the thickness of the pag£;,=E, +0.065 eV) is determined by the activation energy
sivated layers and the concentration of the residual impuriof hopping conductivity due to hops between nearest neigh-
ties. These parameters are governed by the temperature dgrs. The activation energy obtained from the slopes in Fig.
pendence of the hydrogen diffusion coefficiefih the 2 isE,=8.7 meV for the unhydrogenated structures, and for
temperature range 13®75°Q D[cn?/s|=9X10"7  the structures hydrogenated in plasma at20 and 220 °C it
X exp(—0.45kT) (see Ref. 18and by the interaction of the drops toE,=2.4 and 1.3 meV, respectively. These values in
hydrogen atoms with gallium, and also by the decay of thgyood agreement with the calculated values of the activation
(Ga H™)°. Estimation of the hydrogen penetration depth atenergy of hopping conductivifyestimated under the assump-
T=220°C givesL=(Dt)*?>=1.78um, in good agreement tjon that the degree of compensation is sm&lk{1):

with the experimentally determined valgsee Fig. 1 5
To study processes of defect formation taking place dur- g =0.61EA(1—0.29<1/4)~ & NT13 1)
ing hydrogenation in plasma, we performed TCDLS mea- 2 dmeee A

surements of the defect concentration in the hydrogenate\;‘i,hereEA:92/477808rA is the energy of the interaction be-
layers. The measurements showed that the concentration gfeen  the acceptor states at mean distance

deep centers in the surface layers at depths of the order ?fA:(47TNA/3)71/3 eoe is the dielectric constant, arid, is
3 —3 ; ! !

0.1um does not exceed %610 cm™® and that it falls  the acceptor concentration. For initial structures with
abruptly with increasing depth, so that at a depth @fri it N,=5x 10" cm~3 Eq. (1) yields the valueE,=9.8 meV

IS aIrezady Igwer than the sensitivity limit of the method 5ng for hydrogenated layers with residual acceptor concen-
(~10'2 cm™3). Another confirmation of the absence of any tration Ny=10' cm 3 it yields the valuesE,=1.2 meV.
significant concentration of defects with deep energy levelss it is clear from Fig. 2 that attendant to hydrogenation of
after hydrogenation follows from an analysis of the magni-5 layer of the structure, the activation energy of hopping

tude of the current through the structure, which is dmermine‘éonductivity in the layer decreases with decreasinyy jnin
by the conductivity of the blocking lay&rin the temperature accordance with Eq1).

range 4-25 K.
Figure 2 plots the temperature dependence of the current

| through a structure fabricated in silicon with an initial gal- 4. CURRENT-VOLTAGE CHARACTERISTICS OF BIB
lium concentrationNg,=5x 107 cm2 and through struc- STRUCTURES. PHYSICAL MODEL AND COMPARISON WITH
a

. . .~ EXPERIMENT
tures fabricated in the same crystal after hydrogenation in

plasma atT=20 and 220 °C. Here, according to Fig. 1, Current-voltage characteristics of BIB structures are
blocking layers of thickness 0.5 and Jum, respectively, shown in Fig. 3. As can be seen from the figure, the charac-
are formed. According to current thed?y’ the temperature teristics are substantially nonlinear in the region 13—20K,
dependence of the current in the temperature region belowhile the current density at bias voltages of the order of

256 Semiconductors 31 (3), March 1997 Emeksuzyan et al. 256



8. Tunneling-field hole injection into the valence bands
from the B-layer contact.

9. Size and other effects associated with the fundamental
inhomogeneity of conduction via the impurity batmnduc-
tion is realized via chains of the “infinite” cluster netwgrk

In what follows we will consider the one-dimensional
model. We assume homogeneity of theand B layers and
ignore effects of the type mentioned in item 9. We assume
electric fieldsE<10* V/icm for which, as estimates show,
the manifestation of the effects indicated in items 3, 6, and 8
is insignificant. We also disregard the effect indicated in item
2, although this can be justified only for tAelayer while for
the B layer in some cases it can have a substantial effect on
the current—voltage characteristics. Within the framework of
the formulated assumptions and approximations we can write
the following equations.
FIG. 3. Current—voltage characteristics of structures with a blocking layer In the transport of electrons from the impurity band and

obtained by hydrogenation in hydrogen plasma B&220°C for
t=20 min (1-3), and of the original structuréefore hydrogenation(3’). holes from the valence band the eleCtrQh‘)( and hole

Measurement temperatuiie,.,s K: 1) 13.6,2) 15,3) 20,3’) 20. (Jp) flux densities are
J D on E 2
= — R nE,
n N x Mn 2

1V is about 18 A/cm? (Teas= 15 K). With increase of the ap

temperature, the dark currents grow andTat30K the Jp="Dp 5+,uppE, ©)
current—voltage characteristic transforms into a linear depen-

dence. This takes place at temperatures at which valenc&#here E is the electric field intensityD is the diffusion

band conductivity becomes the predominant transpor€oefficient,u is the mobility,n andp are the electron con-
mechanism. centration in the impurity band and the hole concentration in

the valence ban@he subscript® andp on the parameters
D andu indicate these quantities for the corresponding par-

To describe charge transport processes in BIB structureiicles). The continuity equations for the electrons and holes
and also the dark current-voltage characteristic, we proposéhe stationary case is consideyddve the form
the following model of dark current flow through a BIB

- . oan aJd

structure. For definiteness, we consider structures based on —_ - _ 1,4 =0, 4)
p-type silicon(Si:Ga consisting of a heavily doped photo- at IxX
active layer (the A layen with doping level J 93
Na;=10"—10"® cm 2 and a lightly doped blocking layer P__ —P 4 ge—r=0, (5)
(the B layen with doping level Ny,=10"—10% cm™2. Jt 2
Analysis shows that in the low-temperature regionyhereg. is the coefficient of thermal-field generation of
(T=50K) charge transport is possible in such structures Vigyjectron—hole pairs, andis the electron—hole pair recombi-

A. Basic features of the model. System of equations

the valence ban@vB) and the impurity bandiB). The fol-  pation coefficient. The Poisson equation takes the form

lowing major physical processes accompanying charge trans-

port are possible: JE_ e No -+ p—n) ®)
1. Formation of space charge regid®CR’9 as a result X gge (No+p=n),

of the accumulation of charge in the layer in the IB states.
2. The nonresistive state of hopping conductivity for
large electric fields.
3. The appearance of an avalanche in the valence ba

where Ny is the concentration of thépositively charged
compensating donor impurity. The equations for the voltage
R the structure and the current through it are

and a corresponding additional generation of holes in the
valence band and electrons in the impurity béladge elec- sz Edx (7)
tric fields).

4. Recombination of electrons from the impurity band l=e§(Jpy—Jn), (8)

and holes from the valence band.

5. Thermal-field generation of electron—hole pav&a
the Poole—Frenkel’ mechanism

6. Tunneling-field generation of electron—hole pairs.

whereS; is the area of the contact electrodes of the structure.
The following boundary conditions are used.
1. At the boundary of thé layer with the contact layer

7. Thermal-field hole injection into the valence bands n|j;=ny, (9)
from theB-layer contactdue to a lowering of the barrier via
the Schottky mechanism. Pli1=P1. (10
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wheren; andp; are the thermodynamic-equilibrium values 7

of the electron concentration in the impurity baiB) and w0k
the hole concentration in the valence b@w@®) for the equi- 5
librium A layer. w0’} , U’/‘,V’/z /
1 i
2. At the boundary of thé\ andB layers §> \ 10 26 07 08 708
[E]li112=0, (11 > wvr o,
A 10 F
[ITpli12=[In]l112=0. (12) 4
. > -
Here the brackets denote the jump at the boundary of the w't
guantity enclosed in brackets. 2° | . " L ;
3. At the boundary of th®& layer with the contact layer OV 1.1 12 13 14 15
v vy 174
— M
N[12=Nao, (13) o'k
pli2=0 (149
. . FIG. 4. Comparison of experimental and calculated current—voltage charac-
for positive bias voltage on thB layer, and teristics for positive(insed and negative bias voltages on the blocking layer
at Theas= 20 K (above the critical temperatufi,). The points correspond to
‘]p| 12=J1e (15 experiment, and the straight line to calculation.

for negative bias voltage on it. Here conditi¢h3) corre-
sponds to complete filling of the surface acceptor states with
electrons from the contact layer, conditi¢¥) corresponds 4ngem)k2T2

to complete capture by the contact of the arriving holes fora | ,= exp(—e@q/kT),

negative bias on thB layer; and conditior{15) corresponds h?
to thermal-field hole injection from thB-layer contact with 2776 48 d,k2T2
flux densityJ;g (Schottky mechanisjnfor positive bias on Up=——Fm—",
the B layer. €

Analysis of dark current flow in the BIB structure allows m, is the hole mass, ang is the change in the potential at
us to distinguish two substantially different mechanisms ofthe boundary of the electrode with tii layer. As can be
current flow. Here, as can be seen from Fig. 2, at some critiseen from Fig. 4, where the dependencd=i(U?) is
cal temperatureT,, (for curves 1, 2, and 3 in Fig. 2  shown in the inset, good agreement is observed between the
T4=20.0, 15.9, and 14.3 K, respectivglyre mechanism of experimental values of the current—voltage characteristic and
current flow through the structure changes. At temperatureghe values calculated according to Ej6).
of the structure abovd, it may be assumed that current  For negative biases on tt layer, the current—voltage
flows via theA-layer impurity band and thB-layer valence characteristic is governed by thermal generation of holes
band. At temperatures of the structure beldy current  from the acceptor impurity in the space-charge region of the
flows via the impurity bands of both laye(4 andB); i.e., A layer with lowering of the barrier via the Poole—Frenkel’
the temperaturd,, is a transition temperature from the con- mechanisrhand hole drift via the valence band through the
duction band to the hopping band for tBdayer. The region B |ayer onto the negative electrode. The electrons in the
of relatively high temperatures, when the current flow via theacceptor states in the space-charge region of Ahkayer
valence band predominates in tAdayer, is not considered stream onto the positive electrode via hopping transport.
here since in this case blocking of impurity conduction doessolving system of equatiorid)—(15) for this case, we obtain
not take place. Taking into account the points discussedn expression for the corresponding current—voltage charac-
above, we calculated the current—voltage characteristics agristic
BIB structures for the two cases.

The caseT>T,,. For positive voltages on thB layer 1(U)=AU exp( BUY ¢,), 17
the current-voltage characteristic is determined pplove-
barrier hole injection(with lowering of the barrier via the
Schottky mechanisth from the B-layer contact to the (

where

valence-band region of tH® layer, 2 their drift through the =
B layer, and 3 recombination with electrons located in ac-
ceptor states of thé layer. The electrons flow into the re- (2Np)Y* [ e
combination region via thé-layer impurity band from the B= T (_
A-layer contact. Solving system of equatio@—(15) for
this case, for positive bias voltages on Bdayer it is pos-  pr=kT/e is the thermal potentialy, is the hole—electron
sible to obtain an analytical expression for the correspondingecombination coefficientp, is the ionization potential of
current—voltage characteristic in the form the acceptor impurityNpq is the/ donor impurity concentra-
_ 12 tion in theA layer, andN,=a, T¥?is the effective density of

H(U)=1o exp(U/Uo) ™, (16) states in the valence bavnd. Z\s can be seen from Fig. 4, which

where shows experimental and calculatpatcording to Eq(17)]

2)1/4 (£08)* N TSyypNaiN, 7 ;{ (PA)
= A expg — —|,
e 2Np7 e

3/4

€€
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FIG. 5. Comparison of experimental and calculated current-voltage charag-_g. variation of the current—voltage characteristics of structures hydro-

terlstlcsifor positive(inse) and. r_1egat|ve bias voltages on t_he blocking layer genated in hydrogen plasma Bt 20 °C for t=20 min during isochronal

atTmeaSi13.6 K (below the gnncql temperaturéqr). The points correspond (20 min) annealing: 1 after hydrogenation, 2,)3after hydrogenation and

to experiment, and the straight line to calculation. annealing atT, °C: 2 300, 3 400. Measurement temperature
Theas 15 K.

current—voltage characteristics in the coordinates
In(1/UY4) = f(UY4), good agreement is observed for negativeywhere
bias voltages on the blocking layer.
The caseT<T,,. For positive voltages on thB layer K™ =d,/eu,Np1Sy.
the current-voltage characteristic is determined hyhadp-
p|ng transport of electrons through tme|ayer, 2 electron It is convenient for analysis to switch to the difference in the
injection into the B-layer impurity band, where a space- positiyg and negative branches of the current—voltage char-
charge region is created on both sides of the layer interfacacteristics:
as a result of excess electron charge, and finally by 3 N . 3
streaming of electrons via hopping conductivity onto the AU =U"(H-U () =K"1. (20

po_smve elggtrode. Solvmg sys.tem of equa}tlcﬁn}‘r(IS) fqr Dependence20) takes the form of a straight line in linear

this case, it is possible to obtain an analytical expression for . . . .
. L . coordinates and the corresponding comparison of calculation

the corresponding current—voltage characteristic. In this case. ; . A

- ; . with experiment is shown in Fig. 5.

it is more convenient, as will be clear from what follows, to

represent the current—voltage characteristic in the form of

the dependencl(T):
S1)=K* T 5. STABILITY OF HYDROGENATED STRUCTURES TO
Ut (H=K"I, (18 THERMAL EFFECTS

where Studies of the stability of hydrogenated structures to

K*=(2d,)3¥3\eqe u,Sy, thermal effect have shown that the shape of the current—
voltage characteristic typical of BIB structures disappears at
300 °C, and the voltage dependence of the current becomes
quasilinear. However, it should be noted that the current
through the structure even after annealing at 40QRFig. 6,

Mo is the electron mobility in thé-layer impurity band. A
current—voltage characteristic such(as) takes the form of
a straight line in the coordinatés=f(U%?), which is shown

in comparison with experimental data in the inset in Fig. 5. o .
P P 9 curve 3) is still roughly an order of magnitude less than the

For negative biases on th layer, the current—voltage rrent that is characteristic of unhvdrogenated structur
characteristic is determined by electron injection from theSU® at 1S characteristic of unnydrogenated Structures.

: ; o This difference probably stems from the fact that at tempera-
electrode in contact with thB layer and by the charge of the tyres above 200 °C the liberated hydrogen atoms diffuse to

rBeg;?gr?rofa Ziigir e'sltei[terts)'rwvgrr:;g e?aItIJZif, \t?; h?)?)?a?r? ;aggﬁdﬁ%reater depths and passivate Qeep donors, which decreases
tivity the electrons stream into the impurity band of the oth .the degree-o-f compensatlon n the strugtures and the
layer, where a second space-charge regiexclusion is hopping conductivity. This hypothesis is confirmed by the

' fact that the dissociation energy of the hydrogen-passivated

formed as a result of the predominancefefayer conduc- :
tion overB-layer, and then the electrons escape to the posi(—jeep donors is greater than 2 eV and that they are stable up

o H ~16
tive electrode. The corresponding current—voltage characte}0 temperatures of 500 °C and higHér:®Consequently, the

istic for this case, obtained by solution of system ofdegree of compensation g#type material when annealed
equationg4)—(15), can be represented in the form

above 220 °C should decrease, and this should lead to a de-
crease of the hopping-conductivity current, as is observed
U (=K 1+K" I, (190  experimentally.
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Shubnikov—de Haas oscillations in HgSe  (Fe) and HgSe (Co) under hydrostatic pressure

E. A Neifel'd, K. M. Demchuk, G. I. Kharus, A. E. 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. Poluprovodr31, 318—322(March 1997

Shubnikov—de Haas oscillations have been studied in the gapless semiconductoiEdig8d

HgS€ Ca) under hydrostatic pressure. It is shown that in Hg® 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 HSe) the electron density is independent

of the pressure, i.e., Fermi-level pinning is absent. 1897 American Institute of Physics.
[S1063-78287)01203-9

1. INTRODUCTION centration and the Fermi energy in the two-band Kane model

is described by the relation
The 3d transition elements form isovalent substitution

impurities in [I-VI semiconductor crystals. The energy lev- (3m°n)*o= 3erler—2(P)I/Q, @)

els of 3d-electrons play a different role in wideband and where Q is the matrix element of thekp interaction,
gapless semiconductors. In the first case they fall, as a ruleg(P)=88—BP. andB=de4/ P is the pressure coefficient.
into the band gap. In gapless semiconductétgSe, HgTe It is clear from relation(1) that for fixed position of the
they are situated against the background of the continuum dfermi level in semiconductors with a Kane spectrum the
allowed states. If the energy levels of the electrons indthe dependence ai®®on P should be linear. Such behavior has

states fall into the valence band as, for example, in Hgs&een observed in the gapless solid solution HgC(Ret. 2
(Mn), then the Mn impurity atoms will be electrically neu- N which the Fermi level in the conduction band is fixed at

tral and thed electrons of the Mn atoms will affect only the the res_oln'ant ags:eptor3states. . _
magnetic properties of the crystals. But if the energy of the  1Sidi’kovskii etal” found that doping HgSe with the
electrons in thel states lies above the bottom of the conduc-ransition elements Cr, Co, and Ni above certain concentra-

tion band, as in HgS&#e), they can play the role of donors, .

tion levelsN* is not accompanied by a growth of the con-
giving back thed electrons to the band. Such autoionization Se"tration of the conduction electrons and, by analogy with
of iron ions transforms the divalent ions into trivalent:

HgSe€Fe), they assumed that these elements also form reso-
F&* Feé"+e. It is energetically favorable only for nant donor states, degenerate with the conduction band. Con-
small iron impurity concentrations, as long as the Fermi

clusions about stabilization of the Fermi level with growth of

. . . the impurity concentration were reached in studies of a series
level z¢(n), w_heren is the electron concentration, is not of samples which can have other uncontrollable, electrically
comparaple with the energy of ,thb electroney reckoned active defects, which are attributable to the conditions under
from the bottom of the conduction bar_ld. In HgSe) the which they were fabricated, associated with nonstoichiom-
energy eq=220 meV agd Er;e equahtysF(no)*=sd IS etry or group-IIl element impurities. In this regard, a study of
achieved fomy=4.5x 10 cm . ForNge>no=Ngthe so-  the influence of high pressures has substantial advantages
called mixed-valence regime arises. In this regime some ofjce the fabrication history of the sample has no relevance
the iron atoms remain doubly ionized while the Fermi levelpgre.
is fixed at the resonant iron levels. In the present paper we present results of experimental

Micielski™ was the first to direct attention to the role of sydies of Shubnikov—de Haas oscillations in the solid solu-

Coulomb repulsion in the mixed-valence regime, whichtions HgSéFe) and HgSéCo) under hydrostatic pressure.
leads to a correlated Fé ion distribution. At low tempera-

tures, where scattering of charge carriers takes place at
charged centers, correlation in the’Féon distribution leads 2. EXPERIMENTAL RESULTS
to an increase in the mean free path of the conduction elec- The resistance of the samples was measured by the

trons. This explains the experimentally observed increase iEOnstant—current method. The samples were placed in a high-
the electron mobilityw with increasing iron concentration in pressure chamber connected by a capillary to a helium com-
the interval 4<10**—2x 10" cm 2. pressor whose design is described in Ref. 4. Discrete resis-
In gapless semiconductors with an inverted energy spe€Gxnce measurements were carried out at 4.2 K in a
trum the application of hydrostatic pressure leads to a degyperconducting solenoid with continuous scanning of the
crease of the absolute value of the energy 9aPmagnetic field.
eg=&r,~€ry This results in a decrease of the effective  Experimental studies of Shubnikov—de Haas oscillations
electron mass and the density of states in the conductioonder conditions of hydrostatic pressure were carried out
band. The connection between the conduction electron corwith two samples of HgS&e€) with iron concentration
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FIG. 1. Oscillations of the longitudinal magnetoresistance at atmospheric £+
pressure(l) and under hydrostatic pressure at pressures of 3 (@aand )| L 1 4(17
S5kbar (3) for a sample of HgSée with iron concentration 20 25 J” ko
Npe=5x10'° cm™3, skQe

FIG. 3. Oscillations of the longitudinal magnetoresistance at atmospheric
pressurg(1l) and under hydrostatic compression at a pressure of 5(@par
Nee=5%x10cm 3 (sample 1 and Ng=10*cm 3  forasample of HgSEo).
(sample 2 and with a sample of Hg$€0) with cobalt con-

; — 8 -3
centrationNg,=5x10'° cm™>. The samples of Hg$Ee) creased and is observed in smaller fields. Splitting is not

were chosen in such a way that the Iron concentration In ONgy e eq for sample 2 at atmospheric pressure but shows up
of them was less than the concentration at which maximumy, 5 _ 3 1 yar

electron mobility is observedNg=2x10' cm™3, and in

the other the concentration was greater. In both samples %e sample of HISEO) at atmospheric pressure and for
HgS€Fe) Ne>NE,, and in the sample of Hg$€0) simi- g 9S€0) P P

larl Y di h | ¢ Ref P=5 kbar. It is obvious that in this case hydrostatic pressure
ary I;;OTOTsCO S_II’;CE according to the results of Ref. 3, pag ng effect on the position of the extrema in the magnetic
o™= cm °.

_ _ field in contrast to the iron-containing samples.
Figures 1 and 2 plot the oscillating components of the ' 1ape | jists values of the conductivity, the electron

longitudinal magnetoresistance at atmospheric pressure, a'&%ncentrationn determined from the period of the

also at pressures of 3 and 5 kbar for both samples ogppnikoy—de Haas oscillations, and the electron mobility
HgSeFe). The position of the extremum in the magnetic | _ ;/ne for the investigated samples at different pressures
fle!d depends on the pressure. The spin splitting of the o.sc.|IP. Table | also gives the Dingle temperatdfg, calculated
lation maxima for sample 1 increases as the pressure is iy the magnetic-field dependence of the amplitude of the
oscillations. For the samples of Hg&®) T, was deter-
mined in the field interval 15-25 kOe, where spin splitting is
absent. For the sample of Hg®®) T, was determined in
the interval 20—40 kOe.

Figure 3 shows oscillations of the magnetoresistance for

3. DISCUSSION OF RESULTS

Figure 4 plots the dependence of the conduction electron
2 concentration for the investigated samples in the form of the
dependence n?3(P). The experimental results for
HgS€Fe are well described by a linear dependence corre-
sponding to Eq(1) for ex(P)=const. The pressure coeffi-
cients B for both samples, determined from these depen-
dences, practically coincidegd=7.7 meV/kbar(for sample
1) and 8=8.0 meV/kbar(for sample 2; these values agree
with the results available in the literature.
1 + 7 v 5 L —L In contrast, for HgSECo) the electron concentration is
H,k0e almost independent of pressure. According to relatibn
the Fermi level in the investigated pressure interval increases
FIG. 2. Same as in Fig. 1, but for a sample of HgS® with iron concen- ~ fom 150 to 163 meV. The quallitative difference in the pres-
tration Ng=5x 101 cm™3, sure dependence¥ P) for HgS€Fe) and HgS¢éCo) is ob-

R,arb.units
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TABLE I.

P, n, 101 o, 10¢ w, 10* To,

kbar cm 3 0 tem? cn?/(V-9) K
HgSEFe), Np=5Xx10" cm3

0 4.80 3.60 4.69 473

3 450 3.71 5.16 3.45

5 421 3.52 5.23 3.35

HgSe&Fe), Ng=10" cm™3

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
HgSE&Co), Ng,=5%x 10 cm™3

0 1.68 1.04-0.01 3.870.05 13.0

2.3 1.69 1.040.01 3.870.05 10.8

5.3 1.70 1.040.01 3.870.05 10.4

vious and testifies to the absence of a resonant leyeh Let us consider the effect of hydrostatic pressure on the

HgSe€Co) at least up to 163 meV. The authors of Ref. 6 electron mobility and Dingle temperature. The electron re-
came to just this conclusion after studying the spectra idaxation time for scattering from randomly distributed Cou-
HgS€Co) and not detecting the presence of *Coions.  lomb center$

Thus, we may conclude that Co impurity atoms are not do-

nors in the HgSe crystal and that the conduction electrons are 7~ k INimg, )
generated by other types of defects. It should be noted that

3
although the linear dependenoé (P.) Is wgll §at|sf!ed for centers. Noting that for uncompensated sampledN; from
both samples of Hg%Ee), the Fermi level is fixed in them

the condition of electrical neutrality, we see that the only

at somewhat different values of the energy. This difference
Se.~5—6meV reflects the spread of levels, resulting quantity that substantially depends on the pressure is the
. e mass at the Fermi levehg :

from the influence of random electrostatic fields of the

charged centers and lies within the limits of the estimate dk

Agg=e?n?¥ 5. mpzﬁz(k d—) . 3
Figure 3 also presents experimental data for H§8e Ele=er

samples withNge=8x10 cm2 from Ref. 7. It can be

clearly seen that they fit quite nicely into a linear dependenc

for n?*(P), but with a somewhat smaller pressure coeffi- 1 gm. 1

cient, 3=6.3 meV/kbar. The depressed value of the pressure - dP -B c Toe eg(P)=const (4a)

coefficientB possibly simply reflects the fact that the condi- F g F

tions for fixing the Fermi level in the samples investigated ingy

Ref. 7 were poorly met.

whe rek3 372n andN; is the concentration of the charged

éJsing the Kane dispersion relatigf), we obtain

1 dmg
map - P 2,
Mg dP (Sg+28|:)

n(P)=const. (4b)

78 It follows from the formulas that for the Hg@ee) samples
. with fixed Fermi level the relative decrease of the magsat
P=5 kbar is 6% and is roughly two times larger than for the
-4 sample of HgSECo) with constant electron concentration.
s The experimental data presented in the table for the mobility
d43 m(u~ m;z) are in good agreement with the expected values
) for HgSeFe); however, in the case of Hg820) as a result
. of a spread in values af, the variation of the mobility could
472 not be determined. It should also be noted that in the sample
of HgSdFe) with Ng=10" cm 3 the mobility increases
more rapidly with the pressure than in HgEe) with
L 171 Nee=5% 10" cm™ 3. The valueNg=10" cm 2 lies in the

6 range of iron impurity concentrations in which the mobility

#(Ngo grows with increasind\g as a result of the corre-

FIG. 4. Pressure dependence of the electron densny for samples of HgS Iated distribution of F&' ions5 The correlation factor is dis-
(Fe) with iron concentratiomNg in units of 13° cm™ 2 equal tol — 5,2 — regarded in Eq(2), which is suitable for the case of ran-
1 3 — for the sample of HgSEo) with cobalt concentraton domly distributed Coulomb centers. Qualitatively, the degree
Nco=5X% 10 cm™3; 4 — results of Ref. 7. of correlation can be characterized by the parameier

7 4
P, kbar
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= Ng;/NFezn(p)/NFe_ For Nge>N?,, hydrostatic pressure donors(like Mn in HgS&Mn)) and electrons are delivered to
causes a transition of the electrons from the conduction banidie conduction band either by nonstoichiometric defects or
to the resonand-states of the F& ions: by shallow impurities of other elements.
Fé' +o- L F@t It is ﬁr)teresting to discuss the possibility whereby other
' 3d transition elements can be donors with a resonant level in
Decrease of the parametarwith increasing pressure leads HgSe crystals. An analysis of the positions of the levels of
to a stronger growth of the mobility than follows from Eq. the 3d impurities in wideband II-VI semiconductor com-
(2). This agrees with the results of Ref. 7, in which the presfounds based on optical studies has shown that in all matri-
sure dependences of the Hall effect and the conductivitges the energy position of tha level is shifted monotoni-
were investigated. On the other hand, in samples with higigally upward in energy in the series from Cu to *8cThe
iron impurity concentrationNg>2x 10*° cm™3, variations ~ exception here is manganese, the element with a haltfull
of the correlation parameter have no effect on the mobility subshell (8l), which is especially stable. The position of the
and the change in the effective mass is the main reason fet levels in various matrices of 1I-VI crystals correlates well
the growth of the mobility. with the third ionization potential of the corresponding ele-
The decrease in the Dingle temperatiliggwith pressure  ments, which indicates a relatively autonomous character of
is, no doubt, also mainly due to a decrease in the effectivéhe d electrons and provides grounds for assuming that such
mass of the electrons. The increase in the degree of correl&-tendency can also be maintained in gapless II-VI crystals,
tion in the mixed-valence regime plays a smaller role. Un-which differ from wideband semiconductors by the inverse
fortunately, Tp is difficult to estimate theoretically since in sequence of the- and p-distances. It may then be expected
addition to collisional broadening of the Landau levelsthat the cobaltl level is located lower in energy than the Fe
I'=#/7, contributions toTy can come from other factors, level, and the levels of Ti and V and possibly Cr are higher
e.g., spatial inhomogeneity of the electron concentration. Irihan the Fe levelSee Fig. 7 in Ref. 10 Therefore, it may be
addition, an experimental determination ®f, from the expected that the elements Ti and V can form a resodant
magnetic-field dependence of the amplitude of the oscillalevel in the conduction band if they can be substitution im-
tions can be distorted by the appearance of nodes in theurities.
oscillograms, which are due to the presence of small terms in
the dispersion relation which are linear in the *J. Mycielski, Solid State Commui60, 165(1986.
quasimomenturﬁ.Nevertheless, it is clear from the data in 2C. T. Elliot, I. Melngailis, T. C. Harman, J. A. Kafalas, and W. S. Kerman,
the table that for the Hg%Ee) samples the magnitude of ,Phys. Rev. 86, 2985(1972. .
i ’ I. M. Tsidil’kovskii, N. K. Lerinman, L. D. Sabirzyanova, S. Yu. Paran-
Tp varies with pressure more strongly than for the HgSe chich, and Yu. S. Paranchich, Fiz. Tekh. Poluprovca). 1894 (1992
(Co) samples, which qualitatively confirms the difference in  [Sov. Phys. Semicon®6, 1062(1992,

the behavior o’m,:(P) in cases4a) and (4b). gléﬁ_gg;of?g%vbg.lhz/l.8?emchuk, and EA. Neifel'd, Dep. VINITI No.

51. M. Tsidil’kovskii, Usp. Fiz. Nauki62 63 (1992 [Sov. Phys. Usp35,
4. CONCLUSIONS 85(1992].

. 6S. K. Misra, J. Pescia, M. Averous, G. Ablart, L. Allam, C. Fau, S. Charar,
Our studies of the pressure dependence of the electrony. knholdi and M. D. Pace, Solid State Comm@0, 273 (1994

concentration and mobility and also the Landau temperaturécC. Skierbiszewski, T. Suski, E. Litwin-Staszewski, W. Dobrowolski,
y p

allow us to conclude that in the gapless semiconductorssg- Ii/lyb,llioi( and AEIMYC'G'S$L Semlcog?]- Sci. TeChhdl-SZ%{(lgg@?-@

. . Askerov, Electron ransport enomena in Semiconductons
HgSe€ Co) thed.electrons of th'e cobalt atoms do not fprm & Russiai (Nauka, Moscow, 1985
reson_ant Iev_el in the conduction band capable of fixing thesp G, seiler, R. R. Galazka, and W. M. Becker, Phys. Re\3, Bi274
Fermi level, in contrast to Hg%Ee), where the Fermi level  (197)).
is clearly fixed in a narrow energy bartdf the order of 10 10y, I. Sokolov, Fiz. Tekh. Poluprovodr28, 545 (1994 [Semiconductors
meV), i.e., it does not depend on the pressure. Cobalt impu- 28, 329(1994)

rities in HgSe crystals probably are not electrically activeTranslated by Paul F. Schippnick
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Thermoelectric figure of merit of monopolar semiconductors with finite dimensions
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. Poluprovodr3l, 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 reservaoir, 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 thicknessl9&¥ American Institute

of Physics[S1063-7827)01303-3

As is well known, the figure of merit of thermoelectric simplicity, we restrict the discussion to scattering of charge

materials is given by carriers by acoustic phonons. We assume that the boundary
2 conditions for the electron and phonon subsystems satisfy
7= a9 ' (1) the most general boundary conditions of thermal
xet xp conductivity®
wherea, o, x,, andx, are the thermoelectric power, elec- ~ Within the framework of the chosen model in the ap-

trical conductivity, and electron and hole thermal conductivi-Proximation that is linear in the quantityT(—T,)/T*,
ties, respectively. It is also known that B4) does not take WhereT* =(T;+T,)/2, the thermoelectric current and elec-
the sample’s geometrical dimensions into account. At thdron and phonon temperature distributions were studied in
same time, in the study of the thermoelectric properties ofletail in Ref. 9. They are given by expressions which can be
semiconductors, their geometrical dimensions are the moggpPresented in the form

general and one of the most important factors of approxima- . AT

tion to the real situatioAt is natural that the electric&tur- Tep=T"= 5"

rent and thermal boundary conditions must be formulated in «

this case. Usually in the formulation of the thermal boundary o [Act AL (1+0)] Z= yep[Be=By—ABy]

conditions at the walls, one prescribes the total heat flux x| -

associated with the heat transfer in the charge carrier and

phonon subsystems. At the same time, as experim&ats v

their theoretical generalizatishow, there is the possibility where

of controlling these fluxes at the boundaries of the sample

separately. This circumstance leads to the result that at dis-

tances of the order of the cooling lendth(see Ref. 5from

the surfaces in contact with the external heat sinks, the elec- _

tron (T) and phonon T,) temperatures diffet.Since the Yesps— a7ep-

numerical values of the electron—phonon cooling length ard’hese parameters have the meaning of the surface electron

important for estimates of the thermoelectric figure of merit.and phonon thermal conductivitiesy, , are coefficients

values of these quantities are given in Table | for a numbewhich define the rate of heat transfer between the electron

of semiconductors and metals at room temperaturethe  and phonon subsystems and the heat reservoir,

so-called two-temperature approximation, the thermoelectric L=k 1= (K24 K2) 12

. . . ; =k~ *=(ki+k3)

figure of merit has been calculated only in submicron layers P

under the conditiom/L <1, where 2 is the thickness of the is the electron—phonon cooling length,

sample® In the present paper our objective is to obtain a K2 =P/ S=K2/K2= s/

generalized thermoelectric figure of merit which is valid for ep &p: prte merTpy

semiconductor samples of arbitrary dimensions. Ye=1, yp,=— 9, P is a parameter defining the intensity of
Let an isotropic, monopolar semiconductor sample withthe interaction of the electron and phonon subsystems,

a nondegenerate electron gas have the shape of a rectangulak=T;—T»;

parallelepiped, whose end faces +a are in contact with (1- B)ag+ Ba

the heat reserviors at the temperaturgds and T, = A

(T,>T,), and whose side faces are adiabatically isolated for R

all of the quasiparticle subsystems. The sample is connecteghereR= R+ Ry + Ry, is the total resistance of the thermo-

to an external metallic resistan&g, of length 2o in such a  electric circuit, Rp=2al/o+2/o¢ is the resistance of the

way that the thermoelectric currepflows in the circuit. For  semiconductor sample; is its electrical conductivity of the

sinh kx
ak coshka

AB,+ 5A,B,

%esps tanhak Hesps

=1+ 5P

A =1+ ,
&P %ep ak &p Xep

T, ©)
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TABLE |. Inverse cooling lengths of electrons and phonons of some mate-

rials.

Material k, cm?® Material k, cmt
Ge 6.0<10° Si 1.7x10*
GaAs 2.5¢ 10° InSb 1.0<10*
Bi,Te, 1.8x 10 Cds 1.8<10°
Cdse 3.x10 HgSe 1.Xx16
GaP 1.410° InP 4.3x10°
PbTe 1.x10 HgTe 1.0<1C6°
Sn 2.5 10° Pb 3.%10°
InAs 1.8x10° Cu 4.9¢10°
Ag 4.6x 10 Au 8.1x 10"

metallic segment of the circuicross section of the circuit

elements at all points is assumed to be Unity

2a* (a—as) (1-B)ast Ba
A= ,
Xe R

2aT* y(a— ay)?
Ry = ¥ s) ’ 4)

Xe

(Aet+ 0A,) — (B~ Bp)tanh(ka)/ka
AcB,+ 0AB, '

_ oA, + B, tanh(ka)/ka
YT T AB, T 6AB,

©)

To determine the figure of merit of semiconductor ma-
terials of arbitrary dimensions, we make use of a gener

expression for the efficiency of a thermal element
w

) ©

Y

where W=j?R,, is the useful power liberated in the load,
q=0ge(x=—a)+q,(x=—a) is the total heat flux fed to the
hot junction. The electron and phonon components of the

heat fluxes are given by the expressfons

dT, )

Je= — %e dx +11(Te)], (7)
dT,

o= ~%p gy’ 8

where TI(T,)=aT, is the Peltier coefficient. Combining

Egs.(2), (7), and(8), we obtain from expressiof6) for the
efficiency of the thermal element

CAT[ 4
Tz
To(x=—a) a R}‘l o
T, [al piaflRy = 9
where
. 8ala(1l-B)+apl’Ry, At BAL(L+N)] 7T
Z= %p(1+ 6)R? ~ AB,+6A,B,
(10

a.1 1 170 700
ak

FIG. 1. Dependence of the rati6*/Z on the linear dimensions of the
sample forx,> xe, xps<%, for different values of: 1 — 1,2 — 0.5,
3—0.25,4—0.17,5— 0.125.

term in brackets in9) is associated with irreversible heat
losses due to heat conduction, and the second is associated
with the liberation of Peltier heat. Note that the generalized
thermoelectric figure of meritl0) is determined by its sur-
face characteristics in addition to the material parameters of
the semiconductor material.

In the limiting case of isothermal contact of the electron

aTnd phonon subsystems of the bulk semiconductor sample

a/lL>1) with the heat reservoirxes xe, %y xp) We
have y=0, B=1, Rp=0, T(x=—a)=T,, and expression
(9) for the condition of maximum poweRy=R,;,) becomes
the standard expressithn

AT 1 "
TWET 4z T 2 Ay
whereZ* =Z.

The most interesting case from the point of view of ther-
moelectric transformation of energy is the one in which the
phonon subsystem is adiabatically isolated, and the electron
subsystem is in isothermal contact with the heat reserviors
(%es>xe, %ps<2,). Expression9) will then again acquire
the form(11) with the difference that now

1
* — .
z Z(1+ 5ak)' (12
In  semiconductor samples of submicron dimensions
(a/lL<1)
1
Z*=Z| 1+ 3), (13

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

Estimates show that in the case under consideration, e.g.,
for InSb (6=10"2, Ref. 11, which is not the best thermo-
electric material, aif =300 K for the linear dimensions of
the sample 2=2 mm and 102 mm the figure-of-merit co-

is the dimensionality parameter of the inverse temperaturegfficients areZ~10 4 K™! and ~1.5x10 2 K1, respec-
which is called the thermoelectric figure of merit. The firsttively. With further decrease of the geometrical dimensions,
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the figure of merit increases and reaches its maximum valuéL. 1. Anatychuk, Thermal Elements and Thermoelectric Devi¢eiand-
Z=7x10"°K™! in samples of submicron dimensions. ,booK [in RussiajDumka Naukova, Kiev1979.

. . M. Ya. Granovski and Yu. G. Gurevich, Fiz. Tekh. Poluprovod.1552
Thus, for x> xe, xps<x,, 6<1, and submicron dimen- (1975 [Sov. Phys. Semicond, 1024(1975].

sions the thermoelectric figure of merit even of poor thermo-2a, 1. Kiimovskaya and O. V. Snitko, Pis'ma Zh.k8p. Teor. Fiz7, 194
electric materials can surpass the figure of merit of the better (1968 [JETP Lett.7, 149(1968].

; i ; R ; ; _ 4A. 1. Klimovskaya, AutoRef. Candidate’s DissertatidPAN [Institute of
the.rmoelectrlc matenals.’ n Whl?ﬁ 1. This result is ex Physics, Academy of Sciences of the Ukrainian $3®ev, 1972.
plained by the fact that in submicron samples the electron—sz ‘s gripnikov and V. I. Mel'nikov, Zh. Eksp. Teor. Fis1, 1909(1966

onon interaction is absent; therefore, the phonon sub-[Sov. Phys. JETR4, 1282(1967)].
ph t tl bsent; theref the ph b-[s h R4, 1282(1967)]
system, being adiabatically isolated, “shuts itself out” of the °F: G. Bass, V. S. Bochkov, and Yu. G. Gurevich, Fiz. Tekh. Poluprovodn.
rocess of heat transfer from the heater to the refrigerator, 2> 18951989 [Sov. Phys. Semiconds, 1173(1989)
p . X X ; =ng L. P. Bulat, Avtoref. Doctoral Dissertatiofi.P| [Leningrad Polytechnical
thereby increasing the figure of merit of the material. Institute], Leningrad, 1989
In reality, ideal heat transfer and complete thermal iso—zG. N. Logvinov, Izv. Vuzov. Fizika, No. 9, 681993.
lation are idealizations: therefore, in real situations the in- Y- G- Gurevich and G. N. Logvinov, Fiz. Tekh. Poluprovods, 1945
0 . ) ons, ) 0 ’ 0 (1992 [Sov. Phys. Semicon@6, 1091(1992].
crease' in the f|gure of merit W|.” be less. 1A, R. Regel (ed), Thermoelectrical Generatofign Russiai Atomizdat,
This work was supported in part by the George Soros Moscow(1976.
International Program of Education in the Exact Sciences'B. M. Mogilevskii and A. F. Chudnovskj Thermal Conductivity of Semi-
(ISSEP and the International Revival Furi@rant No. APy~ conductordin Russian, Nauka, Moscow(1972.

062064. Translated by Paul F. Schippnick
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Galvanomagnetic phenomena in  p-Hg;_,Mn,Te 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. Poluprovodr3l, 326—328(March 1997

Galvanomagnetic effects in homogeneous samplgs b, _,Mn,Te 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 sample$99® American
Institute of Physicg.S1063-782807)01403-9

Dilute magnetic semiconductors have recently been resamples whose Hall coefficierR was positive at liquid-
ceiving increasing attention. The most studied of this class dfielium temperatures and fell off in magnitude with growth of
substances are manganese—mercury—tellufMiMT) solid  the magnetic field remained positive in the investigated
solutions. They form a continuous series of substitution sorange of magnetic fields. This group included samples 4—6.
lutions in which the the magnetic manganese ions replace the Figure 1 plots the results of measurements on sample 5.
mercury ions in the crystalline lattice of mercury telluride. In It follows from the field-dependence of the Hall coefficient
a magnetic field the exchange interaction of the free currenR(H) that at temperature$<6 K the Hall effect owes its
carriers with the manganeseelectrons leads to a renormal- existence entirely to holes and the Fermi level is located in
ization of the energy spectrum of the electrons and holes anidie valence band. With growth of the magnetic field and
to the appearance of singularities in the field and temperatutemperature, the Hall coefficient decreases and at large mag-
dependences of the kinetic coefficients. Galvanomagnetic efietic fields tends to the value
fects in hole-type MMT samples of gapless and narrow-gap R,=[e(N,—Np)]*
compositions were investigated in Refs. 1(s®e also the * A TP '
bibliography cited in Ref. . A number of problems in the When both holes and electrons take part in conduction
physics of semimagnetic semiconductors require more exand u,>u, (u, and u, are the electron and hole mobili-
perimental data for their solution; of especial importanceties), a magnetic field region is reached with growth of the
here are measurements of high-quality samples. We haveagnetic field, where y,>1 but y,<1 (y,=u.H,

therefore focused special attention on the selection of homoy,= u,H). In this regiono!) falls off as 1H and o{})

geneous samples. grows asH (o\y ando{?) are the components of the con-
The samples for study were cut from untouched single-ductivity tensor for the electrons and the holes, respectively
crystal blocks, polished, etched with a butyl alcot@$%—  as a result, at some magnetic fi¢dgd the quantityo,,, like

bromine (5%) mixture, and rinsed with isobutyl alcohol and the Hall coefficient, vanishes. The fietl , according to Eq.
distilled water. Point contacts were indium-soldered. The defA.11) in Ref. 8, is given by

gree of homogeneity in composition was determined with an
x-ray microanalyzer from measurements of the manganese Hi=(1/,up)(n/p)l/2, @
distribution. The samples selected in this way were examinegiheren andp are the electron and hole concentrations. The
for homogeneity of their electrical parameters with lengthcontribution of the electrons to the Hall effect is manifested
and for symmetry of the field dependence of the magnetoreas the temperature approaches 10 K, and Hall voltage is ob-
sistance and Hall voltage for botlopposit¢ directions of  served to change sign in weak magnetic fields. With growth
current and magnetic field in the temperature interval 4.2-of the temperature, the contribution of the electrons to the
300 K. All of these data, taken together, allowed us to selecHall effect grows and the sign-inversion point of the Hall

out homogeneous samples for study. coefficient shifts toward higher magnetic fields as a result of
The measurements were performed in stationag/to  the growth of the electron concentration.
20 kOe and pulsed(up to 200 kOg magnetic fields with It is customary to call the decrease of the Hall coefficient

direct recording of the magnetic-field dependence of thewith growth of the magnetic field at liquid-helium tempera-
voltages. The samples investigated in stationary magnetitires an anomalous effect that is characteristic of MMT.
fields had dimensions 204x 0.6 mn?, and the samples in- There are a few explanations for this effect, but at present the
vestigated in pulsed fields had dimensionsfollowing explanation is the preferred ofiéThe exchange
6 0.9xX0.4 mn?. interaction of the free charge carriers with the localized mag-
Table | gives the main characteristics of the samplesnetic moments of the Mi* ions leads to the appearance of
They can be divided into two groups according to the naturdoound magnetic polaron states. In this model the free hole
of the field dependence and sign of the Hall constant. Theoncentration increases with increasing magnetic field; this
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TABLE 1. Main parameters of the investigated samples of
p-Hg,_ Mn,Te at 4.2 K. || ' 2
\
Sample No. Compositiors  |Ree| ™%, cm™®  |Ry|o, cnB/(V-9) 2.101}* \ R<0
1 0.080 1.610% 270000 “/\T
2 0.076 4.810" 162000 14 |
3 0.066 2.210% 24000 - \ 42
4 0.049 3.010Y 1620 o \
5 0.057 1.210' 7700 - ! i \7
6 0.040 2.310' 2630 S 1 | \
2“ 70 ~ \ o
x Vo EVAN
i 3 <
increase is especially noticeable at low temperatures. In the v
. : \ )
described model the hole concentration may be found from \
the relationp=(eRy) !, and u,=oR,, whereRy is the 0 2 1b
Hall coefficient in the limitH — 0. For sample 5 these values H kOe\%
b4

for T=1.8K arep=10"cm 3, u,=7800cnf/(V-s), and
for T=4.2 K they are given in the table. Note that the vaIuesFIG 2. Sample afrom Table ). Cur e transverse magnetoresi
il ; ; : ; . 2. . 7 Vi is-
OT the mOblhty ar?d concentration for this Sample fit quite tanceAp/pecl) (1p,§) anc?HalIaco:ﬁicienLi? ((32?4;)ver§us?n§gﬁeiii fie?c?é’f(?()ess
nicely the theoretical dependentsee Ref. 3, Fig. bof the equal to 1.81,2) and 4.2(3.4).
hole mobility 4, on the concentration of scattering centers
for scattering by impurity ions if it is assumed that the un-
compensated semiconductor model is realized in sample Bveak magnetic fields is negative, and in strong magnetic
When the temperature is lowered from 4.2 to 1.8 K, a bindfields is positive; they include samples 1-3. Figure 2 plots
ing of the holes to the magnetic polaron is observed irthese values for sample (3ee the table From the depen-
samples 4-6, and a “destruction” of the magnetic polarondence of the Hall coefficient on the magnetic fi&@H) it
takes place in higher magnetic fields. For example, in sampléllows that both electrons and holes take part in conduction
4 this happens al>7 kOe, and in sample 6 it occurs at here. At liquid-helium temperatures in weak magnetic fields
H>5 kOe. Below these fields the Hall coefficient does notthe Hall constant has a negative sign. For this sample
depend on the magnetic field, but a region of ordinary posin=(eRy) ~*=8.7x 10" cm 3 and p,=0Ry,=8x10" cn?/
tive magnetoresistancép/p,>0 does appear in the (V-s) at T=1.8 K. When the temperature is varied above
magnetic-field dependence of the transverse magnetoresi@nd below the interval 4:26 K, the sign-inversion point of
tance. The experimental data correspond to the model of thée Hall coefficient shifts to higher fields due to a change in
bound magnetic polarch. the ratio of the electron and hole contributions to the con-
Let us consider the experimental data for the samples foductivity, i.e., consistent with Eq1). While this behavior is
which the Hall coefficient at liquid-helium temperatures in attributable to an increase in the free electron concentration
at T>6 K, when the temperature is lowered from 4.2 to
1.8 K the holes become bound, the free hole concentration
decreases, and the; transition also shifts to higher fields.
7 The maximum in the transverse magnetoresistance curve is
explained by the fact that the contribution to the conductivity

N —
S:O.Z
]
4’
700
D
- SUpF
g > 200 \Q{ 0°
£ S & i
3 S <l S
= 100
\ . i
0 5 0 3 0 0 100 200
H,k0e H,kQe

FIG. 1. Sample Sfrom Table ). Curves of the transverse magnetoresis- FIG. 3. Sample Ifrom Table ). Curves of the Hall coefficienR (1) and

tanceAp/p, (1-4) and Hall coefficientR (5-8) versus magnetic field at
T (K) equal to 20(1,8), 10 (2,7), 6 (3,6), 4.2(4,5).
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of the free holes varies with magnetic field. Hée>H; the  the Russian Fund for Fundamental Resedf&tant No. 94-
electrons are excluded from the conduction process and tH&2-03910.

hole concentration increases as a result of destruction by the

magnetic field of the bound polaron state. For a narrow-gap

MMT (Samp|e Zthe maximum of the transverse magnetore_ 1A, B. Davydov, B. B. Ponikatov, and |I. M.'TSidil’kOVSki Fiz. Tekh.
sistance is located at the magnetic fi¢ld=6 kOe, which ZZ?Ilg?roé’;‘:]rgiS’\fs%/f1&80])s éfﬁ;‘kg\t‘}’;.seorﬁ'gjr?&s’ E.()‘ls(l}r?e]lg' -
corresponds to sign-inversion of the Hall coefficient. The tsjgirkovskii, and S. M. Chudinov, Zh. I&p. Teor. Fiz84, 1059(1983
maximum of the longitudinal magnetoresistance is shifted [Sov. Phys. JETB7, (1983]. )
upward in magnetic field t& = 10 kOe. 3A. V. Germanenko, L. P. Zverev, V. V. Kruzhaev, G. M. Minkov, O. E

. . . . Rut, N. P. Gavaleshko, and V. M. Frasunyak, Fiz. Tverd. T8al754
The greatest magnetic freezing occurs in sample 1, in (1984 [Sov. Phys. Solid Stat26, 1062(1984].

which the composition is close to the transition from a gap-+4a. v. Germanenko, L. P. Zverev, V. V. Kruzhaev, G. M. Minkov, and
less to a narrow-gap semiconductéiig. 3). In this sample O. E Rut, Fiz. Tverd. Tel&7, 1857 (1989 [Sov. Phys. Solid Stata7,
as the magnetic field is increased from<40kOe to  1114(1985] .
H>40 kOe. one passes from a region where conduction is A. V. Germanenko, L. P. Zverev, V. V. Kruzhaev, G. M. Min’kov, and
! v - p g g : h 2 0. E Rut, Fiz. Tekh. Poluprovodr20, 80 (1986 [Sov. Phys. Semicond.
mediated mainly by electrons to one in which conduction is 20, 46 (1986].
mediated by holes, and at higher magnetic fields to the fro->A. V. Germanenko, V. V. Kruzhaev, and G. M. Min'kov, Fiz. Tekh.
zen region, at which an abrupt increase in the magnetoresis;-0!uprovodn20, 141(1989 [Sov. Phys. Semicon&0, 85 (1986,

b hl h dfold. i b d Yu. Furdina and Ya. KosutSemimagnetic SemiconductdRuss. trans.,
tance, by roughly a thousandfold, Is observed. Mir, Moscow (1992 [translation ofDiluted Magnetic Semiconductors

In all of the investigated samples freezing of holes to the edited by J. K. Furdynat al. (Semiconductors and Semimetals Series,
acceptor levels is observed, although in Ref. 4 freezing of Vol. 25, Academic Press, San Diego, 19B8

: ' : 81. M. Tsidil’kovski¥, G. I. Kharus, and N. G. Shelushininapurity States
holes was observed only in samples in which the the eI(:"Ctrcmand Transport Phenomena in Gapless Semiconduc¢®verdlovsk, Ural

contribution to the conductivity predominated. Scientific Center, Academy of Sciences of the USSR, 1987

This work was carried out with the financial support of Translated by Paul F. Schippnick
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Lattice vibrations in CulnSe , crystals
N. N. Syrbu and M. Bogdanash

Kishineu Technical University, 277012 Kishineu, Moldova
V. E. Tezlevan

Institute of Applied Physics, Moldavian Academy of Sciences, 277028 Kishineu, Moldova
(Submitted October 26, 1995; accepted for publication June 4,)1996
Fiz. Tekh. Poluprovodr31, 329—-334(March 1997

Infrared reflection spectra of Culngerystals are investigated for the polarizatidfig and

E Lc. 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 Cylar®envestigated and the absorption
bands are identified from the selection rules. 1897 American Institute of Physics.
[S1063-78287)01503-2

1. INTRODUCTION 2

1-\R
The ternary semiconductor CulnSeas shown promise Ber 1+ R
for use in solar cells. The vibrational properties of CulpSe )
crystals have been investigated in a number of wérks. Wheree., ands, are the high-frequency and low-frequency
However, results of studies of the infrared reflection spectrdli€lectric constants o; and wro; are the longitudinal and
and Raman spectra do not agree. The infrared reflectiof@nsverse phonon frequencies,is the damping factor; is
spectra and Raman spectra were found to be lacking some H}ejth oscillator strength, anR is the reflection coefficient
the vibrational modes. The infrared reflection spectra for thdn the frequency range 3000—4000 chn
polarizationsEllc andEL ¢, in which threeE modes EL c)
were identified instead of the expected six, are presented i) EXPERIMENTAL RESULTS
Ref. 7. In Raman scattering studies at 300 and 1GR&. 9 . .
only the A mode has been visually identified, although the, .In the reflecthn spgctra O,f qun§§rystals in the p?'ar'
authors assert that they identified all the vibrational modes.zation E Lc we identified six vibrational modes witk
In the present study we have investigated infrared reflec-
tion spectra of CulnSecrystals in the polarizationslic and
E L ¢, in which we have found all the expected vibrational
modes and also new information about the phonon param- 87} a I3
eters.

7 Elc

60

2. EXPERIMENTAL PROCEDURE
40
Single crystals of CulnSevere grown by the Bridgman

method in the form of bars 3 cm in diameter and 6—7 cm in 2-
length. Wafers of dimensions ®.5cm were then cut
from the bars. The reflection spectra were measured on a
computer-controlled KSDI-82 vacuum spectrometer. The®,
spectral width of the gap was equal to 0.2¢hin the fre-
quency range 50-250cmh and 1cm?! in the range 8
200-4000 cm?.

The reflection spectra were also calculated in the many- 60
oscillator model of the dispersion relations

N

8(&)):81+i82:8°¢+2 > - ,
=1 (wTOJ——wZ-I—Ia)yI-) 20

b 5, Ele

40
2
47 fl wTOJ

N

1
so=8w+j21 4ty a5 730

1 I’
175 265
v,em™!

2 2 2 2
(@ioj > T0) H ( '2‘0' ;o') ’ FIG. 1. Reflection spectra of CulnSerystals for polarizationg&lic (a) and
(47'ra)-|-oj) i) (0Tgi— wTOj) EL ¢ (b); solid line—calculation, points—experiment, dashed line—see text.

fi:&‘oc
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TABLE |. Parameters of th&8, andE modes in CulnSgcrystals.

Data obtained from published papers

Refs. 6 and 7 Ref. 9
mode frequency, cm ! at temperaturd, K Results of our study
Mode 300 100 300 100 o, Cmt vro, CM L y Aty
B 232 214 233-215 233217 228.6 208.6 6.0 1.40
BY 193 181 198 200177 169 163 20 2.33
B 65 64 770 72-70 78.8 705 6.5 2.36
E* 229 213 230-217 233-217 2275 204 8.0 2.10
212 207
E2 183 179 - 236-227 174 162 10 1.54
E® 211 216-211 128.5 122 8.0 1.07
E* - 188-288 116 108 9.0 1.24
E® 77-77 78-78 77.5 71.0 6.0 2.54
ES 60-58 60-61 57.0 55.5 4.0 1.28

*Note: these data were obtained in the infrared.

symmetry(Fig. 1a, herev=1/\, \ is the wavelength of the tions of the reflection spectra show that the contours of
light), i.e., as many modes as expected from the group-theonyearly all the oscillators are satisfactorily described by the
analysis dispersion relations.

T op= 1A, +2A,+ 3B, + 3B, + 6E. . In. the polarizatiorEllc we identifigd the three expected

] o __ vibrational modes oB, symmetry(Fig. 1b, Table ). The

The_ macroscopic ele_ctrlc field produced by _the |_Ong|tUd|na|high_frequenC)B2 mode is the strongest mode in this polar-
optical vibrations splits each of the polar vibrationsB®f  j;ation. These modes agree with the data of Refs. 6 and 7.
and E symmetry into longitudinal LO) and transverse gt that the vibrational modg, is observed at different

(TO) mode;. The. values of theO aT‘dTO phqnon param- frequencies for samples of different preparation history, as is
eters and dielectric constants obtained are listed in Table %hown by the dashed line in Fig. 1b. Apparently, some
The points in Fig. 1 indicate experimental values, and theSamples have a violation of stoichiometselenium vécan-
solid curve corresponds to calculated values of the reflectiogieg which affects this vibrational mode. The parameters of
coefficient. The modeE® and E® possess the largest oscil- ' ' P

lator strengths. The damping factors vary in the limits 4—10.th_e vibrational modes _Of the Culngerystals are compared
ith the corresponding parameters for CuGaSand

The reflection spectra in Fig. 1a are in satisfactory agreemetW

with the data of Ref. 7. We assume that the reflection peaf!!" in Table Il. As can be seen, the frequency ratios for
E! which we have identified and the peak&(E2) identified CuGaSe and CulnSg exhibit only insignificant variation.

in Ref. 7 are due to a single vibrational mode. The reflectiorfiere for all the vibrational modes with andB, symmetry

maximum E2(174/162) corresponds to the reflection peakWith the exception 0B andE?, the frequency ratios vary
E3 in Ref. 7. In the long-wavelength region in the limits 1.18-1.28. FoE? andB$? the frequency ratio

(40-120 cm?) we have identified the previously unre- stands at 1.09-1.12. These data reflect the fact that in
vealed vibrational mode&,—Eg (Fig. 1a, Table). Calcula-  CulnSe crystals the vibrational modd&$> andE? are found

TABLE Il. Frequencies of active vibrational modes in the infrared and their ratios in CyG&8&Se, and Culng.

CuGaSe CulnSe CulnS

Ref. 11 our data Refs. 6 and 7 Ratios of mode frequencies
Polarization Vios V10, Vio, Y70, Vio> Y70, Vougasg/Vouinsg Veuins, ! Veuinss,
of mode cm ! cm ! cm ! cm ! cm ! cm ! LO TO LO TO
E! 277 255 227.5 204 338 324 1.22 1.25 1.49 1.59
E? 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
E* 135 129.8 116 108 1.19 1.18
E® 90.9 82.2 77.5 71 1.20 1.17
ES 68 64.5 57 55.5 1.19 1.16
B(Zl) 273 257 228.6 208.6 352 328 1.19 1.28 1.54 1.64
B 188 177.9 169 163 265 238 1.12 11 1.58 1.47
B 89.6 83.0 78.8 70.5 1.18 1.21

M =My, + Mge= 193.78, M, = Mga+ Mee= 148.66, M 3= mj,+ ms= 146.88
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+ £ CuAlSe,
400 o

Jog

FIG. 3. Two-phonon absorption spectra of CulpSe
100

J0

should be since there is less difference between the reduced

mass of the Ga—S$&nd In—Se complexes than between the

In—Se and In—-$ complexes. The mass ratio of the ions

FIG. 2. Dependence of the frequencies of the vibrational moes In-SeM,) to the mass of the ions Ga—3$&§) is equal to

(i=1,2 ...6) ontheeduced mass of the ions In-Se, Ga—Se, and Al-Se |n1.30. The CuGaSléCulnSQ frequency ratio. which varies in

crystals of CulnSg CuGaSg and CuAlSg The numbers next to the o _'

curves correspond to the number of the mode. the range 1.09-1.28, is in completely satisfactory agreement
with the square root of the mass ratios of the ions
(M;/M,)¥2=1.14 (see Table ). The frequency ratios for

at higher frequencies than they should be according to Fig€ulnS, and CulnSg differ more significantly than the ratio

l1a and 1b. The frequency ratios of the vibrational modes ofM,/M3)*? of the mass of the ions In-Sd(;) to the mass

CulnSe and Culn$ vary to a greater extent. This is as it of the ions In-Si5 (Table Il). In CulnS crystals the inter-

TABLE lll. Frequencies and combinations of modes in the two-phonon absoriptaorsmissionspectrum for
CulnSe crystals in the polarizatioBlLc; A, ® E,A, ® E,B,; ® E, B, ® E.

Results of our study

Number Data from Ref. 7 Experiment Calculation
of structure v, cmt v, cmt Combination of modes v, cm !

1 224 B{?)(165) + EL°(57), 222

B{LO(169)+ E{°(55.5) 2245

2 250 ELC(174)+B{L0(78.8) 252.8
A.(178)+EL°(71) 249

3 263 B{VTO(208.5)+ EL°(55.5) 264.1
4 271 B{TO(163)+ E}°(108) 271
5 291 E1°(112)+ BPHC(169), 291

B{VTO(208.5)+ EL°(55.5) 264.1

6 300 305 A,(178) +EL°(128.5) 306.5

7 316 E}°(108)+ B{MT9(208.6) 316.6
8 332 326 B{ITO(163)+ E1°(162), 325
EJ°(162)+ B{P 169 327
9 347 344 B{LO(169)+ ELC(174) 343
10 368 E;°(204)+ BTO(163) 367
11 385 382 A(178) + E]°(204) 382
12 390 B{YLO(228.6)+ E}°(162) 390

13 397 ELC(227.5)+ B{2LO(169) 396.5

14 405 405 ELC(227.5)+ A,(178) 405.5

15 423 ELC(227.5)+ A{(196) 4235

16 428 432 E1°(204)+ B{VL0(228.6) 432.6

17 457 B{VLO(228.6)+ EL°(227.5) 456.1

18 465 467 B{Y(239)+ E}°(227.5) 466.5

Note: Here the subscrigtin the mode notationEiLo'TO corresponds to the superscript in the mode notation for
E; in the text.
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TABLE IV. Frequencies and combinations of modes in the two-phonon absofftisrsmissionspectrum for
CulnSe crystals in the polarizatioBlic; A; ® B,, A, ® B;,EQ E.

Results of our study

Number Data from Ref. 7 Experiment Calculation
of structure v, cm ! v, cmt Combination of modes v, cm !

1 263 E;°(204)+EL°(57) 261

2 278 E;°(162)+E4°(116) 278

3 285 EL©(227.5)+ ELO(57) 284.5

4 291 EL©(128.5)+ E;°(162) 290.5

5 305 EL°(227.5)+ EE°(77.5) 305

6 316 320 E;°(204)+E4°(116) 320

7 334 EL©(227.5)+ E1°(108) 3355

8 340 343 EL°(227.5)+ E;°(116) 244.5

9 349 355 EL©(227.5)+ E5©(128.5) 356
10 367 E1°(204)+ EPTO(162) 366
11 378 E]°(204)+ EL5°(174) 378
12 386 A,(178)+B{MT0(208.6) 386.6
13 395 392 E;°(162)+ EL°(227.5) 389.5
14 401 ELSC(174)+ELC(227.5) 401.5
15 411 411 E;°(204)+ E]°(204) 408
16 427 426 EL©(227.5)+ E1°(204) 4315
17 438 435 B{M(239) + AP)(196) 435
18 443 450 2EL° 455

Note: Here the subscrigtin the mode notatioinLO'TO corresponds to the superscript in the mode notation for
E; in the text.

atomic distances also vary since the sulfur ions have smalldo carry out measurements almost up to the one-phonon re-

radii than the selenium ions. gion (~250 cni ) and obtain a larger number of absorption
Figure 2 compares the frequencies of the vibratidhal bands than are presented in Ref. 7.
modes of CulnSg CuGaSeg and CuAlSe (the data for According to the selection rules, in CulnSerystals in

CuAlSe and CuGaSeare taken from Ref. Dlas functions the polarization ELc the phonon combination®\;®E,
of the reduced masg:. of the ions IfGa,Al)-Se. For A,®E, B;®E, andB,®E are active, and in the polarization
CuAlSe, the high-frequency vibrational modeE; with Ellc the combinationA,;®B,, A,®B,;, andEQE are ac-
i=1,2,3 depend onu to a greater extent than the low- tive. Tables Ill and Tables IV list the frequencies of the
frequency vibrational modes with=4,5,6. Comparing the absorption lines we have identified, the results of Ref. 7, and
mode frequencies for Culngand CuGaSg we also notice also calculated values of the frequencies of the two-phonon
a shift of all vibrational frequencies of CuGaStoward combinations responsible for these absorption bands. Nearly
higher energies. This occurs because the heavier indium iorgdl of the identified two-phonon bands are described by a
have been replaced here by lighter gallium ions. Incombination ofLO andTO vibrational modes of the corre-
CuAlSs the still lighter aluminum atom appears in place of sponding symmetry, allowed by the selection rules. The dif-
the gallium atom. The increase in the frequency of the vibraference between the experimentally identified and calculated
tional modesi=1, 2, 3, as one goes from CuGaS® bands does not exceed a few inverse centimeters. In the
CuAlSe (i.e., the heavier Ga ion is replaced by the lighter Al Ellc polarization all the identified bands are described by the
ion), confirms that these modes are internal vibrationakcombinationE® E, with the exception of bands 12 and 17.
modes. Band 17(identified in Ref. § is described by the combina-
tion AP B

4. TWO-PHONON ABSORPTION IN CulnSe , CRYSTALS 5. EFFECTIVE IONIC CHARGES AND THEIR ISOTROPY

The two-phonon absorption spectra of Culp8gystals The parameters of the effective ionic charges of
were analyzed in Ref. 7. But since we have obtained neuInS& CuGaSg and CuAlSgare found from the follow-

data about the vibrational mode spectra in the one- and twdnd relations:

phonon regions, we will here again discuss two-phonon ab- N 47e?N |(Z,e*)n
sorption on the basis of our results. The absorpfiwans- 477022 (a)foj—wmj)= v 2 2
mission spectra in the region 250—500 chwere measured =1 Ma

in samples 20—3@m thick (Fig. 3). We identified 18 ab- (Zp€*)Ny (Zce*)nc‘
sorption bands in each of the polarizatioBisc and ELL c. + +

) . m m, '
Our spectra agree for the most part with the absorption spec- b ¢ |

tra of Ref. 7. The small thickness of the crystals allowed us n,Z,e+n,Z,e—n.Z.e=0,
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TABLE V. Parameters of the effective ionic charge in CuGa$auinSg, and CuAlSg crystals.

e eX/Zqge
Polarization Zae _ 3Ve.
Crystal and modes o Eu calculated according to Eq1) T eL.t2 Z1Z o Az=Z7Efc—7E5¢ el Zq
CuGaSe Elic Cu~0.63
B, 7.3 4.2 0.44 0.99 Ga0.25 Cu~0.25 2.05
Se~—0.44
Elc Cu~0.38
E 12.83 5.13 0.36 0.95 Ga0.34 Se~0.08 2.25
Se~—0.36
CulnSe Ellc Cu~0.21 Cu~0.04
B, 12.09 6.0 0.31 0.92 1 0.33 2.45
Se~-0.31 In~—-0.04
Elc Cu~0.17
E 16.63 6.86 0.27 0.91 mn0.37 Se~0.04 2.69
Se~—-0.27
CuAlSe, Ellic Cu~0.40 Cu~0.20
B, 6.67 5.2 0.35 0.95 Al0.30 2.28
Se~—-0.35 Al~-0.12
Elc Cu~0.20
E 8.28 6.0 0.31 0.92 AlL0.42 Se~0.04 2.59
Se~—-0.31
whereV is the volume of the unit cellN is the number of In summary, replacing indium by gallium or aluminum

atoms per unit cellpn,, n,, andn; are the stoichiometric in CulnSe not only alters the frequencies of the vibrational
coefficients; andn,, m,, andm, are the atomic masses of modes, but also redistributes the electron cloud relative to
the elements making up the crystal. the principal axes of the crystal.
To determine the effective charges of the ions of the
three—component material we used the condition 1. N. Gan, I. Taug, V. G. Lambrecht, and M. Robbins, Phys. R&y3610
e* 2 (1976.
= —— e — (1) 2V. Riede, H. Sobotta, H. Neumann, H. X. Nguyen, W. Iy and
* G. Kuhn, Solid State Commur28, 449 (1978.

Zeff,
. . . . . 3H. Neumann, R. D. Tomlinson, W. Kissinger, and N. Avgerinos, Phys.
which was proposed in Ref. 12—14. This condition is essen- status Solidi B118, K51 (1983.

tially satisfied in all the investigated materials. The effective *I. V. Bondar, A. G. Karoza, B. V. Korzun, and G. F. Smirnova, Zh. Prikl.

1= —5—,
X2+ X

ionic charges we obtained for CulnSiffer slightly from ~ Spectrosk36 451(1982. ) o
the results of Ref. 9 since the frequencies of ti@ and P. M. Nicolic, S. M. Stojikovic, Z. Petrovic, and P. Dimitrijevic, Fizica
- a 10, Suppl. 2, 981978.

TO phonons also differ, and the effective charges are calcu$H. Neumann, H. Sobotta, V. Riede, B. Schumann, and thnKCryst.
lated on the basis of these frequencies. The dielectric con-Res. Technol18, K90 (1983.
stant parameterss(,e,) and effective ionic charges of ,H- Neumann, Solar Cells6, 399 (1986.

| ,do Al diff b iallv f h 8H. Tanino, H. Deal, and H. Nakanist®roceedings of the Ninth Interna-
CulnSe, CUGaS% and CuAlSeg differ substantially for the tional Conference on Ternary and Multinary Compound®kohama,
two polarizationsEllc andE L c (see Table V. 1993[Jpn. J. Appl. Phys32, Suppl. 32-3, 43§1993].

To describe the results for different crystals, we intro- QHH Tanino, T. Maeda, ':l Flgikake, H. Nakanishi, S. Endo, and T. Irie,

; : P Phys. Rev. B45, 13,323(1992.

dUCEd g?ce an,ggtmpy paraErPCeter of tEhfceﬁeCtlve lonic ChargeﬁH. Neumann, W. Kissinger, H. Sobotta, and V. Riede, Czechoslovak
AZ=Z4—Zes , where Zgr™ and Zgi ™ are the effective 5 physga 69(1984.
ionic charges of the corresponding atdion) in the polar-  **A. M. Andriesh, N. N. Syrbu, M. S. lovu, and V. E. Tezlevan, Phys.
ization Ellc and EL ¢, respectively. The paramet&rZ can lzita\;\ljskso"d' 518(? ?3 (()1993- 3o, 3. Appl. Phy. 249 (1580
" . . . . Wakamura and T. Ogawa, Jpn. J. Appl. . .
have both positive and n(_egatlve values_, whlch c_:haracterlng. Wakaki, Jpn. J. Appl. Phy@4, 1471(1985.
the electron ClQUd of the ion shell ?—lnd its deviation frqm alG, Lutz, G. Waschenlach, G. Kelche, and H. Haenseier, Solid State Chem.
perfectly spherical shap@.For positive AZ the cloud is 44, 196(1983.
elongated along the axis, and for negativé\ Z it is com- "N N. Syrbu, Opt. Spektroskz9, 249 (1995 [Opt. Spectrosc79, 227
pressed. As can be seen, the shape of the electron cloud iélggs]'

different for all the ions in the three compounds consideredTranslated by Paul F. Schippnick
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Anomalies in the low-temperature thermoelectric power of p-Bi,Te; and Te associated
with topological electronic transitions under pressure

E. S. ltskevich, L. M. Kashirskaya, and V. F. Kraidenov

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. Poluprovodr3l, 335—337(March 1997

Thermoelectric power measurements have been carried out for the narrow-band semiconductors
p-Bi,Te; 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 Physids$$1063-78207)01603-1

We have placed before ourselves the task of extendingE* =2.3 me\j saddle point in the spectrum of its valence
the range of methods for searching for topological electronidband which is forced out, i.e., it moves up, under pressure,
transitions (TET’s) in narrow-band semiconductors under which in samples wittEr<E* leads at first to the appear-
pressure, not for the usual purpose of studying details of thance of a linkage or bridge between the two existing ellip-
band structure guided by quantum oscillations of the resissoids, i.e., to the appearance of a dumbbell-shaped Fermi
tance(the Shubnikov—de Haas effe¢cbut in order to apply surface, and then, after the disappearance of the saddle point
it to the goal of studying the thermoelectric power. at P=2.7 GPa, to the reappearance of the original ellipsoidal

Oscillation methods for finding TET’s require, as their Fermi surface:®
main condition, high-quality single crystals and a compli- 1. Our experiment was carried out at liquid-helium tem-
cated experimental technique. The use of a model for thperatures in a hydrostatic high-pressure chamber similar to
behavior of the thermoelectric power in TET's developed forthat described in Refs. 6 and 7. The samples were cut by
the case of semimetals and alloys under conditions of unielectric spark from single-crystal bars and processed with
axial deformation, as Minin@t all~* have shown, is quite polishing chrome etchant. Th&; axis was determined visu-
effective. In these papers they demonstrated the possibility adlly from the cleavage planes. A temperature gradient was
using the thermoelectric power to search for the principakreated along th€; axis (VT||C3) for Te and perpendicular
modifications of the topological electronic transition in semi-to theC; axis (VTL C3) for p-Bi,Te; and Te. The technique
metals and alloys under conditions of uniaxial deformation.used for measuring the thermoelectric power in the samples,
We solved the analogous problem for cadmium under conwhich had the shape of rectangular parallelepipeds with di-
ditions of hydrostatic pressure in Ref. 5. We demonstratednensions X 1X 6 mnt, is described in Ref. 9.
the existence of a correlation between direct observations of 2. Figure 1 plots the pressure dependence of the thermo-
TET's by the use of oscillation methods employing anoma-electric power for three samples pfBi, Te; with E¢ below
lies in the pressure dependence of the thermoelectric powghe critical valueE* =18 meV. For the sample that was mea-
of cadmium. sured in the most detaffample 1 with E-=6 meV, a com-

The authors of Refs. 6 and 7 in a study of Shubnikov—deplex picture of the pressure dependence is observed with two
Haas oscillations under conditions of hydrostatic pressureninima and two maxima. On the basis of the model that has
observed topological electronic transitions of the type “for-been proposed for the Fermi surface pBi,Te; (Refs. 6
mation (or breaking of bridges joining isolated isoenergy and 10, such a picture can be explained by the “fine” struc-
cavities” of the Fermi surface fop-Bi,Te; and Te. In this  ture of formation of the bridge. Specifically, at first a hole-
case the Fermi energir is observed to pass smoothly type cavity is formed. This creates the first anomaly in the
through the critical points of the charge carrier spectrunpressure dependence of the thermoelectric power at the criti-
E* at which the topological electronic transition takes placecal pressureP.;. With increasing pressure, this cavity then
by varying the hydrostatic pressure. This is held to be one ojoins up with the principal hole-type ellipsoids, creating a
the most informative and refined methods for studying toposecond anomaly aP.,. A sketch of the evolution of the
logical electronic transitions. The combination of observingtopological electronic transition is given in Fig. 2. The pic-
the passage of the Fermi energy through the critical points iture of the evolution of the Fermi surface pfBi,Te; under
this way and using the thermoelectric-power method tohydrostatic pressure obtained from measurements of the ther-
search for the topological electronic transitions is especiallynoelectric power makes it possible not only to unambigu-
effective since the entire experiment is carried out with theously reconfirm, but also refine, the earlier proposed model
same sample. of the Fermi surface for this crystal.

The Fermi surface op-Bi,Te; for Ec<E* =18 meV The anomalies of the pressure dependence of the ther-
consists of six quasi-ellipsoids, between which linkages formmoelectric power, which are due to the rearrangement of the
under pressure which are similar to those present in thepectrum, can be assumed to be the two maxima and two
Fermi surface of arsenic. Tellurium has a shallow minima at the corresponding pressurBs; andP.,. Using
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FIG. 2. Diagram of sequence of appearance of linkages between two hole-
type ellipsoids inp-Bi,Te; under pressure.

OL,P.V/K

90 by the number of structural defects, especially dislocations,

which by scattering phonons can strongly lowerThe rea-

son for the appearance of dislocations may be a breach of
hydrostatic conditions in the high-pressure chamber caused
by cooling it down to liquid-helium temperatures. Each pres-
sure change is accompanied by annealing and the appearance
of new dislocations. Most likely, this is also the reason for
the almost twofold decrease infor sample 3 in comparison

with the analogous sample @fBi,Te; in Ref. 11 at 4.2K,

%5

1 | |

0 7% and also for the fact that the value af for sample 1 is
P, 10 GPa slightly lower than the value of for sample 2.
Thus, a topological electronic transition [RBi, Te;, re-
FIG. 1. Dependence of the thermoelectric powepeBi,Te; on the pres-  liably identified by oscillation methods, shows up as an
sure P at T=4.2 K. Hole concentratiomp, 107 cm™3: 1) 7, 2) 8,3) 20.  anomaly in the dependence of the thermoelectric power on
Filled symbols indicate the values af measured upon release of pressure. the hydrostatic pressure at the point at whiep passes
through the critical poinE*.

3. Our measurements of the thermoelectric power of tel-
the pressure coefficient of variation of the energy gap oblurium samples with hole concentratign=4x 10'* cm™3
tained from data on the Shubnikov—de Haas effectfor VT||C; and p=2x10™ cm™3 for VTLC; under pres-
dz/dP=—-2.7 meV/kbar(Ref. 6 (z=E* —Eg), we can es- sures up to 25 kbar at liquid-helium temperatures are plotted
timate the pressure at whid* 0, i.e., at which the first TET in Fig. 3. The solid and dashed curves plot the calculated
of the type “formation of a new isoenergy cavity” takes variation of the thermoelectric power of Te with growth of
place, creating the first anomaly in the thermoelectric powerthe pressure on the assumption that the measured thermo-
Thus, for sample 1 withz=12-13 meV this value is electric power is either purely diffusionalaf) or com-
Pc1=4.5-5 kbar, for sample 2 withz=10-11 meV, pletely phonon in characterafy). In the investigated
P.1=3.5-4 kbar, and for sample 3 with=6-5 meV, samples at £ K a hole gas is nondegenerate; i.e.,
P.1=1.5-2 kbar. The first maximum corresponds satisfactoap~ In[(m*)], apy~m*, and the effective hole mass
rily with these estimates. Thus, the sign of the thermoelectrien* (P) = m* (0)exp(—0.006P) (Ref. 14. Thus, the overall
power anomalies ip-Bi,Te; is positive. trend of the functional dependenegP) can be satisfacto-

It follows from Ref. 11, in which the thermoelectric rily explained by a diminution with growth of the pressure of
power and the thermal conductivity of samples ofthe effective hole mass*.
Bi,Te; similar to ours were investigated over a wide tem- If we compare the values of the thermoelectric power for
perature range, that the thermoelectric power in our samplesur samples at 4 K extrapolated =0 with the values in
at 4 K has a predominantly phonon characteg. At this  the literature for similar samplés,then we may conclude
temperature we clearly observed anomaliesaifP). The that the phonon component of the thermoelectric power of
conclusion of Abrikosov and Pantsuld¢ahat there are no our samples at 4 K, which gives the main contribution to
anomalies ina,y, associated with the topological electronic «, is significantly smallemore than sixfolgl than for the
transitions was based on the assumption of isotropic scattesamples of Ref. 15. We measured the temperature depen-
ing of the charge carriers. Allowing for the anisotropy of the dence(from 16 to 300 K) of the thermoelectric power of
relaxation time that is present in noncubic crystals, in partellurium with hole concentrationp=2x10" cm 3 at
ticular Bi,Te; and Te, enabled Suslbito provide a theoret- P=0. At T=200 K, where the main contribution t comes
ical basis for the appearance of anomaliesyjjy connected from the diffusional component ap, our value
with the topological electronic transitions. The magnitude ofa~700uV/K is close to the value ofr for the analogous
« is determined not only by the hole concentration, but alsssample 2 of Ref. 15. As was shown in Ref. 16, cooling a
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sition caused by the coalescence of the two hole-type quasi-
ellipsoids into a dumbbell. The small volumes of the
isoenergy surfacesE<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 investi-
gated types of topological electronic transitions reliably iden-
tified from the Shubnikov—de Haas oscillations, anomalies
are present in the thermoelectric power which are uniquely
linked with a change in the topology of the Fermi surface. It
can also be asserted that the presence of anomalies in the
pressure dependence of the low-temperature thermoelectric
power is indicative of topological electronic transitions in
semiconductors, semimetals, and metals.

This work was carried out with the financial support of
the Russian Foundation for Basic Reseaifetoject No. 93-
| ] | | 1 02-14235.
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Formation of a quasi-periodic boron distribution in silicon, initiated by ion implantation

A. M. Myasnikov, V. I. Obodnikov, V. G. Seryapin, E. G. Tishkovskil, 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. Poluprovodr31, 338—341(March 1997

The temperature range in which oscillating impurity distributions are formed in heavily boron-
doped silicon irradiated with boron ions'Bs 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 Physid$1063-782807)01703-1

1. INTRODUCTION with a lowering of the total boron concentration in compari-
In Ref. 1 we established that as a result of annealmgsOn W'th. its initial valge, _due_to dlff_uswe s.pread|(1{-:]g..1d)..
. " o In Fig. 2 the oscillating impurity profile, shown in Fig.
samples of heavily boron-doped silicon at 900 °C, where,, . . ) . .
. ) 6 -2 1b, is compared with the profile obtained in Ref. 1, where the
these samples were later irradiated by 4%1n 2 dose of » . . : .
conditions of the experiment differed only in the ion energy

10p+ ; ; co . .
180-kev 7B lons, a guasi periodic struc_ture IS fqrmed n (180 keV). The central maxima are aligned to facilitate the
the concentration profiles of both boron isotopes in the re- : . : ) i

. ; ; . N . ~comparison. Such a comparison of the impurity profiles
gion subjected to boron implantation, consisting of five

: shows that increasing the energy of the bombarding ions
maxima.

Our goal was to determine the temperature interval indoes not substantially alter the characteristics of the arising
which the formation of oscillating distributions of boron at- quasi-periodic structures. Only the depth varies at which they

are found. The average modulation period of these structures

oms can be observed. : . . .

is 95 nm(with a maximum value of 109 nm and a minimum

value of 88 nnj.

2. EXPERIMENT The width of the region in which the formation of quasi-
eriodic structures is observed correlates with the size of the
egion containing the main fraction of implanted boron. Its

Enharacteristic width varies insignificantly as the energy of the

As the starting samples we used samples that were pr
pared by a method that is completely analogous to the on
described in Ref. 1. Boron diffusion was caused to take plac

. . . ) . pinging boron ions is increased from 180 to 400 ke
in a KEF-7.5 silicon wafer W|ﬂ(100) sgrface ongntatlon at articular, the spread of the projected mean free py
1150 °C so as to create a region of uniform doping to a deptk

. ) ; ihcreases by roughly a factor ©f..2). The nearly identical
of a few microns with boron concentration y gny ) y

. Lo initial conditions in these two cases lead to identical results
~2x10?° cm 3. Both isotopes were deposited in the doped_ ¢ - annealing
region—°8 and !B in their natural abundances20 and '

. _ The above experimental facts, in conjunction with the
~80%. Then, using an HVEE-400 setup, &%6m ? dose ; - o . L
: . . _ act that in all cases similar variations in the impurity distri-
of 400-keV %B* ions were implanted. The irradiated purty

| led for 60 min at t ¢ . thbution were not observed in the continuations of the flat
samples were annealed for 6U min at temperatures In g ants of the initial diffusion profiles with depth, indicate

range 700—1150 °C. that side bv si . S h .
S 0 1o ) y side with a high initial level of doping, implan-
The distribution of the"”B and ™8 isotopes with depth _tation is a determining factor in the formation of quasi-

was investigated by secondary-ion mass spectroscopy using, .. 4. o _
riodic distributions as a result of heat processing.
an MIQ-256 setup by CAMECA-RIBER. The constancy ofrﬁ% 10dIc dIStrbutt u P ing

thg etc'hlng rate was monitored by the yield of secondar%' DISCUSSION
silicon ions.
Our results show that neither the number nor the spatial
positions of the concentration peaks depend on temperature.
The measurements show that heating the samples t8ince it is known that migration of boron atoms has an acti-
700 °C has little effect on the initial impurity profiles shown vation character in the investigated temperature range, the
in Fig. 1a. In the case of annealing at 800 °C, howeverapparent activation-free character of the processes which
peculiarities in the boron isotope profiles in the form of dipsleads to the appearance of spatially separated sites of boron
begin to appear, and in the temperature intervalatom accumulation, necessarily requires a consideration of
900-1075 °C five maxima are formed in the profiles of bothprocesses involving the participation of other components of
isotopes(Figs. 1b and 1 the defect—impurity subsystem, specifically, vacancies and
The quasi-periodic structure is not formed when theinterstitial silicon atoms.
samples are heated to 1150 °C—only weakly expressed dis- The mobility of the vacancies and interstitials is acti-
tortions of the now flat impurity profiles are observed alongvated at temperatures substantially lower than those used in

A. Experimental results

279 Semiconductors 31 (3), March 1997 1063-7826/97/030279-04$10.00 © 1997 American Institute of Physics 279



ar

10

10 79

YL VT OO T TS T SN N WOU JUNN VRN WL WY WG N WO ST ST

N TN T TN YANE TR TN YN U A SO WA T SN S WY A S

FIG. 1. Concentration profiles of bo-
ron isotopeg1—B, 2—1B) in sili-

@ 21

con with an initial boron concentra-
tion of 2x10?° cm3, obtained by
implantation of %8 ions (E

=10

20 |p o amomemer?
107 F

79

70

7

TR R TUE SN VOT N W TN S S S WY ST S TS T

A L .

-~

[N T SN W SN WO 00 NN MO A N T T WS VS SO Y N

=180 keV, D=10% cm~?) and an-
nealing for 60 min at different tem-
peratures: Ra without annealing,
b) 900 °C, ¢ 1075 °C, d 1150 °C.

- o o

0

1

2 g

z,pm

1 2

the experiment. High temperatures are needed only to free Calculations which used the program TRIM-94 show

elementary defects from defect—impurity associations.

FIG. 2. Concentration profiles of the boron isotofB in silicon with an
initial boron concentration of 2 10%° cm™
18 jons (D=10*cm™?) and annealing for 60 min at 900°C:) 1

N/ ”ma:n

3

E=180keV, 3 E=400 keV.

280 Semiconductors 31 (3), March 1997

, Obtained by implantation of

that the coordinates of the maxima of the implanted boron
distribution and of the energy losses to elastic collisions vir-
tually coincide; i.e., most of the implanted impurity atoms
are located in the same region of the semiconductor as the
irradiation-generated defects, and it is in a segment of this
region that all of the processes analyzed in the present paper
take place.

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

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

In our experiments the fast stage proved to be essentially
unobservable. However, on the basis of an analysis of the
initial conditions and character of the localized features aris-
ing in the impurity distribution it is possible to construct a
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consistent(in our view) hypothesis of how this happens. The fraction of boron atoms occupying regular lattice
Upon the implantation of boron ions in the region ad- sites in the implantation region in the initial stage of anneal-
joining R,, simultaneous with the accumulation of defecting is small. As a result, the unreacted intrinsic interstitial
complexes containing interstitial silicon atoms and vacanciegtoms, which diffuse out of it in numbers significantly ex-
there also takes place an accumulation of boron atoms neeeding those of the vacancies, reach the nominal boundaries
occupying regular sites of the crystalline lattice. Their num-Of this region, show up at displacement sites in silicon
ber is made up from a significant fraction of the boron atomssamples with high boron concentration and in such samples
introduced by irradiation and from a fraction of the boron displace boron from the regular lattice sites.
atoms that were located at regular lattice sites before irradia- Since none of the boron atoms at these sites, which have
tion. In addition to the boron atoms which show up at arbi-been displaced from the regular lattice sites, can again oc-
trary sites due to collision mechanisms, these sites can algg/Py regular lattice sites of the silicon lattice as a result of
have boron atoms that have been dislodged from regular lathe high initial doping level, the boron atom excess created at
tice sites as a result of reactions with the intrinsic interstitialdhe interstitial sites is removed at subsequent times by a

(the Watkins reactici) directly upon ion implantation. An chain of spontaneous clusterization reactions. The boron
indication of the efficiency of such a process in heavnyclusters formed at the boundaries of the irradiation region,

doped silicon is given in Ref. 5, where the displacememIUSt like the clusters at the center of the implantation region,
reaction is used to explain the substantially lowier com- begin to function like sinks for the free boron component.
parison with the case in lightly doped silidoconcentration

If these three regions of nascent clustéas the center
of {113 defects in silicon samples doped with boron up toand at the edges of the irradiation regiame so widely sepa-
concentration®Ng=10'° cm™2 and irradiated with electrons;

rated that diffusive migration of mobile boron atoms cannot
. : . . . .’ substantially lower the boron concentration in the space be-
i.e., the main fraction of the boron atoms in the implantation o .
. - . ; . . tween them, then spontaneous clusterization of boron will
region adjoiningR, is found at irregular sites and consists of T X .
not onlv the implanted fraction of boron atoms. but also aalso lead to cluster formation in these intervening spaces. Of
ianifi y tf t'p f the b i introd ’d by diffu. COUSe: the probability of survival of these additional sinks in
2:2:' icant fraction ot the boron atoms Introduced by dittu- competition with the sinks located in the regions considered

above will be higher in the centers of the intervening spaces.

Note also that under the conditions of our experiment forry, g0 aqgitional sinks will show up in the concentration pro-
the temperatures at which the appearance of quasi-periodif.q 45 intermediate maxima

structures is observed, the total boron concentration exceeds If the samples are held at high temperatures for a longer

its limiting value at the displacement sitésboth inside the e (in the second stagethe processes will proceed in the

implantation region and outside it. _ system of formed sinks—mobile boron atoms will escape to
In the initial stage of annealin(possibly already as the {ne clusters.

samples are being heated up from room temperature in the
furnace the defect—impurity associations release their con4. CONCLUSIONS

stituent interstitial silicon atoms, vacancies, and boron at- 1. We have established that quasi-periodic structures are
oms, which show up at the interstitial sites. formed in the boron atom distribution as a result of irradia-
Inside the irradiation region the excess boron atoms that,, of heavily boron-doped silicon by a ¥cm™2 dose of
cannot dissolve in the regular sites of the silicon lattice acygg-kev B ions with subsequent annealing for one hour in
cumulate into clusters. The process of spontaneous clustefe temperature interval 900—1075 °C.
ization proceeds most efficiently at the center of this 2 \we assume that the formation of a quasi-periodic
region—in the vicinity of the maximum of the implanted strycture takes place in two stages and that it is associated
boron distribution. The formed clusters serve as sinks for theyith clusterization of boron atoms dislodged from regular
free boron component, which ensures the accumulation ghttice sites with subsequent runoff to already formed clus-
the impurity in the vicinity ofR;, upon subsequent heating ters of the free boron component. The spatial inhomogene
due to its migration from neighboring regions. It should bejties owe their existence to the fact that the clusterization
noted that contraction of the impurity upon annealing intoprocess proceeds more efficiently in the vicinity of a maxi-
the region of the maximum of the implanted boron distribu-mum of the implanted impurity distribution and at the edges
tion was observed earlfet and takes place if the implanted of the region containing the main fraction of implanted at-
boron concentration in this region is not high enough. oms. Cluster formation is accompanied by a runoff of the
The relaxation of the nonequilibrium defect subsystemmobile boron atoms to these clusters.

takes place at the same time as the processes described We thank L. I. Fedina and B. A. Zsev for many useful

above. Vacancies that have freed themselves from thg,arks made in the course of this work. We also thank
defectflmpur!ty associations part|C|pat_e in reactlons assocly A Kachurin for a discussion of the results.
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Available experimental data on the composition and conditions for crystallization of
semiconductor Hg ,Mn,Te solid-state solutions epitaxially grown on @d)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
Hg,_,Mn,Te 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 componentsl9%7 American Institute of
Physics[S1063-782807)01803-9

1. INTRODUCTION tions of materials in the solid phase to decrease. The goal of
our paper is to estimate the actual role played by these sub-
One of the fundamental factors that determine the parstrate factors during the epitaxial growth of
ticular features of epitaxial growth of semiconductor solid-Hg,_,Mn,Te/CdTe.
state solutions by the method of liquid-phase epitéh&P) As material for our investigation we have taken the ex-
is how the character of the phase equilibria changes when thgerimental data on liquid phase epitaxy of HgMin,Te
substrates used are mismatched to the layers with respect given in Refs. 2 and 3. Danilost al? carried out a detailed
lattice parameter. Thus, for example, epitaxial films ofanalysis of phase equilibria in the Hg—Mn-Te system using
Hg, _,Mn,Te are usually grown on substrates of CdTe ma-the method of fully associated solutioflSAS). They com-
terial, whose crystal lattice parameter is larger than that opared the experimental data on LEP with calculations based
the solid solutions for any compositigiiable ). Because of on the FAS method, in which the parameters of the calcula-
this circumstance, the composition of the epitaxial layer cariions were partially chosen from theoretical considerations
be affected not only by the interdiffusion of metals, but alsoand partially from analysis of the phase diagram for the bi-
by the following processes. First of all, the mismatch in crys-nary systems Hg—Te and Mn-Te along with points on the
tal lattice parameters can hinder the formation of nuclei ofphase diagram of the Hg—Mn—Te system determined by the
the new phase on the surface of the substrate when it iiethod of visual-thermal analysis. They conducted their
brought into contact with the growth melt. This in turn liquid-phase epitaxy on CdTe substrates at temperatures 5-7
makes it necessary to supercool the melt beforehand in orddiegrees lower than the expected liquidus temperature of the
to start crystallization. If the required supercooling is notequilibrium system. Daniloet al. note that under these con-
provided, the substrate partially dissolves, which depletes thditions there is practically no tendency for the substrate to
melt of tellurium. This partial dissolution of the substrate dissolve. Our goal in Ref. 3 was to obtain material with
continues until the equilibrium temperature for crystalliza-compositionz=0.08 corresponding to a band gap e0.1
tion of the melt is no longer higher than the substrate temeV at 300 K. We grew epitaxial films on a substrate of
perature at the given value for supercooling. FurthermoreCth.0eZNoosT€; the composition of each batch was deter-
the value of the supercooling itseffe., the supersaturation mined from the dependence pbn the liquid-phase compo-
of the melj is determined by elastic stresses that arise besition given by Zhovniret al,* who in turn obtained this
tween the substrate and the epitaxial layer at the beginning ¢tependence while attempting to relate the liquidus surface of
the crystallization. From a thermodynamic point of view, asthe Hg—Mn—Te system to the crystallization temperature of
long as the layer thicknesses are sniaks than Jum) these
stresses can be relieved by the formation of a network of
mlsmatCh.dlsmcatlonS in the growing _la,yer' after which the_TABLE I. Crystal lattice parameters of several binary compounds with the
supercooling becomes more than sufficient; further crystallisphalerite structuréRef. 1.
zation is largely determined by diffusion processes in the

liquid phase. However, in view of the relatively low growth Compound a, A
temperature and the fact that interdiffusion of the comporgTe 6.482
nents can wash out the boundary between the substrate aRdTe 6.4605
the epitaxial layer, it is easy to argue that the stressed state §hTe 6.343

the crystal is preserved over distances of tens of micron<"T® 6.1037

Since the elastic ir_1t_eracti_on energy is included in the totakyote: value obtained from analysis of composition dependence of the
crystal energy additively, it could well cause the concentra- lattice parameter of Hg Mn,Te.
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TABLE Il. Experimental data on liquid-phase epitaxy of HgMn,Te.

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
Cdy geZNggaTe (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 thatvhere x;, i=1...3 are the initial(total) concentrations of

they also used the FAS approximation in their calculations.mercury, manganese, and tellurium, respectively;lgndnd

The results listed in Table Il reveal that in all the experi-k;; are certain thermodynamic parameters. The rigorous
ments the values of manganese concentration were smallereaning of these parameters may be different, depending on
than expected. Andrukhiet al.® noted an analogous dis- their intended use. When elastic stresses are present, the total
agreement between calculations based on the FAS methamhergy of the system is increased by an amount
and experiment, which they attributed to the elastic stresse8®'=oa(a—as)?, whereas anda are the crystal lattice pa-
during epitaxial growth of the Hg ,Zn,Te compound.Fur-  rameters of the substrate and epitaxial layer, and a pa-
thermore, in Ref. 3 we noted the presence of cadmium in theameter that takes into account the elastic properties of the
epitaxial layer, in quantities proportional to the quantity of material’ The temperature dependencesois weak. Assum-
manganese, which at first glance could also be a manifesting thata=2Xa;z;, wherea; are lattice parameters of the
tion of the stabilizing effect on the period of the crystal lat- binary compounds that generate the solid solution, we find
tice. that the system of equatiori®) should be replaced by equa-

In order to estimate quantitatively the possible effect oftions of the type
elastic stresses on the composition and crystallization condjs _ 2 2
tions of the solid phase, we, like the authors of Refs. 2 and 4‘?1_ INCY1y1Ysys/kinze) =W(T)(1=2,)"+ 0@y (a—as)
will use the method of quasichemical reactions. In other +2a(a—ag)(a;—a)), (3.9
words, we assume that the equilibrium state of the system ignd
determined by the relation between activities of the qua-
sichemical componients that are forming the system. By anaR T IN(Y,y,Y37v3/Ki222) =W(T)(1—2,)%+ o(ay(a—ag)?
ogy with Hg—Cd-T¢€, we assume that the liquid phase con-
tains not only free mercury, manganese, and tellurium, but +2a(a-ay)(a;~a)), 32
also the associates HgTand MnTé, and that the solid whereW is a solid-phase interaction parameter in the usual
phase can be treated as a solid solution in the binary HgTe @afpproximation that the solution is quasiregular. Then since
the compound MnTe analogous to it. Let us denote the relawe know the temperatures at which the stressed solid phase
tive concentrations and activity coefficients of these compois in metastable equilibrium with the supersaturated solution

nents byy;,y;, i=1...5, andz yjs, j=1, 2 respectively. of components, when the fraction of the substrate that dis-
In this approximation, the state of the liquid-phase sys-solves is insignificant, it is sufficient to identify the contribu-
tem is described by the system of equations tion of elastic stresses by calculatiRg In(y;y1Ysys/ky5) for

each experimental point froifl).
Y1Y1Y3Y3=Ka1Ya7a, P P

Y2Y2Y3Y3=Ka2Ys7s,
TABLE lIl. Liquidus temperaturgcomputed for the HgTe system in the

Y1=X1(1+Ys+Ys5)—Ya, tellurium sector.
Y2=Xo(1+Ys+Ys5)—Ys, Calculated liquidus
) . temperature, K
y3:X3(1+y4+y5) —Ya—VYs, (1) Atomic fraction of Te
in the liquid phase according to Ref. 2 according to Ref. 6
and equilibrium between the liquid phase and the crystal is
described by the equations 06 8803 908.8
y 0.65 853.0 869.9
_ s 0.7 821.4 825.1
Y171Y3Ys=KnZ171, 0.75 781.4 779.8
0.8 728.6 735.2

Y27Y2Y3Ys=Ki22275, 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
in the liquid phase, atm

Activity of tellurium Vapor pressure above pure TRef. 6
T, K in the liquid phaseas p3e,=4.7191-59960.7), atm Pre= a3 2 Py experiment(Ref. 8
934.4 0.1052 2190102 2.42x1074 1.91x 102
925.3 0.1992 1.8961072 7.52<1074 2.4x10°3
915.2 0.2858 1.60910 2 1.32x10°3 2.67x10°°
905.7 0.3530 1.3781072 1.71x10°3 2.71x 1078
890.2 0.4392 1.05610 2 2.04x10°° 2.68x10°°
875.1 0.5023 8.09510°° 2.04x10°° 2.59x 1072

In order to calculate this quantity, the so-called state‘nonideality” of the solid phase is positive, large and in-
function of the liquid phase, it is necessary to know the de<creases rapidly with decreasing manganese concentration, as
gree of associatiok;;, and also the interaction parametersdoes the value of the factof=a,(a—aJ)?+2a(a—ay)
of the components within the framework of a thermody- x(a,;—a), which determines the elastic component to Eq.
namic model of the multicomponent solution. As a first ap-(3.1). This allows us to consider our points as actual points
proximation we assume that the concentration of free mateof metastable “mixed” equilibrium. However, for a quanti-
rial in the solution is much smaller than the concentration ofiative comparison the parameter should have values of
the associate MnTegi.e., the conditiony,<ys holds. In this  order 1G4 cal/mole, which is much larger than the value

case, from systertil) we derive the system calculated from the data of Refs. 5 or 9. We associate this
yixs(l— X3) = Va( 1+ Kag Va ! (y1732) (1 —X2)2—X) d|screpan_cy with a Iess-than—qdequate dgscrlptlon of the.state

of the liquid phase, and also with the choice of supercoolings

+X3(1—X3) =X(1—x3)=0. (4)  made in Ref. 1, which we consider to be slightly premature.

_ As for the four-component system, the data of Ref. 3
=((1—x3)— —Xo)/(1—

V1= ((17X3) = XaYa = X) /(1) cannot be unambiguously explained within the framework of
V3= (X3— (1—=X3)Ya—X2)/(1—X5) our analysis. On the one hand, the data in Table VI imply

Furthermore, at small manganese concentrations we can nat both temperatures used in Ref. 3 are too small to initiate
glect the contribution due to interaction between Mn and the'ystallization  over the almost isoperiodic = substrate
associate MnTein the activity coefficient for the primary C%.9eZMooaT€. Since the data of Ref. 4 characterize epitaxial
components of the solution. Consequently, the state functioffYStallization on a CdTe substrate, this seems natural, and
for the liquid phase can be computed exclusively in terms otinderlines the important role of elastic stresses in epitaxial
thermodynamic parameters of the Hg—Te system. We wilFrystallization.  Under conditions where the supercooling
use this approximation and the data of Ref. 6, thereby elimichoice is incorrect, the composition of the grown crystals
nating the need to use MCT thermodynamic parametergiay reflect a depletion of manganese in the region of the
computed within the FAS approximation. The reason for thignelt adjacent to the substrate, which increases with decreas-
latter precaution is the sizable discrepancy in the liquidudng original concentration of manganese in the melt. In this
temperature of the Hg—Te system computed from the data ¢fase, however, the presence of a certain fraction of cadmium
Refs. 2 and §Table llI). In this case the use of values of the in the epitaxial layer must be explained primarily by metallic
free-tellurium activity in enriched-tellurium solutions calcu- interdiffusion. It was noted in Ref. 3 that the concentration
lated by the FAS method leads to a considerable error wheef Cd in grown films is nearly constant and that the thickness
the vapor pressure of tellurium in equilibrium with the liquid of the transition region is rather small compared to the
is computed Table 1V). thickness of the film(10 versus 100 micronsConsequently,
The results of the calculations which we performed arewe must assume that under certain conditions the diffusion
listed in Table V. We see that the cumulative quantityprofile of cadmium in the growing layer can have a rather
Q=RT In(y1y1Y3v3/kKi1) —RTIn(z) which characterizes the nonstandard form. On the other hand, the presence of cad-

TABLE V. Computed quantities that characterize the contribution of elastic stresses to epitaxial crystallizatign i) Te/CdTe.

RT In(y;71Ysys ki) —RTIn(zy), cal/mole

W(1-2)2, cal/mole, a;(a—ag)?+2a(a—ag)(a;—a),
T, K FAS (Ref. 2 our calculations according to Ref. 2 10* m?
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 —1.894 28.72 2.81 13.17
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TABLE VI. Expected temperature for the start of crystallization for epitaxial growttHgf, Mn)Te on matched and mismatched substrates.

Original composition Metal fraction in sublattice,
liquid phase microanalysis Liquidus temperature, K
Substrate Xo /(1—X3) X3 Mn Cd experimentRef. 3 expected from Ref. 4 our estimate
Cdy geZNgoaTe 0.03 0.75 0.04 0.02 793 798
CdTe 0.03 0.75 793 793
Cdy 9ZNg0aTE 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 theontaining substrate. The conditions for formation of high-
substrate is dissolving. This shows that our estimates of thquality = four-component structures requires further
liquidus temperature of the system may be overestimatesvestigation.
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2. CONCLUSIONS
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Effect of illumination time on the annealing of optically created metastable defects in
p-type a-Si:H
A. G. Kazanskit

M. V. Lomonosov State University, 119899 Moscow, Russia
(Submitted May 20, 1996; accepted for publication June 24, 1996
Fiz. Tekh. Poluprovodr3l, 347—349(March 1997

The effect of illumination time on the relaxation of the concentration of optically created
metastable defects in films of boron-dopaeSi:H in the temperature range 360—400 K is
discussed. The concentration relaxes according to a stretched exponential law

~exd —(t/7)?]. In the region of temperatures under study and for illumination times of 0.1
—7.0 s, the coefficienB is equal to 0.55-0.65; furthermore, the temperature dependence of

the effective timer, was activated, with an activation energy of 0.97—-1.07 eV. As illumination
increased, a weak increasekly and g is observed. The quantity, 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 @Si:H films. © 1997 American Institute of Physics.
[S1063-78267)01903-7

The generation of nonequilibrium carriers in amorphouscal degradation of the samples was brought about by illumi-
hydrogenated silicona-Si:H) is known to lead to the cre- nation from a filament lamp passed through a thermal filter;
ation of defects of the dangling-bond type, which disappeathe lamp intensity was 60 mW/cm Before the measure-
after annealing at temperatures of 100—18@Kpending on ments, the films were annealed in a vacuum of °L@a for
the type and level of dopingDespite the fact that metastable 30 minutes at a temperature of 180 °C. The change in con-
states ina-Si:H have been studied for almost 15 years, theductivity (o) after switching off the illumination was re-
microscopic processes that lead to their appearance remagarded with the help of a C9-8 memory digital oscilloscope.
unclear. Recently, two classes of models have been proposggyht pulses with durations within the limits 0.05-10 s were
to explain the kinetics of the time-varying defect concentragenerated by a chopper.
tion as these defects appear and are annealed away. Accord- Figure 1 shows the effect of illumination time on the
ing to the first class of modelsthe process that determines relative magnitude of the conductivityg/a, at various
the rate of change of the defect concentration is diffusion Oiemperatures, where, and o are respectively the conduc-
the hydrogen that participates in the processes of defect foyities of an annealed sample and of a sample after illumi-

mation and annealing. Support for this model comes from @ 4tion. The measurements were made three seconds after the
correlation between the diffusion coefficient and the rate 0Ellumination was switched off. It is clear that the function

change of the defect concentration in undopedype, and ¢y is nonmonotonic in character decreases for short

p-type materials. According to the other class of models, the times but increases for longer illumination times. The time

rate of the transient processes is determined by the defects ; L ,
) . o 1y corresponding to the minimum value @f decreases with
themselves, in particular the distribution of energy barriers

] . . increasing temperature. Such dependences suggest that there
corresponding to their formation and anneafinghese 9 P P 99

model$ predict that the effective relaxatiofr annealing are tTV\;]O ?rozzesses comﬁ-etr:ng tto dgtern:;]ne dthe chan.ge n
time 7, for the optically generated defect concentration?8- ' "€ NFSLProcess, which determines the decreasesin

should depend on the illumination tintg, . For the other at short times, is associated with an increase in the defect
type of models, in which the rate of transient processes jgoncentration and a shift in the Fermi levélg) towards the

determined by hydrogen diffusion, this dependence is nofhiddle of the mobility 93!518 As for the process that causes
expected the increase inrg, there is no unified point of view. In the

The existing datr® indicate that large values of, cor-  Opinion of the authors of Ref. 7, the increaseoip is con-

respond to high values of ; however, to our knowledge the nected with an increase in the concentration of electrically
dependence of, ont;, has not been studied. active boron atoms under the influence of light. In contrast,

In this paper we discuss the results of such investigation! Ref. 8 the increase iwg is explained in terms of the
for films of p-type a-Si:H. These investigations reveal that formation of defects as a result of the illumination in the
the largest observed rates for transient processes are in upxide layer at the film’s surface, which leads to band bending
doped films. The measurements were made on films ofiear the film’s surface and creation of a carrier accumulation
a-Si:H obtained by decomposing mixtures of the gasedayer.

monosilane (Sikj) and diborane (BHg) in a glow discharge It is clear from Fig. 1 that for a correct investigation of
at a substrate temperatuiguarts of 250 °C. The bulk ratio the effect oft;; on 7, under conditions where only dangling
of B,Hg to SiH, in the reactor chamber was=10"°. Opti-  bonds are created, measurementstfpt,, are needed.
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FIG. 2. Relaxation of the shift in Fermi leveAEg) after illumination of
FIG. 1. Dependence of the relative conductivityg(/o») for a-Si:H films  the film atT=360 K over various times. The solid curves were obtained by
doped with boron on the illumination timet;() at various temperatures the method of nonlinear regression for stretched exponentigls. s:
T, K: 1—360,2—380, 3—400. 1—0.14,2—0.52,3—1.1,4—3.3.

The inset in Fig. 2 shows the relaxation of the Corlduc_dlsappears as the duration of the injection pulse increases,

tivity after the film is illuminated for a time;, . After the while the. second is.satisfactorily described by a stretched
light is switched off, a decrease im, which is connected expon(_—:‘ntllall.. The_y invoked _the Adler model of.defect
with the relaxation of the photoconductivity down to valuesformat!on' in which the configuration changes during the
smaller thanr, , is observed. The value af then increases formgtlon of the metastable defect, to explain the presence of
and approaches that of,, which is attributable to the an- the first segment. The second segment of the relaxation they

nealing of the optically created defects and to an accompaf”—‘ssoc""‘teOI with annealing of the metastable defects.

nying shift in the Fermi level toward the valence band edge.. In _the temperature range 360_400_K_ ar_1d _for lllumination
This shift in the Fermi level relative to its position in an UMeS in the range 0.1-7.0 s, the coefficigs in the range

annealed sampIeEé) is determined by the expression 0.55-0.65; the activation enerdyy, for the tempera}ture de-
AEF=EE—Eé=kT- In(oa/og). Figure 2 also shows the re- pendencer; was _found to .be 0'97_1'07. eV, which corre-
laxation of AEx corresponding to the region of increasing sponds to activation energies for annealing defects obtained

o (i.e., the region where the defects have been anngfded in other papers.With an incrase irt;; a slight increase in
various illumination times of the film. Far,;, =0.52 s a por-

E, and 8 was observed.
tion of the change iAEf corresponding to relaxation of the Figure 3 shows the dependencerpfont;, obtained by
photoconductivity is also shown.

If the density of states is independent of energy over the
range whereEg shifts, we may assume tha@N~AEg, 0
where AN is the change in defect concentration leading to
the shift inEg. The relaxation ofAE¢ in the region where
o increases must therefore reflect the relaxation of the opti- 4°| —
cally created defect concentration. -~

A look at Fig. 2 reveals that two segments can be distin- -
guished on the relaxation curve f&fEg (corresponding to
the region wherer increases—a segment wherdEg in-
creases rapidly, and a segment on which the variation of —
AEg can be described by a stretched exponential p ~
(AEEF~exd —(t/7)?]). Computed curves for the second 0 [ RS
segment are shown in Fig. 2. As the illumination time in-
creases, the contribution of the first segment to the relaxation p
of AEr decreases. It is noteworthy that the authors of Refs. 9 70 L 1
and 10 measured the transient capacitanqe-ofi structures 0.01 01 1 10 100

A . Toyrsb. 59
based ora-Si:H in order to study the relaxation of concen- arte?

trations of defects ip-type a-Si:H created by carrier injec- G. 3. Depend ¢ the relaxation ilumination fimet... at

. . . . . 3. Dependences of the relaxation timeon illumination timet;; a
tion arising from voltage pulses of V"?‘”?“S durations. Thes arious temperatured—3) obtained in the present work, and on the injec-
authors also observed two characteristic segments on the r§sn time ;) at T=439 K obtained in Ref. 4. The dashed curves correspond

laxation curve. The first, which is described by a power lawto a logarithmic dependendg K: 1—360,2—380, 3—400.

4

w2
\}10 - »
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analyzing the second segment of the relaxation curve for The author is sincerely grateful to Professors Fus and Dr.
AEr at various temperatures. In this same figure, the deperHd. Mell for providing thep-type a-Si:H films.

dence ofr, ont; obtained forT=439 K in Ref. 10 is shown This work was carried out with the financial support of
for weakly dopedp-type a-Si:H. According to Ref. 10, Goskombuz, Russian Federati¢Grant No. 97-0-7.1-158
7.~In(t). The data obtained here fot are also described and INTAS(Grant No. 93-1916

satisfactorily by a logarithmic dependencetgn(see Fig. 3

The dependence,(t;;) turns out to be considerably weaker ;W- B. Jackson and J. Kakalios, Phys. Rev3B 1020(1988.

than that described by theory developed in Ref. 3 W. B. Jackson, J. M. Marshall, and M. D. Moyer, Phys. Re\3$31164
(7,~tiy), where it is assumed that the concentration of de-3r. s. crandall, Phys. Rev. B3, 4057 (199)).

fects is exponentially distributed with respect to formation “T. J. McMahon and R. Tsu, Appl. Phys. Lefil, 412 (1987).

energy. The difference observed here may be connected with!- Kumeda, H. A. Morimoto, and T. Shimizu, Jap. J. Appl. P85.L654

a dependence of the defect concentration on the formationg s crandall, Phys. Rev. 86, 2645(1987).

energy that is weaker than exponential. Nevertheless, thes&. Jang, S. C. Park, S. C. Kim, and C. Lee, Appl. Phys. L5t.1804
results indicate that the rates of formation and annealing of, (198 _
A. G. Kazanski, Bull. Moscow State Univ., Ser.3, Phys. and Astr88,

metastable defects are to a considerable degree directly ass (1992.
sociated with the defects themselves, and are determined b3m. w. Carlen, Y. Xu, and R. S. Crandall, Phys. Rev5B 2173(1995.

a two-step process consisting of trapping of a carrier at a'R. S. Crandall and M. W. Carlen, J. Non-Cryst. S0, 133 (1995.
1p. Adler, Solar Cells9, 133(1982.

state which is the source of the dangling bond, and then the
breaking of the bond. Translated by F. Crowne
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Recombination mechanisms in doped  n-type Hg,_,Cd,Te crystals and properties
of diffusion p*—n junctions based on them

V. V. Teterkin, S. Ya. Stochanskil, 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. Poluprovodr31, 350—354(March 1997

We madep™ —n-type photodiodes for the 3—5 and 8—&2n wavelength regions by diffusing

As into single-crystah-Hg, _,Cd, Te 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 produB,A=0.3—-1.0, 1-10, and (1-18)10* Q-cn? for diodes with
long-wavelength photosensitivity cutofis=11.5, 10.5, and 6.@«m, respectively,

indicating that they could operate in the regime where performance is limited by background
radiation fluctuations. ©1997 American Institute of Physid$§1063-782@7)02003-4

1. INTRODUCTION perfect single crystals of undopedHg; ,Cd,Te are inter-
band Auger and radiative recombinatibt?. At the same

The majority of previously published papers, in which time, at a temperature of 77 K the predominant mechanism
Hg; - «CdTe n* —p-type photodiodes were investigated, for current flow in diodes based on HgCdTe is
have dealt with devices made by ion implantation and diffu-generation-recombinatidn,in which the nature of the
sion. Because of their longer diffusion lengths for minority generation-recombination centers is still unclear for the most
carriers (electrong and also their potential for achieving part.
longer lifetimes™ than forp* —n-type diodesn™ — p-type It is also known that the intrinsic oxide has been used
photodiodes have attracted the most interest. However, it hasiccessfully to passivate the surfaces¢ig, _,Cd,Te crys-
recently been proved, both theoretically and experimentallytals. It is likely that the lowest values of surface recombina-
thatp™ —n-type diodes can be obtained with high values oftion velocity have been achieved by using this oxiti€or
differential resistance, especially in the infrar¢®) wave- n* —p-type diodes this method of passivating the substrate
length region of the spectrum\{&10um). These new re- surface is not suitable, since it leads to the formation of
sults, which have led to intense studies of these diaﬁ%s, inversion |a_yer§_4vl5 This is yet another reason why diodes
are of significance to designers of multielement photoreceivof p* —n-type are preferable.
ers in which signals are extracted by commutators based on
charge-coupled devicé$.

Additional advantages of these photodiodes flow from
the peculiar physical properties of single crystals of  The literature contains descriptions of the properties of
Hg,_«Cd,Te solid solutions. In particular, it is advantageousp™ —n-type photodiodes prepared by molecular-beam and
to use substrates with electroriic-type) conductivity from  liquid-phase epitaxy of layers of narrow-gap HgCd,Te
the point of view of obtaining starting material with optimal onto substrates of CdTe and CdZrT&.Recently, photo-
and reproducible electrical characteristics; such substates atiodes have been made by the relatively simple method of
obtained by doping Hg ,Cd,Te with various impuritieS.  diffusing As into bulk single-crystal Hg ,Cd,Te substrates
When substrates with-type conductivity are used, it is rela- with n-type conductivity and compositions=0.195, 0.205
tively easy to obtain doped single crystals with carrier con-and 0.265. Table | lists the characteristics of several of these
centrations of 18-10%cm 3, concentrations that are substrates.
nearly impossible to achieve for single crystals with hole = The substrates are first doped with indium. Since indium
(p-type) conductivity. However, a number of donor impuri- exhibits a high electrical activity in Hg ,Cd, Te, in order to
ties are known to form deep levels in the band gap of Hgobtain a substrate with an electron concentration of
1-xCd, Te, which turn out to have a considerable influence~10"-10 cm™2 it is necessary to introduce roughly the
on the carrier lifetime, dark current, and differential resistiv-same number of impurity aton§.
ity of photodiodeS 12 This statement is also true for intrin- In order to determine how impurities and intrinsic de-
sic lattice defects, i.e., mercury vacancies. Therefore, the irfects affect the lifetime of the carriers, we studied the mecha-
ference that a given single crystal is suitable for makingnisms for their recombination in the initial substrates. To this
photodiodes should be based on more that its electrical chaend we prepared samples with thicknes300 um with sur-
acteristics: the possible influence of impurities on the carriefaces passivated by the intrinsic oxide. We measured the
lifetimes should be considered as well. It is noteworthy thatrelaxation of photoconductivity due to carriers excited by a
the predominant mechanisms for recombination in pure antld®**-YAG laser (Touse=8—15ns). The relaxation curves

2. EXPERIMENT AND DISCUSSION OF RESULTS
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TABLE |. Electrical characteristics of several initial single-crystal films of (ha temperature rangds>200 K, which corresponds to in-
n-type Hg ,CdTe, and values dRyA for p™ — n-type photodiodes. trinsic conductivity, 7, decreases like expE/KT), and the

No Composition  N-107%5,  4.10°5, A, RoA, activation energy AE~Egy,, where Ey is the zero-
P.P. X cm 3 cn?V-s  um Q-cn? temperature width of the band gap for the solid solution. Its
1 0.205 >4 1 o4 0.5 dependgn}%e on composition and temperature is given by the
2 0.205 2.4 1.2 10.4 1.76 expressio
3 0.205 2.05 1.4 10.5 0.78 __ _ 2 3
p 0.205 11 >0 100 20 Eq=—0.302+ 1.9%—0.81x"+ 0.83%"+5.32x 10*
oo om0z v g 1| 2822 o
. . : : —2X .
7 0.265 6.6 03 60  810° 255.2+T?
8 0.265 1.2 0.45 6.0  1®10°

In the region of impurity conductivity T<200 K), 7, de-
creases insignificantly as the temperature falls. We found
that for electron concentrations<10' cm 3 the lifetime
are described by an exponential function with the time conhas a typical value of- 10" s in this temperature range. In
stant7. The quantity to be measureg; depends on bulk the past, similar temperature dependences of the lifetime
and surface recombination. were obtained for single crystals of undoped
The contribution from surface recombination can be esn-Hg, _,Cd,Te (x=0.195 and 0.206" The fact that the ac-
timated as follows. If there is no capture of carriers at capturgivation energyA E~ Eqo indicates a contribution from inter-
centers, the lifetime of minority carriers is the same as that oband Auger recombination. Figure 1 also shows the results
majority carriers:>’ If we assume that,=7,=10"°s at  of calculations of the lifetime for radiative and Auger recom-
T=77K, then the minority-carrier diffusion length is pinations using the expressidrs
Lp,<<d. When this condition is satisfied, the time constant
7ot differs from the bulk lifetime of the semiconductag by

2n; TR;

a factor of (1+S) 1,317 where the dimensionless parameter R ng+py’ @
S=s7,/L, takes into account the contribution of surface re- 5
inati inati i NiTai

combination. The surface recombination velocity A= —— (3)
s depends on the method of surface passivation, and in No(No+ Po)
n-Hg, _,Cd, Te varies over the range 3010* cm/s. For sur- m 32 mm
faces passivated by the intrinsic oxide, the quangithas TRi=5.8 1071317 — 0 R 1+ —f+ —f
typical values of~10? cm/s®*3*Estimates of the param- M + My e Mh
eterS for these values of the surface recombination velocity 300 32
10? cm/s imply that the bulk lifetime can differ from the (?) Eé, 4)
measured lifetime by no more than 10%. Therefore, within
this error, we can identifyro¢ with the bulk lifetimer,, . PP 1+2u) Eq

Figure 1 shows a typical dependencemfon inverse 7.6-10 188m(1+M)1/2(1+2M)eXI{ 1+ ﬁ}
temperature fon-Hg, _,Cd,Te (x=0.265. We can identify = 7,,= - 5 'u
two characteristic segments on the experimental curves. In E IF,F |2(_)

m ' Y?I\E
5

Here 7g; and 7,; are the corresponding lifetimes in intrinsic
material, ny and py are the equilibrium electron and hole
concentrationsn; is the intrinsic carrier concentration, and
u=mg./myy is the ratio of the electron and heavy hole effec-
tive masses. The effective mass of electrons is calculated in
the Kane model

my 2myP2?\ [ 2 1
m: | 3h? J\E,

+ —_—
. Eq Egt+A
where A=0.9 eV, P=8.49x 108 eV-cm.® Equation (6)
was verified experimentally in Ref, 20 for the solid solutions
n-Hg; _,Cd,Te used in this work. For the heavy-hole mass
we used a valuen,,=0.45m;. A fitting parameter in the
10°/7, K7 calculations is the product of overlap integrg#sF,|. In the
compounds Hg ,Cd,Te this product varies in the range
F'ﬁ- 1-CATWPiTC§' teréper?wfe depelnd?”fen °fftt';e ﬁa;'risr "ffetifzter_ni” 0.1-0.3. It is clear from Fig. 1 that the best agreement be-
gic ?;aixati?/xe(‘]a..andegzilndcxuv;esr?gecgrarl]k‘;?nzsignsfgr va?ulese l)f ?ﬁeoprrl)dtjct tween the e)_(pe”mental and Comp_Ute(_j curves is obtained for
IF,F,| equal to 0.2 and 0.33 and 4). The dots are experiment for the mechanism of Auger recombination, and for the value

n-Hg, _,Cd, Te, with n=2.1x 10'° cm™3. |F1F,|=0.3. Based on the results of our calculations and

: (6)
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experimental studies, we conclude that foHg; ,Cd,Te 4
substrates doped with In localized states in the band gap do . _
not have a significant effect on the lifetime of carriers at™'®: 3'7Temperat;"e dl‘?pe”dences of trl‘e 'IOFC.’M ';mhp —n-type di
. — 10 to 1016 -3 \which are onti- 0des,x—_0.265. T e so id curves are calcu ations of the dlffusﬁmha_nd
those concentrations, 1 ~to cm =, whic PU- generation-recombinatiof?) components, the points are from experiment.
mal for fabricating photodiodes. The diode ared\=4x10"* cn?.
We fabricatedp ™ -type layers by diffusing As into an
n-type-substrate at temperatures close to 400 °C for a period
of 2 to 12 h. After diffusion, the samples were subjected tostudied in the temperature ranges 77-150 K and 77-300 K,
annealing in mercury vapor at a temperature offespectively. AtT=77 K, the forward branches of the
230—250 °C for 24 h. Measurements of the differential Hallcurrent-voltage characteristics of photodiodes for both spec-
effect established that the concentration of holes in this layelral regions are given by the expression
was~ 10t cm™3, and its thickness was found to be between qu
ot |1 v

1 and 3 wum. Mesa structures with area =1,
A=(2-6)x10*% cn? were isolated from the™ layer by
chemical etching to a depth of 2—+4m. From measurements where the constang=2.0. This is evidence that generation-
of the barrier capacitance it was established that the impurirecombination is the dominant mechanism for charge trans-
ties in the base of the diodes were broadly distribdtbeé  port. For diodes in the long-wavelength region this mecha-
capacitance could be rectified when plotted in the coordinism was dominant over the entire temperature interval
natesC~2?(U)]. This result is atypical for the methods of investigated. Figure 3 shows a typical temperature depen-
diode fabrication used in this work. However, if we take into dence of the producR,A for photodiodes for the mid-IR
account that As in Hg ,Cd,Te has a low diffusion coeffi- spectral region X=0.265). The measured slope of the ex-
cient, it is clear that the diffusion profile can be rather shargperimental curve in the temperature range 120-140 K im-
(see, e.g., the results of studies of the Auger profile of As irplies a change in the charge transport mechanism. The acti-
epitaxial films'®). Note that the electron concentration we vation energies for high-temperature and low-temperature
found by measuring the barrier capacitance nearly coincidesegments coincides with the valugg, andEy,/2 calculated
with the Hall concentration of electrons in the original using Eq.(1). On this same figure we show calculated curves
substrate. for the diffusion and generation-recombination current com-

The spectral dependence of the diode photoresponse [nents:
shown in Fig. 2. AtT=80 K the photodiodes intended for 1N. (KT 12

. . Th

the mid-IR spectral region x=0.265) have a long- (ROA)D:__S (_ _) , (8
wavelength photosensitivity cutoffbased on a level of ani \ a4 un
0.5-1p5n) A¢ equals 6.0um. In photodiodes designed for the Uy 7o
long-wavelength IR region of the spectrufx=0.205 and (RoA)gr==—+-
0.269, A\ is equal to 10.5 and 11,am, respectively. amWw

We investigated the charge transport mechnisms byn Egs.(8) and(9) the primary contribution to the tempera-
measuring the current-voltage characteristics and the valugsre dependencByA comes from the intrinsic carrier con-
of the produciRyA (whereRy is the differential resistivity at  centrationn; . To calculate it we use the approximate expres-
zero bias, and\ is the diode areaas a function of tempera- sion given in Ref. 18. The diffusion potentidl,;, the width
ture. Long-wavelength and mid-wavelength diodes wereof the space-charge regid, and the carrier concentration

9
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n=Np are determined experimentally by measuring the barRyA corresponding to operating regimes that are
rier capacitance atT=77 K. In the calculations of background-limited; thus, they can be used as effective IR
(RoA) R, the effective lifetimery was a fitting parameter.  photodetectors in the mid-wave and long-wave spectral re-
It follows from Eq. (8) that the value of the product gions.
(RgA)p depends on the lifetime of minority carriefis this
case holegsand their mobilities. For these calculations we
assumed that the ratio of mobilities of minority and majority
carriers in the substrates equaled *bAgreement between
calculated and experimental valuesRyfA was obtained for
™=T1,, Wherer, is the Auger-recombination lifetime calcu-
lated fr-om Eas(3) and(S)-' Equality of the quamit[iegh and 1A, Rogalski and J. Piotrowski, Prog. Quant. Electrd@, 87 (1988
n conflrms the assumpthn made abpve regarding absence Qﬁ.hotodetectors inlthe Visible :amd In.frared ﬁegi,oﬁs G. Kiess, ed(Ra—
trapping processes for minority carriers and capture centers.gio i Svyaz', Moscow, 1986
The generation-recombination component of the currentN. L. Bazhenov, S. I. Gasanov, V. K. Ogorodnikov, and V. I. Protsyk,
consists of bulk and surface contributions. The contribution 4E°r§i9£0'ft'§rclmoca't ngégge;igféﬁﬂéjﬁm 3 (1986 [in Russiar.
of the bulk component is given _by E). In order to esti- s Wang, J. {)/éc. Sci. Technd, 1740(1993).
mate the surface component, it is necessary to know the surg, N. pultz, W. Peter, P. W. Norton, E. E. Kruger, and M. B. Reine.

face recombination velocity, and also the ratio of the area of J. Vac. Sci. Technold, 1724(1993).
the p—n junction to its perimeteP: 7J. M. Arias, J. G. Pasko, M. Zandian, L. J. Kozlowski, and R. E.
DeWames, Opt. End@33, 1422(1994.
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Influence of the X-valley on the tunneling and lifetime of electrons in GaAs/AlAs
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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 fhealley 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 tX-thedley and

comes to~10 *-10 1 s in fieldsE~10°—10° eV/cm. © 1997 American Institute of Physics.
[S1063-78267)02103-0

1. INTRODUCTION formed by the heterobarrier. The escape of electrons into the
X-valley was not considered in Refs. 3 and 4, since for thin
Negative differential resistand®DR) and rapid current |ayers this usually is forbidden or insignificant. Furthermore,
switching in multilayer semiconductor heterostructures, in-the structure under consideration here contains only one het-
cluding GaAs/AlAs structures, have been widely investi-erojunction; therefore, in contrast to Refs. 3—-5, compara-
gated in recent years: The mechanism for NDR in these tively simple analytic expressions are obtained Bgrx and
systems is connected with switching between a low-r and their asymptotic estimates. In these calculations the
conductivity state, where the current is determined by tunfollowing parameters are usédJ-=0.861 eV is the magni-
neling of electrons through a barrier, and a high-conductivitytude of the energy discontinuity at the heterobarrier for the
state caused by heating of carriers which transfers them tb-valley, Ux;=0.46 eV is the position of the bottom of the
the upperL-and X-valleys and projects them over the heter- X valley in GaAs(region 1 to the left of the barrigrand
obarrier. The switching rate for such structures is a functiorlJx,=0.185 eV is the position of the bottom of thevalley
of the lifetime for carrier heating by electron-electron colli- in AlAs (region 2 to the right of the barriewith respect to
sions and the lifetime of electrons in the quasistationary stattheI'-valley in GaAs. For the respective effective masses we
formed by the barrierr. A distinctive feature of structures use the following valuesmp;=0.06"n,, mp,=0.15m,,
with a GaAs/AlAs heterobarrier grown on tifg£00 plane is  my;=1.3m,, andmy,=1.1m,, wherem, is the mass of an
the fact that the broken translational invariance at the hetercelectron.
junction leads to mixing of the states of the- and The mixing of thel'- and X states in the heterostructure
X-valleys. An electron from th&'-valley tunneling through is taken into account using the following boundary condi-
the barrier can transfer either to tHevalley or to one of the tions for the wave function at the heterojunction:
X-valleys. Transfers to the- or the other twoX-valleys is
forbidden by the law of conservation of momentum along the
barrier (in what follows we will set this momentum equal to
zerg. Usually the probability for tunneling into the mpp dz  mp; dz
X-barrier is quite small. However, if the barrier in thée
valley is sufficiently high and its transparency is small, then
theSX—yaIIey tunneling can give a substantial contribution. . —y T d—za‘l’rl, 1)
Liu® discussed resonant tunneling of electrons through a My, 0z My, 0z
guantum state in th&-valley for structures with a single
GaAs/AlAs/GaAs barrier using the effective-mass approxi-wherea=2a, /%2, a; = 0.1 eV-A, is taken from Ref. 3.
mation. The lifetime of the guasistationary state in structures  The transmission coefficient of an electron through the
with a thin barrier was discussed by Zhagigal* Stovneng  triangular barrieDr x is calculated from the expressions
et al® calculated the tunneling current through a thick barrier
using the tight-binding approximation. Mry
In this paper we discuss the tunneling of electronsPr=
through the triangular barrier formed by a uniform electric
field and a GaAs/AlAs heterostructu¢see the inset in Fig.
1). In the effective-mass approximation we will calculate they _
probabilitiesDr and Dy for tunneling of an electron from X mmyokrXxo | Ky 1 , 2
the I' valley of GaAs to thel- and X-valleys of AlAs, and Mz Xt Moaxog X
also the lifetime of an electron in the triangular quantum well 3

|b|?, )

TMroKr X

mry a®|Erb|?

8$UX1,
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FIG. 1. Dependence ddr(e) (1) andDy(e) (2) for E=1C° eV. For com-  FIG. 2. Dependence of the inverse lifetimd—4) and e,, Reg),
parisonDr(e), computed using the approximate formul@ and (3), is Re(,+ e) (5-7) on the applied electric field for the quasistationary state of
also shown. an electron in the heterostructute—Exact value for the inverse lifetime,
2—v calculated according t(B), taking into account” — X-tunneling,3—
v calcuated without including th¥ valley, 4—inverse lifetime calculated
using the approximate expressi).

D [P = a“mrEr -
= F - b
MpoKrXpo c ( Kx N Ex )
=y —=

My1  MyoXxoEx

(4) Figure 1 shows the functiond(¢) andDy(g) calcu-

_ _ lated using Eqgs(2)—(5) (curves1 and 2) when E=1(°
where - kr(e)=v2mrie/h,  Kx(e)=v2mua(Usa=e)lt, vyem For comparison we also shd(&) calculated using

— — (%2 1/3
F=eE X x2= (7"2m x,F) ™ the approximate expressidaB) (curve 3). As is clear from

(Ur—e\  [(Ur—e¢ the figure, curvesl and 3 are in good agreement for
Er(S)ZBI( Fx )+IAI Fx ) D;=<0.1. At small energies, for which the transparency of
Iz Iz the barrier forl"-electrons is small, the tunneling probability

[Uxo—e\  [Uxo—e to the X-valley exceeds the probability for tunneling to the
Ex(8)23'< Fxoe +iAi X ) (®  Tr-valley by four orders of magnitude. As the energy, and

_ _ o . accordingly the transparency of the barrier to thealley,
e is the electron chargé, is the electric fieldg is the energy  increase, the role of thE — X-transitions decreases due to
of an electron incident on the barrier measured from the bottheir relatively small probability.

tom of the conduction band of GaA&,is Planck’s constant, The lifetime for the quasistationary state in the triangular
and Ai and Bi are Airy functions. According to E@5),  potential well is found from the imaginary part of its com-
Er x can be expressed by replacing Ai, Bi by’ ABi’. plex energy

The third term in Eq(4), which is proportional tax?,
measures the influence of thévalley on the tunneling of 1
electrons into thd -valley. Becauser is small, the correc- T o=v==-2Im(e)/h, @)
tion associated with this term does not exceed 0.3% for the

structure under consideration in the entire energy intervalyhere, is determined from the condition that the wave func-
and this term can be dropped in Hé). , tion to the right of the barrier have the form of an outgoing
If the condition Ur—&)/Fxp;>1 holds(i.e., the trans- 4ye at+, while infinitely far to the left of the barrier it

parency of the barrier is smalthen forDr it is not difficult decays exponentially. By analogy with the stationary case,

to obtain the approximate expression these conditions fot, together with the boundary conditions
4\mpMpe(Up—¢) (l), givg a transcendental equation farlf Fhe pqtential well
Dp= is sufficiently deep, there can be written in the form
(Mrz=Mry)&+mpaUr e=gq+ Oe, Whereey=2.34 X, is the energy of the ground
4 \2mp,(Up—¢)? state in the triangular well with an infinite barrier. Substitut-
X ex;{ 37 ) (6) ing this expression fog into the transcendental equation and
expanding the latter with respect & (when the condition
which for mp;=mp, coincides with Ref. 6. de<<gq holdg, we obtain the approximate expression
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)
whereAg=Ai[ (Ux;— &)/ FXxJ/AI'[(Ux,—e9)/FXxx1] and
e must everywhere be replaced by.
If we disregard tunneling through thévalley in (8) (the
term proportional to «?), when the condition
(Ur—eg)/Fxr1>1 holds, we obtain the simple expression

- ﬁmrzF
Mr1y2Mpoeo(Ur— &o)

) '{ 4\/2mr2(Ur80)3”
1+iex 3 % /I

3 =

581"2

X

©)

where the real parfe determines the energy shift connected

with finiteness of the height of the barriéfr, while the

imaginary part of the complex energy determines the lifetime,

of the quasistationary state.

The overestimated value ofobtained from Eqs(8) and(9)
for E>10° V/cm is associated with the fact that in these
fields e, overestimates somewhat.

As is clear from this figure, the effect of tunneling into
theT'-valley gives rise to an increase ofE) only for elec-
tric fields E>1.5x 10° V/cm; therefore, inclusion of th&
valley in calculating the lifetime is very important. For
E>5x10° V/cm, where the quasistationary state is lifted
above theX-valley in AlAs, the inverse lifetime is a rather

weak function of the field and varies in the range
v~10"-10" s74
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Auger recombination in strained quantum wells
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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 Physids$$1063-782607)02203-5

1. INTRODUCTION of the Auger recombination rate for quantum wells in the
literature up to now have proceeded by analogy with bulk
Semiconductor heterostructures—isolated heterojuncsemiconductors, i.e., the Auger process is assumed to have a
tions, quantum wells, and quantum dots—are primary obthreshold while the Auger recombination rate in the quantum
jects of investigation in semiconductor physics. Many differ-well retains its exponential dependence on temperattife.
ent optoelectronic devices have been created using In our previous papers we investigated the nonthreshold
semiconductor heterostructures, among them lasers based Anger process in unstrained type-lI and type-ll quantum
double heterojunctions and quantum weéifsThe lowest la-  wells°~*? We showed that the Auger recombination rate
ser threshold currents are for semiconductor quantum-weblepends significantly on the parameters of the quantum well
lasers? In the majority of these devices, the semiconductor(the height of the heterobarriers for electrons and holes, and
heterostructure quantum wells contain strained layers. It ishe width of the quantum welllt is obvious that for strained
well knowr?* that the presence of elastic strain in a semi-heterostructures the rate for the nonthreshold Auger recom-
conductor heterostructure strongly affects the elementary reésination process depends significantly on the magnitude of
combination processes that occur there. In long- wavelengtthe strain.
lasers §>1.3um) nonradiative Auger recombination pro- Our goal was to study the effect of elastic strain on the
cesses must be considered along with radiative recombin@uger recombination rate in a quantum well with strained
tion processes. Nonradiative recombination processes d&ayers. We will show that the Auger recombination rate is a
crease the internal quantum yield and increase the thresho&irong function of the parameters of the quantum well and
current of lasers at high temperatures. In order to fabricatéhe magnitude of the strain.
long-wavelength lasers with improved characteristics, it is
important to suppress these Auger recombination processes.
One way to do this is to create structures with strainedt- AUGER RECOMBINATION RATE

34 _ .
layers: . . . In heterostructures with quantum wells there are two im-
Zegryaet al> were the first to show theoretically that the portant Auger recombination channels: CHCC and CHAS.

Auger recombination process has no threshold in semicony, his paper we restrict the discussion to the CHCC Auger
ductor heterostructures, and that the Auger recomb'”at'OBrocess(Fig. 1.

rate is a power-law function of temperature. The existence of According to the standard rules of the theory of Auger
a nonthreshold channel for Auger recombination was demprocesses, the Auger recombination rate is calculated using

onstrated experimentally by various groups for typeee  first-order perturbation theory with respect to the electron-
Ref. 6 and type-Il heterostructurgsee Refs.7 and)8The  glectron interactiofht213

main features of the nonthreshold Auger recombination

channel are: JLthe Auger electron receives the momentum _ 2_77 1 IM|28(E; +E,— Es—E,)

necessary for a transition to a highly excited state by inter- fh S1534 1hm2 =

acting with the heterojunction boundary rather than from

other particles; Pbecause there is no conservation law for XTe(Eo)Te(Ea) Th(Ea)[1—Te(Ea)]. @

the component of momentum perpendicular to the plane oflere f(E;) is the Fermi distribution function of thigh par-
the heterostructure, the Auger processes is one without ticle (i=1,2,3,4);E; andE, are the initial, andE; andE,
threshold, and the rate at which it proceeds is a nonexponetthe final energies of electron§ is the area of the hetero-
tial (power-law function of temperature;)3he excited Au- junction; and M is the matrix element of the electron-
ger electron is ejected in the direction perpendicular to thelectron interaction computed with allowance for the anti-
plane of the heterostructure. It is noteworthy that calculationsymmetrization of the electron-wave functions in the initial
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Ev Herek=—iV; y is the Kane matrix elemenk; is the width
of the band gap of the narrow-gap semicondugteithout
-a 0 X including strain; my,;, is the heavy-hole effective mass of the

bulk material; andV.(x) and V,(x) are the heights of
FIG. 1. Schematic representation of the band diagram of a heterostructugye heterobarriers for electrons and holes, respectively,

with a single quantum well. The numbers 1 and 2 denote initial states of ; "
particle, 3 and 4 denote final states. The arrows point to transitions of Zn the absence of strain. The quantitiss, d,, and dH are

particle from initial states 1 and 2 to final states 3 and 4 during the Auge€XPressed in terms of the deformation potential constants
recombination process. a, a,, and b: dc.=ac(e,+2e); dy=2¢(ax—b)
+e(a,+2b); a=(a,—b)(e,+e)+(a,+2b)e. In the
case we are studying, i.e., an unstrained barrier, we have for
the strain tensor components:e = (ag—aw)/aw,
and the final states. After statistical averaging over the initia fantszg‘lﬂe/%lér' ri(\gvrh(;;edazuznn?uar;v ;:ae” t?qeatf:it;se’ ?gg pec-

spin states of the electrons, the square of the matrix elememlely; C,; andC, are elastic constants. The system of equa-

has the form tions (5) does not contain terms that describe the spin-orbit
coupling and its variation in the presence of strain. The effect
(IM[Z) =M |2+ M [2=MM];, (2)  of the spin-orbit coupling on the Auger recombination pro-
cess is taken into account only through the Kane matrix el-
02 ementy:
_ * * ! "NA3r A3y
M.—f VA (D) e 93 () (T ) r , HEH(EgtA)
3 Y T 2my(Egt2A4/3)"

) L . o whereA, is the magnitude of the spin-orbit splitting. At the
where ko is the static dielectric constant permittivity of the peterojunction boundary the wave functions determined from
medium; M, is obtained fromM, by the replacement he systents) satisfy certain boundary conditioAWe note
12. To calculate the matrix element for an Auger transi-ynat in calculating the wave functions and spectrum of the
tion, it is necessary to find the wave function of the carrierses it is necessary to take into account the mutual conver-
that _part|C|pate in the recompmauon process. It was showRjgn of light and heavy holes. As we already noted above, of
previously that the wave functions of carrigt®th holes and  he mixing of light and heavy hole states gives qualitatively
electrony should be computed in the multiband 5,4 quantitatively incorrect results for the overlap integrals

approximatior?***3In this case the choice of an effective 4 consequently for the Auger recombination rate.
Hamiltonian for the multiband model is very important. This

Hamiltonian should qlescribe th_e ba_sic features of the SPEC; AUGER TRANSITION MATRIX ELEMENT

trum and wave functions of carriers in the quantum wile

mixing of light and heavy holes, the nonparabolicity of the ~ The fundamental problem in calculating the Auger re-
spectrun. In our paper we have used the Kane model, becombination rate is computation of the Auger- transition ma-
cause this model gives a good description of the band strudtix element. Expanding the Coulomb interaction potential in
ture of narrow-gap semiconductors. Within the framework ofa Fourier integral, we obtain

this model the basis wave functions for the bottom of the 4me? [ dq

conduction band and the top of the valence band are chosen M,=—— Wllg,(q)lm(—q), (6)

in the form |s)- and |p)-functions (the X axis is directed xo J (2m)7q

perpendicular to the plane of the quantum Wwellhe wave ,

functions of electrons and holes are superpositions of the Iij(q):f d®r i (D gy (e @)

basis states . ) N
Herel;; is the overlap integral between states of particles

andj. Using the explicit expressions for the wave functions
y=u(r)|s)+v(r)[p), (4 of electrons and holes determined from the syst&m we
can obtain analytic expressions for the overlap integrals and
where u(r) and v(r)=(vy,v)) are smooth envelopes of matrix element. In this case it is convenient to use the fol-
Bloch functions. The system of equations for the envelopetowing computational scheme. We first calculate the overlap
has the form integral | 15(q) between states “1” and “3"(see Fig. 1
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Then we integrate ovey, in M, , using the residue theorem. 3
In this case it turns out that in the complgx plane there [ a
exist two kinds of poles: Jla pole corresponding to low
momentum transfeq{"=|q, —q,| (whereg; is the longitu-
dinal momentum of particlé); 2) a pole corresponding to
large momentum transfer q{?~Q, where
Q~(mcEg4/#%)Y2 As a result, the matrix element splits into
two parts:

M=MD+M®,

where M) and M are the contributions to the matrix
element corresponding to smai{") and largeg{®’ momen-
tum transfers.

It has been shown previousl¥ that the overlap inte-
grals entering into the Auger recombination matrix element ’ b
must be calculated within the framework of the multiband
Kane model, taking into account the nonparabolicity of the
carrier spectrum. For the overlap integtal between states ask
of the localized(*1” ) and highly excited(*4"” ) electrons
this is important for the following reasons. First of all, the
wave function of a highly excited electron in the conduction
band contains a significant admixture |gf) states of the 04l
valence bandi.e., u3~v,3). Secondly, this overlap integral
consists of contributions from three regions of integration
with respect toX: two regions of below-barrier motion of
electron “1” (x< —a andx>0; see Fig. 1and the quantum 00 . L )

. . L 0.0 0.5 1.0 15 20
well region (—a<x<0). In the summation, contributions q
from the regions of below-barrier motion compensate for the
contribution from the quantum-well region, Ieadlng toan ad'FIG. 2. a—Dependence of the amplitudes of lighand heavyH hole states
ditional smallness in the matrix element of ordéf/Eg, on the longitudinal momentungy in a strained InGaAsP quantum well,
whereVC is the effective height of the barrier for electrons a=60A, §:1.5%.b—Depende_nc9 of the overlap integral for electrons and
(taking strain into accountNote that in type-Il heterostruc- 3 (Be 20 08 S0 TEE TETOIR, O e are he
tures an analogous compensation leads to the suppression;qkar approximatior 5= y|d,— q,|/|E,— Es| used in papers by other au-
the Auger recombination process for certain heterostructureors(see Ref. @ The parameters of the structure were taken from Ref. 14.
parameters?!

In computing the electron-hole overlap integrg, it is
necessary to take into account the mutual conversion of light,, is a weak decreasing function of the momentum transfer
and heavy holes and the strongly nonparabolic dependend€ig. 39. In Fig. 3b we show the same function for a strained
of the hole spectrum on the longitudinal momentgmItis  quantum well. Our analysis shows that strain affects the de-
possible to do this on the basis of the multiband Kane modependence of the electron-hole overlap integral on momentum
In this model the wave functions for holes consist of supertransfer, both qualitatively and quantitatively.
positions of light- and heavy-hole states. The interaction with ~ Wanget al® computed the Auger recombination rate by
the heterojunction causes a strong mixing of these statesising a phenomenological expression to calculate the
which depends strongly on the longitudinal hole momenturelectron-hole overlap integral o/ *= a|q,—q4|?/Ey; i.€.,
g4 In Fig. 2a, we show the dependence of the amplitudes afhey assumed thdt, is a linear function of the momentum
light L and heavyH hole states in the quantum well region transfer(wherew is a certain fitting parameterin their cal-
(—a<x<0) as a function of the longitudinal momentum culations the value of the fitting parameterdoes not de-
d4- The effect of mutual conversion of light and heavy holespend on the quantum well parameters or the magnitude of
on the amplitude$i andL leads to a nonmonotonic depen- the strain. In our paper we show that this phenomenological
dence of the overlap integral for electrons and hdlgson  approach is inapplicable, in general, and cannot be used to
the hole momentung, (see Fig. B). For g~ m/a the pri- analyze the dependence of the Auger recombination rate on
mary contribution to the electron- hole overlap integralthe quantum well parameters, the magnitude of the strain, or
comes from light-hole stategsee Fig. 2 It is especially the temperature. Thus, in order to calculate the overlap inte-
important to emphasize that the dependence of the overlagrals of the particles that participate in the Auger recombi-
integral 1,4, on the momentum transféq,—q,| is strongly  nation process, it is necessary to use wave functions calcu-
nonlinear. For an unstrained quantum well a linear depenlated on the basis of the multiband Kane model.
dence ofl ,, on the momentum transfer is obtained only for In order to evaluate the Auger recombination rate, we
small momentum transfeg< 7/a, wherea is the width of  must subsutitute into Eql) the matrix element, which is
the quantum well; in the region> =/a, the overlap integral calculated analytically according to the scheme described

{24l
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FIG. 3. Dependence of the overlap integral for electrons and Hgles
(qx=0) on the momentum transfdg,—q,| for an unstrained@ and
strained(b) quantum wells based on InGaAsESﬁ= 0.83 eV,a=60A,
with band structure parameters taken from Ref. 14.

above. From here on we will use the standard scheme for

these computations. Transforming to polar coordinate
(d;,¢;) in the plane of longitudinal momentu, we have
for the Auger recombination rate
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FIG. 4. Dependence of the logarithm of the Auger recombination rate
l0g,o(G) on the quantum well widtla for two values of elastic straig for
guantum wells based on InGaA&®) and InGaAlAs(b). For both structures
Eg'= 0.8 eV,n=p=2x10" cm 2, with band structure parameters calcu-
lated according to Ref. 14.

4. DISCUSSION AND RESULTS

As a demonstration of the dependence of the Auger re-
é:ombination rate on the quantum well parameters, we will
discuss two heterostructures based on JGaAs,P; , and
In,_y_,GaAl,As. The composition of the quaternary solu-
tions determined from the conditioEgﬁ= const for these
values of the strairé and the quantum well widtlthere,

Eg“ is the effective width of the band gagn this case the
values of the strairg that correspond to real structures can
vary only with specific limits that depend CEE“ anda. The
choice of these structures is motivated by the fact that they
are widely used to make long- wavelength lasers in the range
1.3-1.5um. In making lasers that emit in this wavelength
range it is important to choose structure parametertsle
keeping the value oIEgff fixed) such that the Auger recom-
bination current is minimal and the quantum yield maximal.
Our primary task was to carry out qualitative and quantita-

For further calculations of the Auger recombination rate wetive analyses of the dependence of the Auger recombination

will calculate numerically the five fold integr&8). Analysis

of Eq. (8) allows us to conclude that the Auger recombina-

tion rate has a nonexponential dependence on temperatu
i.e., the Auger recombination process is a nonthreshol
process:1°

300 Semiconductors 31 (3), March 1997

rate on the structure parameters.

We have analyzed theoretically the dependence of the
muger recombination rate on the quantum well widththe
theight of the heterobarriers for electroxs and holesV,, ,
the magnitude of the straié, and the temperaturé. Our
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FIG. 5. Dependence of the Auger recombination @&ten the height of the

heterobarrier for electron¥, for two values of the elastic strai& and

quantum wells based on InGaA&® and InGaAlAs(b). For both structures ~ FIG. 6. Dependence of the Auger recombination Gten the magnitude of
E,"= 0.8 eV,n=p=2x10" cm?, with band structure parameters cal- the elastic strain for two values of the quantum well widtfand hetero-
culated using the data from Ref. 14. junctions based on InGaAsR) and InGaAlAs (b). For both structures
EST= 0.8 eV,n=p=2x 102 cm2, with band structure parameters calcu-
lated using the data from Ref. 14.

analysis shows that the Auger recombination rate depends
strongly on these quantum well parameters.

Figure 4 shows the dependence of the Auger recombinaappreciable contribution to the Auger recombination rate.
tion rate on the quantum well width for the two structuresConsequently, the curve for the dependenc&adn a ex-
described above. As the quantum well width increases, thhibits a slight increase in the Auger recombination rate at the
Auger recombination rate falls off strongly. For example,appearance of each new level; asincreases further, the
when the quantum well width changes from 40 to 120 A, theAuger recombination rate decreases as before. At low tem-
rateG drops by more than two orders of magnitude. For theperatures the functioiG(a) is a decreasing function with
two structures mentioned above, the dependences of the Auather small oscillations for those valuesafat which new
ger recombination rate om differ qualitatively. In the struc- levels appear. As the value of the strain increases, the depen-
ture In_,_,GaAl,As, the height of the heterojunction bar- denceG(a) becomes weaker, because in this case the effec-
rier for electronsV, is larger than the height of the tive height of the heterojunction barrier for electrons de-
heterojunction barrier for holesV,, in the ratio creases. However, a4 decreases, the Auger recombination
V./V,=7/3. Therefore, the quantum well for electrons israte decreases as well.
deep and the number of electron levels that participate in the As was shown previousRthe nonthreshold Auger re-
Auger recombination process does not change as the widitombination mechanism at heterostructures is caused by the
of the quantum well changes. Hencé&;(a) is a monotoni- interaction of a charge carrier with the heterojuncton barrier.
cally decreasing function & for this structure. As the mag- For unstrained quantum wells, the Auger recombination rate
nitude of the strair¢ increases, the dependence@fon a  increases with increasing height of the electron heterobarrier.
becomes sharpéFig. 3). The situation is quite different for In Fig. 5 we show the dependence of the Auger recombina-
a quantum well based on4n,GaAs,P; . For this struc- tion rate on the heterobarrier height for a strained quantum
ture the depth of the quantum well for electrons is smallewell. In the presence of strain the dependence of the Auger
than that for holes, the ratio between thenvigV,=4/6. In  recombination rate on the height of the heterobarrier is
this case, asa increases, the number of electronic levels thatweaker than in the absence of strain.
participate in the Auger recombination process increases as Figure 6 shows the dependence of the Auger recombina-
well. The appearance of a new level for electrons gives ation rate on the magnitude of the strafn in this case the
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to depend on temperature according to an exponential law:

257 a Ca « exp(—Ey/T), whereEy, is the threshold energyE(,
x Eg), andn and p are electron and hole concentrations,
respectively. In qguantum wells, as we already noted above,
201 5:0'50// the Auger process has no threshold, and the Auger recombi-

_— nation coefficient depends only weakly on temperature. Our
exact analysis shows that over a wide range of quantum well
widths the Auger recombination coefficient is virtually
temperature-independent. In this case the temperature depen-
dence ofC, is determined by the dependence of the width of
the band gap on temperature. In Fig. 7 we show the depen-
dence of the Auger recombination coefficient on temperature
for the case whergg is temperature independent, and for the
case wherée is a function of temperature.

Ca,10-7 cm4is
P

-
[~
—

5. CONCLUSION

We have carried out a theoretical first- principles calcu-
lation of the rate for CHCC Auger processes in quantum
wells with strained layers. Our theoretical analysis shows
that the Auger recombination rate in a strained quantum well
depends strongly on the height of the heterobarriers for elec-
trons and holes, on the width of the quantum well, and on the
magnitude of the strain. We have shown that the qualitative
and quantitative analysis of the dependence of the Auger
recombination rate on these parameters of the quantum well

requires a microscopic calculation of the overlap integrals

Temperature, K based on the multiband Kane model. This approach is impor-
tant for investigating the threshold characteristics of semi-

o _ conductor quantum-well lasers. In optimizing the parameters

FIG. 7. Dependence of the Auger recombination coeffici&nbn tempera- o

ture T for two values of the elastic strai§ and two heterostructures: of these laser structures it is necessary to know the depen-

INGaAsP (a) and InGaAlAs (b). For both structuresES™= 0.8 eV, dence of the threshold current density on the quantum well

n=p=2x 10" cm 2, with band structure parameters calculated accordingparameters, which in turn is determined by processes of Au-

to Ref. 14. The dotted curves correspond to the funcGiT) whenE;  ger recombination and radiative recombination.
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Luminescence of porous silicon in the infrared spectral region at room temperature
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A method for preparing mesoporous silicon witype 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. 1897 American Institute of
Physics[S1063-782807)02303-X

INTRODUCTION SPEX-22 grating monochromator and recorded by a photo-
In recent years there has been much interest in a nov&%ﬂ;g:'tﬂ'gog;lamamats)‘ or a cooled germanium detector

semiconductor material—porous silicon. Its photolumines-
cence(PL) in the visible region of the spectrum is a well-

known phenomenon that has been studied extenstvdly. of the pulses was varied from 1 mA/nio a few hundred

The position of the PL peak in porous silicon made on ; .
: . . . mA/cn?. The samples were placed in an electrochemical cell
p-type substrates is rather easily shifted over a wide range. . .
ith a quartz window and a platinum counter electrode. We

from the blue-green to the dark red and infrared spectra . .
. : . . ... used an electrolyte based on potassium or sodium persulfate
regions by varying the time and density of the anodization

current?® and also by additional etching after the anodiza-" 2 0.IM D,SO, solution. Heayy water was gsed n the
tion proces$ electrolyte because of the considerable absorption of light by

In all the PL spectra, the intense primary band in theordlnary water at wavelengths longer than 1200 nm, whereas

visible is accompanied by a broad, weak, low-energy bancPZO’ according to our data, is transparent at least out to 1500
between 0.8 and 1.2 eV, primarily at low temperatufén "
infrared band is also observed in electroluminescdfte
spectra of samples a@f-type porous silicon in contact with a ResuLTS AND DISCUSSION
liquid electrolyte, but at room temperature instéad. ) ) o )

The reason for the appearance of the infrared band in the ~PhotoluminescenceDuring anodization we used filters
EL and its relation to the infrared band in the PL is unclearthat absorbed the high-energy part of the spectfiom-pass
Nowhere in the literature is a method described for controlfilters), allowing to limit the energy of the light quanta used
ling the position and intensity of this band. in the illumination. It is expected that this will lead to a

In this paper we report our efforts to modernize the techdecrease in the energy of the photogenerated carriers, and
nology for makingn-type porous silicon with the goal of consequently to an increase in the size of the crystallites of

obtaining intense low-energy PL and EL bands at room temPorous silicon. The statistical distribution of crystallites with
perature. respect to size in the porous layer that forms under illumina-

tion by longer-wavelength light should shift in the direction
of larger-scale crystallites. This is because no electron-hole
pairs are generated in microcrystallites, for which the effec-
All of the samples of porous silicon we investigated tive width of the band gap exceeds the energy of quanta from
were made on n-type conducting substrates the illumination source, so that these crystallites are not sub-
(the specific resistivity was 2-@-cm, orientation(100))  ject to any further dissolving. Thus, bounding the illumina-
by anodization in standard solutions of hydrofluoric acidtion energy on the high-frequency side should lead to a
(40% or 50% HF:Et1:1) for 10 to 180 min at current den- ‘“red” shift of the PL maximum of the porous layer.
sities of 5—80 mA/crh and illumination. The samples were Figure 1 shows PL spectra of samples of porous silicon.
illuminated by a 300-W halogen or xenon lamp through vari-Actually, use of the longer-wavelength illumination during
ous filters. The optical power was in the rangethe etching process shifts the maximum of the PL toward the
0.1-0.2 W/crA. low-energy region. The maximum shift of the primary PL
In order to excite the PL, we used the 441 and 325-nnpeak was 1.38 eV, obtained by illumination through a silicon
lines of a He-Cd laser. The spectrum was dispersed by fiter (E < 1.12 eV); i.e., the light quanta were close in en-

EL was excited by current pulses with durations of
0.5—-10 ms and repetition rates of 10—100 Hz. The amplitude

EXPERIMENTAL METHOD
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FIG. 1. PL spectra of samples at room temperathgg.= 3.81 eV. Anod-
ization during illumination by light quanta of various energies, e\ 0 50 100 150 200 250 300
<1.12,2—<1.77,3—<2.06,4—<2.38. The inset shows the high-energy Temperature, K

band of these samples on a semilogarithmic scale.

FIG. 3. Temperature dependence of the PL mfype porous silicon
samples. Anodization under illumination by quanta with energl.12 eV
ergy to the width of the band gap of silicgRig. 1, curvel).  in different solutions: samplé (1 and2)—40% HF+standard1:1) sample
It is noteworthy that the intensity of the PL peak in this caseB (3 and4)—50% HF+standard1:1). 1,3—position of the maxima of the
. . . primary band for sampleA andB, 2,4—position of the maximum of the
changes on_ly sllghtly._The Intgnsn)_/ of _the PL from S"Jl_n_mleslow-energy band of these samples. Scale:x 1, 3—Xx 2, 2,4—X 100
of porous silicon obtained by illumination through a silicon
filter depends strongly on the water content in the electrolyte

L 0 D
and is minimal when an electrolyte of 50% HFEL:1 is PL spectra of a sample onratype substrate obtained using

used. the method described aboviem what follows these will be

It is clear from Fig. 1 that the shift of the primary PL -
) .n-type samplesand mesoporous silicon prepared op&
peak toward the long-wavelength region of the spectrum is P
. C S . substrate. Even when there is fairly good agreement between
accompanied by a growth in intensity of the low-energy

S oY . . the position and intensity of the primary PL bands, the low-
peak, while its position is practically unchanged. This behav-ener bands differ brofoundly. Thetvoe sample is char-
ior differs from that of the infrared peaks observed at low 9y P Y. yp P

. . . acterized by a distinct broad band with a maximum at about
temperatures, and is connected with dangling bonds. As i . . .
eV and an intensity more than two orders of magnitude

well known, when the conditions for preparing the porous ; .
- . S larger than the PL intensity of a mesoporous sample of
silicon are changed, these infrared peaks shift “in sympa-

o . . ; p*-Si in this region of the spectrum.
thy” with the shift of the primary peak.Figure 2 shows the Figure 3 shows the temperature dependence of both PL

bands fom-type porous silicon. The temperature dependence
of the intensity of the low-energy band is honmonotonic and
analogous to the temperature dependence of the intensity of
the high-energy band. The temperature maxima of the curves
coincide, although they differ from sample to sample
(samplesA andB in Fig. 3). The temperature at which maxi-
mum intensity is achieved is lower for samples with weaker
PL intensity at room temperature.

Electroluminescencerigure 4 shows the EL spectra of
samples ofn-type porous silicon in contact with a liquid
electrolyte for a cathode bigsinus at the semiconducior
Sample 1 was obtained using a red filter<EL.77 eV) in the
anodization process, while sample 2 was illuminated by
white light following the method described in Ref. 8. The
changes in EL as the conditions of anodization change cor-
: - ‘ . . ' . relate with changes in the PL spectrum. The intensity of the
06 08 10 12 1.4 16 18 20 22  infrared band with respect to the visible increases by more

than an order of magnitude in samples made using red filters
Photon energy, eV (Fig. 4, curvel) compared with the intensity of bands in
FIG. 2. Photoluminescence spectra of mesoporous samples at room te sample; lluminated during anodization by white ligorve
perature1—on an-type substrate, obtained by anodization under iIIumina-rQ)' In Fig. 5 we show EL Sp_ectrécurvesl and?2) and PL
spectra(curve 3) of porous siliconn-type samples. The po-

tion by quanta with energy 1.12 eV;2—on ap*-type substratéanodiza- P! ) k
tion in the dark. sition of the visible EL band in the samples under study was

——h
[=)
ey

PL Intensity, r.u.
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-y
T

305 Semiconductors 31 (3), March 1997 Polisskil et al. 305



8+ of
300 K I
T 8
5 6f 5 .
« 3,
= °f oy
£ 1 :} z
g 4. iiz § \
i =
- I £,
“ e o
[ (curve 2) x 10 =
w L
! 1
0 b e ; [
08 10 12 14 16 18 20 22 0.8 1.0 1.2 1.4 1.6 1.8 50
Photon energy, eV Phton energy, oV

FIG. 4. EL spectra oh-type porous silicon samples. Anodization during gig. 5. EL (1,2 and PL(3) spectra of the same sample. PL excitation at
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white light (2). The current density in a pulse=40 mA/cn?, r=5ms, f 1—30, 2—40.

=40 Hz.

hstretched B5-O-Sibonds, whose presence in small quantities
gnhances the ordinary hydride passivation of porous silicon.

advanced by Bsiesgt al,'° this shift can be explained by The shift of the primary PL peak toward lower energies

the small applied fields and currents in the cell. In our ex-is explained by the increased sizes of the nanocrystallites.

periments we also observed shifts in the EL band that depen-ahIS confirms our original assertion that decreasing the en-

on the value of the currer(see curved and?2 in Fig. 5); ergy O_f electron-hole p{iirs gener_ated by the Iight d_uring an-
however, they were considerably smaller than the differencgd'zat'on leads to an Increase n the crystallite sizes. The
between the PL and EL maxima. The wide low-energy ban um_ber of these crystglhtes n th|s. case decrgases, naturally
in the EL spectrum has a complex structure; on differen eading to a decrease in the intensity of the primary peak for

samples its maxima could be located in the range from 1 t Othv\fl‘ and EL'th tthe | PL band of th |
1.2 eV. It should be noted that at this time it is difficult to € assume that the low-energy and orIn€ samples

decide what controls these shifts. However, the EL of a poI-under study is Qetermineq by radiativg recombinatiqn .in the
ishedn-Si substrate in contact with the same electrolyte jgnon-quantum-size crystallltes. The existence of radiative re-
characterized by a much weaker and narrower peak with 8omb_|nat|on n these_ crys_talhtes at room temperature can be
maximum for 1.1 eV. e_xplamed by fluctuations in the_ potential gt the strongly_pro-
filed surface of the latter, leading to localization of carriers.
In our case, the considerable increase in the intensity of the
low-energy PL band is determined either by an increase in
In explaining these results we assume that the position ahe number of non-quantum-size crystallites, a decrease in
the PL peak is determined by the size of the crystalfites, the porosity, or a lower level of doping of the original sili-
while the PL intensity depends significantly on the ratio ofcon, which allows us to assume the existence of a larger
radiative and nonradiative recombination channels in thewumber of “undoped” and defectless crystallites than in po-
bulk and at the crystallite surface. rous silicon obtained on a strongly doped substrate, and also
The appearance of quantum-well crystallitesnocrys- a high degree of surface passivation.
tallites) during the etching of silicon weakens the bulk non- The effect of low-energy illumination, while increasing
radiative recombination, because the number of defectledhe nanocrystallite size, at the same time increases the num-
and “undoped” crystallites in which there are virtually no ber of non-size-quantized crystallites, which preserve the
impurity atoms increases. properties of bulk Si. The number of these crystallites in-
In addition, the degree of passivation of the porous sili-creases not only in the porous silicon itself, which becomes
con surface affects the PL intensity, where this latter dependgractically mesoporous, but also in the macroscapiSi
on the composition of the etchant and the anodization consublayer? whose thickness increases with increasing ab-
ditions. It is clear from Fig. 3 that when we use an electrolytesorption depth of the light used during anodization. We also
with an increased amount of water, the PL intensity at roomrmote that when a longer-wavelength laser is used to excite
temperature increases severalfold. According to the data ghe PL(0.441 nm in place of 0.325 nimthe intensity of the
Ref. 11, this is explained by an improvement in the passivalow-energy band increases more strongly than that of the
tion of the porous silicon surface due to the formation ofhigh-energy band. This confirms the existence ofaype

usually shifted toward the low-energy region compared wit
the position of the PL band. In accordance with the idea

MODEL
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The process of elastic tunneling is investigated theoretically and experimentally for MOS
structures with Schottky barriers based ph-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 th@-channel. The calculated current-voltage characteristics are in

good agreement with the results of experiment. 1897 American Institute of Physics.
[S1063-78287)02403-4

INTRODUCTION tion of phonons, can also affect the value of the negative
differential resistance.
Metal-semiconductor and metal-thin-layer insulator-  In this paper we describe a combined experimental and

semiconductor structures with Schottky barriers are widelytheoretical investigation of tunneling-induced negative dif-
used to investigate tunneling phenomena. Their attractiveferential resistivity of a Schottky barrier with an ultrathin
ness is due to the relative ease with which the barrier parandielectric sublayer between metdAu) and degenerate
eters can be changed. With regard to electrical propertieq-InAs. Structures are used with controllable thickness of the
structures based on InAs are particularly unusual representatblayer. In order to eliminate the effect of thermally stimu-
tives of these structures. Their peculiarities are normally contated phenomena, the current-voltage characteristics were
nected with the fact that the Fermi level at the surface otaken at liquid-helium temperature. We show that the falling
indium arsenide is located near the edge of the conductioportion of the current-voltage characteristic is connected
band, irrespective of the position in the crystal btilkFor ~ with a specific quantum effect: inelastic tunneling of elec-
this reason, an-type conductivity channel arises near the trons from the metal to the valence band of the semiconduc-
surface of InAs, which is accumulating fortype material tor, which is strongly affected by a higher-lying, quantum-
and inverting forp-type material. In such a structure, chargewell level in the inversion channel. Using the quasiclassical
carriers are forced to tunnel through a barrier of complex@pproximation, we find analytic expressions for the transmis-
shape(Fig. 1) and in the case of inversion they can convertsion coefficient, which are used to calculate current-voltage
not at the semiconductor boundary, but rather in the deplecharacteristics for specific values of the system parameters.
tion layer. This complexity of the tunneling process is re- They are in good agreement with experimental results.
flected in complexity of the current-voltage characteristics.

Mead and Spetztreported the first observation of a seg- 1. EXPERIMENTAL RESULTS

ment of negative differential resistance on the current-  aAg supstrates we used polished films pinAs with
voltage characteristics of a Schottky barrier based on goldycceptor concentrations of £15) x 10°cm™3 and(111) ori-
degenerate, p-type indium arsenide at liquid-nitrogen entation. Three groups of samples were prepared. For
temperatures. Later on, analogous current-voltage charactegamples of the first group, the substrates were etched in lactic
istics were reported by Esiret al’ acid (80% GHgO; and 20% HO), and then washed in
So far, the existence of a decreasing section of thejejonized water. After chemical processing of the substrates,
current-voltage characteristics has not been satisfactorily exold contact pads were deposited on the surface of the crys-
plained. Esinzet al? assumed that the reason for the nega+als through a mask in a vacuum of 0Torr with diameters
tive differential resistance was the competing dependences of 100 um. For samples of the second group the substrates
the tunneling transparencies through the thin dielectric barwere etched in KOH, then oxidized in a stream of dry oxy-
rier and through the bandgap of the semiconductor on extegen at a temperature of 200 °C for 2 h; gold contact pads
nal voltage(it is clear from Fig. 1 that the first of these were then deposited with a thickness of @.gh. In order to
transparencies decreases with increasing voltage, whereasmke ohmic contact, a solid indium coating was deposited
the second increasesHowever, quantitative calculations on the nonplanar side of the substrates with a thickness of
showed that the effect of this competition is not always suf-0.5 um. According to data from ellipsometry and tunneling
ficient for negative differential resistance to occur. Thermallyspectroscopy;® an insulating film is present on the surfaces
stimulated tunneling currents with participation of the con-of the substrates of samples from the first and second groups,
duction band, or inelastic tunneling currents with participa-with a thickness of 20—30 A, consisting of a mixture of
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~ have well-marked regions of negative differential resistance,
Y, but they differ somewhat with regard to the magnitude of the
current. Samples from a third group were prepared in an
ultrahigh vacuum using a Riber 250 setup. Before being
placed in the chamber, the samples were processed in a mix-
ture of hydrochloric acid and isopropyl alcohol. In an ultra-
high vacuum the surface of the indium arsenide film was
cleaned by heating to a temperature of 200 °C until atomic
F cleanness was achievédOn the InAs surface that was
cleaned of its oxide, platinum contacts were deposited using
¥ an electron beam through a mask with diameter 100.
According to data on tunneling spectroscépere was no
ultrafine insulating film on the substrate surface and the
semiconductor structure was close to an ideal Schottky bar-
~d 0 rier. There were no regions of negative differential resistance
N\ on the current-voltage characteristics of these semiconductor
structures from the third group; rather, the current-voltage
FIG. 1. Band diagram of an MOS structure with an applied external voltagecharacteristics were close to calculated ofiescalculating
U. d and Uq are the thickness of the insulating layer and height of the o o rrent-voltage characteristics, the thickness of the insu-
energy barrier in it is the band bending. .
lating layer was assumed to equal 2ero

3

——F—==]

Ny

oxides of indium and arsenic for samples of the secon@. THEORETICAL DISCUSSION
group and remnants of lactic acid molecules in an ultrathin - 1 Model The ultimate goal of our investigation was to

insulating film for the first group. Samples of the first and gpain the dependence of the elastic tunneling current on the
second groups acted like nonideal Schottky barriers with §\tage across the MOS structure and to compare this func-
sublayer, or metal-insulator-semiconductor structures Withion yith experimental current-voltage characteristics. In this

an ultrathin insulating layer. case the main difficulty was finding the transmission coeffi-

The current-voltage characteristics were measured at @ent for charge carriers through the metal to the valence
temperature of 4.2 K, using a sawtooth voltage signal with 54 of the semiconductor.

ramp rate of 4 mV/s. In this case, the forward and reverse g sjtyation we are discussing is one of broad theoret-
current-voltage_ characteristic plots exhibited no hysteresig.g) interest, e.g., for tunneling of carriers through multilayer
phenomena. Figure 2 shows the measured current-volta@&,ciyres in one of whose layers the carriers can be con-
characteristic for a sample from the second group. A regiog,q ieq. Actually, the results of the classical pdpeere di-

of negative differential resistance is clearly evident. Currentyacted toward finding the coefficient of interband tunneling
voltage characteristics from a sample of the first group alsg,, 4 electric field in the bulk of a sample. However, one of

these quantities turns out to be clearly insufficient to describe
the process of coherent transport in a layered system. On the
other hand, contemporary papers that treat tunneling through
3.0F layered structuretsee, e.g., Ref. JGare limited to situations
f where conversion of the carriers takes place at the layer
boundary and is taken into account with the help of phenom-
enological boundary conditions. The approach we will pro-
pose here fills in the gap between these limiting cases. It is
based on a quasiclassical variant of the transfer-matrix
method and can serve as a basis for investigating more com-
plicated tunneling structures with “conversion” layers.
The band diagram of the structure under discussion is
shown in Fig. 1. When a doping level 6f2x 10 cm™2 is
A, used, the thickness of the depletion layeri§.2x 106 cm.
%’\\ e Calculations show that the quantum-well level in the inver-
sion channel of tha-band is located within the bandgap of
bulk InAs and lies close to the edge of the valence band in
the latter. This position of the state, as we will show below,
a.4a 1 1 i 1 1 1 1 ] i . . .. . . .
P 50 700 750 200 gives rise to the dlst_lnct|v¢ features in the transmission co-
U, mv gfﬂuent and, accordingly, in the current-voltage characteris-
tics.
FIG. 2. Current-voltage characteristics in a model with constant built-in The relative _smoothness Of_ the depletlon_layer potential
charge. The solid curve is theoretical=11.2 A, Y.=0.49 eV,s,= 10  and the large thickness of the interband barrier allows us to
(dielectric constant remain within the framework of the Dirac model in describ-
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ing the motion of carriers in the semiconductor, i.e., we dis-model, and for our choice of the functiody the connection
regard the exponentially small contribution of heavy holes tamatrix is the same as in the case of the Sdhrger
the interband tunneling: The four-component carrier wave equationt3

function ¥ is determined from the equation

- C Eewim T oo [ A
H¥=EWw 1 = 2 2 . (4)
with the matrix Hamiltonian D —je” ™4 je~ ™A/ \B
e+ V(2) vop In an analogous fashion, if we consider a turning point at the

= vop — €0+ V(2) ) boundary between the _conduct?on band and the band gap
. . . o z,, we find the connection matrix between vectors of coef-
wherep is the momentum operatas; is a Pauli matrixp i ficients in the functionsb,(z,,2) and®y(z,,2):
the interband velocity matrix element, arg is the half-

width of the band gap. i emi/4 emil4

On the other hand, the smoothness of the potential 2i
V(z) makes it possible to use the quasiclassical approxima- 1 R E )
tion in (1). The quasiclassical wave functions obtained in the —— g Tl g

appendix essentially recall the quasiclassical solution to the 2

Schrainger equatiort? In particular, the form of the expo- Note that in deriving(4) and (5) the wave functions in the
nent turns out to bg p,(z)dz wherep, is found from the  same region of the band gap were written in different forms.
dispersion relation in the corresponding semiconductor bandrhe connection betweet,(z,,z) and ‘Db(Za,Z) is obvi-

2. Transmission coefficienin order to derive a transmis- ously given by the trivial diagonal matrix
sion coefficient based on the quasiclassical wave functions ,
found in the appendix, we will reason by analogy with well- e~ Yn I, lpldz 0
known transfer-matrix methodsln each of the classically 0 U Folpdz : (6)
accessible region@avithin the metal and semiconductor, and e, 0

also in the surface inverted region of the latehe wave  Analogous matrices with obvious replacements at the limits
function consists of a sum of two oscillating terms corre-of integration are obtained for the regions within the insulat-
sponding to oppositely directed currents. In the classmallyng barrier, and with replacement ¢p,| by i|p,| for the
bandgap region&he insulating layer and the band gap of the cjassically accessible regions in the inversion channel.
semiconductay the wave functions are growing and decay- |t remains for us to obtain the connection matrix for the
ing exponentials. We will find 22 matrices that connect houndaries. In general, at the boundary of an insulator and a
pairs of coefficients for these fundamental solutions on difsemiconductor we must establish boundary conditions that
ferent sides of the classical turning point between eaclonnect the single-component wave function in the insulator
neighboring pairs from the regions listed above. Let uswith a two-component wave function in the semiconductor.
specify that in the vector of coefficients the upper elemenfowever, since under the conditions of our problem an elec-
will correspond to the amplitude of a wave carrying a currentyon at z=0 has an energy close to the conduction band
from left to right, or to the coefficient of a growing exponen- gqge, |W,|<|¥,| and the pre-exponential factor is1/\/p.
tial. We therefore have the same matching conditions for single-
For definiteness let us begin the discussion with the tUrcomponent wave functions at a sharp boundary as those at
ing point at the boundary of the band gap and the valencge poundary between metal and insulator: equality of the
band of the semiconductas,. According to the appendix, quasiclassical wave functions on the right and left of the
the two-component wave functions on the right and left ofpoundary and equality of their first derivatives normalized by

this point are written in the form the corresponding masses. Simple calculations give the re-
A quired connection matrix for the metal-insulator and
W(z,,2)= P, et 13, Ip7ldz insulator-semiconductor boundaries in the form
VIpd " 5 g
i B (’f)c_e—i/hfib\pz\dz, 72, a*  a | g B
VIl
Wy(2p,2)= Dy, e I P10z Pd
Vip,]
1 Pa,. My [P
D - 2 B=§<\ﬁ+l— =/, (7)
+— @, _e WIGlpddz 77 (3) Ps  Mm VPg
Pl where p,,,pq, and ps are wave vectors in the metal, the

The connection between vector€,0) and (A,B) is ob- insulator, and the semiconductor, amxl,,my, and mg are
tained by using a circuit around the turning poipt€0) in  the corresponding effective masses.
the complexz plane. It can be shown that on the basis of our  The resulting transport mass
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a;; ap

az; Ap ®)

which connects the coefficients for plane electron waves in
the metal and valence band of the semiconductor, is a prod-
uct of the matrices listed above, multiplying from left to right
in the sequence corresponding to Fig. 1.

Let us now find the transmission coefficient for a charge
carrier from the metal to the valence band of the semicon-
ductor. For this formulation of the problem the vector
(A,B) in the valence band should be located at (1,0), i.e.,
only a transmitted wave should be present. Multiplying this
vector by the resulting transfer matrix, we obtain the value of
the coefficients for incident and reflected waves in the metal.
The coefficient for transmission through the structure is de-
fined as the ratio of the fluxes of the transmitted and incident
waves. In the case where the energy of an electron passing
through the valence band turns out to be close to the top of
the latter, this coefficient is

w0

-70

(S}

£, meV

m 1 FIG. 3. Transmission coefficienD(E) for various band bendings:
__m_- (9) Y.=0.49 eV(1), 0.46 eV(2), 0.43 eV(3). The insulator parameters corre-
2- .
mg |a11| spond to Fig. 2.

Using the matrices obtained above, we can find explicit ana-
Iytic. expressions for the transmi;sion coefficient. In particu-5,q longitudinal momentum to an integration over the two
lar, if the energy of an electron lies above the bottom of thga s of the total energy in the metal connected with the

surface inversion channel,

D~ 1=2|ap|?(coshl(A,b)coshl(—d,0)
+sinhl(a,b)sin1(0,a)cos ¢, +sinhl(a,b)
X (coshl(—d,0)sin 1(0,@)cos ¢z+sinh1(—d,0)
xcosl(0,a)sin ¢g)+coshl(a,b)cos¢,cos ¢y

—sin ¢,sin ¢p),

where

1 (%
|(Z| 1Zr)=g f pZ(Z)dzl (10)
7
z, andz, give the limits of integration and are denoted in the
figure, ande and B are defined in7).
3. Expression for the tunneling currerinh order to cal-

culate the current-voltage characteristics we use the standar
expression for the dependence of the elastic tunneling cur-

transverse and longitudinal motion. After some simple trans-
formations we obtain

2m|elm

j(u) J'D(EivE\\)[f(E+U)

—f(E)]dE, dE,, (12

whereE, andE, are the transverse and longitudinal energies
in the metal E=E, +E;). 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 semiconductor.
The dependence of the transmission coefficient on the com-
ponent of the wave vector along the boundary, i.e.Egn
plays an important role in our subsequent calculations.

3. RESULTS OF NUMERICAL CALCULATIONS AND
DISCUSSION

1. Transmission coefficienFigure 3 shows the depen-

rent density on the difference in potentials at the boundary oflence of the transmission coefficient on the energy obtained

the tunneling structur®:

. 2|e]
i(W="7 | DEP)ITIE+U)~(E)dECD,,
ay

where f(E) and f(E+U) are Fermi distribution functions
(which for liquid-helium temperatures and the valuesWof

in the previous section. The parameters of the structure cor-
responding to an actual experiment are shown in the insets to
the figure. Different curves correspond to different values of
the surface band bending in the semiconductor, while the
remaining parameters are fixed.

Using curve 1, we illustrate a case in which the
guantum-well level in the inversion channel is set against the

which we used in our experiments can be replaced by stepackground of the bulk valence band of the semiconductor.
functions; p, is the longitudinal component of an electron’s The peak in transmission coefficient exactly corresponds to
momentum; and (E,p,) is the transmission of an electron resonant tunneling through this quasistationary level. For
through the MOS structure. smaller values of the band bendirigurve 2) the surface
Because the spectrum of charge carriers in the metal ilevel “looks into” the band gap of the semiconductor. Nev-

described by a parabolic dispersion relation, it is conveniengrtheless, the transmission coefficient increases considerably
to transform(11) from an integration over the total energy near the top of the valence band, because the tunneling near
311 Semiconductors 31 (3), March 1997
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the threshold for transmission is suppressed in an energy
region that is considerably narrower than the width of the tail 1.6+
of the resonance peak. Further reduction in the band bending B
involves driving the level into the interior of the band gap, 14
which eliminates its influence on the transmissioarve 3).

Estimates show that in our experiments the sample pa- 7.2
rameters correspond to the case illustrated by cRridere- ~
fore, in what follows distinctive features of the computed § 7.0
current-voltage characteristics are associated with tunneling<
of carriers through the tail of the resonance level. + 0.8

2. Current-voltage characteristicsFor the numerical
calculation of current-voltage characteristics based 1)
the following two circumstances are important.

First of all, inclusion of the dependence of the transmis-  G.4{j3
sion coefficient on the longitudinal wave vecterhich along ;
with the energy is conserved during an elastic tunneling pro- 0.2 %%
ces$. According to Eq.(A7), allowing for the longitudinal 3
momentum of an electron leads to an effective increase inthe %98 ' L . . . .

) . 0 50 700 750
width of the band gap. This causes a strong dependence of U, my
the transmission on the longitudinal wave vector of the car-

/

H

0.6

jw)/1

rier. ) ; FIG. 4. Current-voltage characteristics in a model with pinned bands. The
Secondly, at doping levels of 10— 10" cm ™3 for the  solid curve is theoryd=11.6 A, Y.=0.51 eV.

semiconductor the impurity level is washed out into an im-
purity band and merges with the valence b&hw/e include

this effect semiqualitatively by effectively shifting the top of fa)1-off in the current-voltage characteristics. Any further in-
the valence band by the width of the impurity band, i.e., bycrease in the voltage causes the current to increase, but only
~50 meV. until the bottom of the conduction band at the boundary of
The shape of the potential in the depletion layer of thethe semiconductor and insulator is above the top of the va-
semiconductor is assumed to be quadratic, i.e., created onlgnce band in the semiconductor bulk. The reason for this
by charged acceptors. There are no electrons in the inversigicrease in the current is the obvious decrease in transpar-
channel because the quantum-well level is located above theéncy of the tunnel barrier connected with the band gap of the
Fermi level and at low temperatures is unoccupied. The posemiconductor.
tential drop across the insulator and the semiconductor is  The fitting parameters of the insulating layer, for which
determined by the Poisson equation and the condition thage in obtained good agreement between experimental and
the total charge of the MOS structure be zero, taking intatheoretical curves, are listed in the figure captions. Note that
account surface-state charges. the curves in Figs. 2 and 4 are successfully matched for
The results of our numerical calculations and compariconsiderably different assumptions about the character of oc-
son with experimental data for two different cases are showgupation of surface states at the semiconductor-insulator
in Figs. 2 and 4. The broad peak in the current-voltage charsoundary. Figure 2 corresponds to the assumption that all the
acteristic is connected with the close-to-resonant tunnelingurface states are empty, which is equivalent to a constant
described earlier as follows. On the initial voltage segmenbuilt-in charge at the boundary. Figure 4 corresponds to the
the tunneling current increases for two reasons. The first reassumption that the value of the surface-state density is high;
son is trivial: as the difference between the Fermi levels oin this case their occupation is determined by the Fermi level
the metal and semiconductor increases, the number of acceis-the metal. This implies that all the voltage applied to the
sible final states for the tunneling carriers increases. The sestructure is dropped entirely within the space-charge region.
ond reason is more specific: the increase in voltage across the It is clear that the results of numerical calculations using
structure leads to a flattening of the surface band bendinghese expressions give good agreement with the experimental
i.e., a decrease in the electric field intensity in the inversiordata. However, there are several discrepancies between
channel. As a result, the Fermi level in the metal approachetheory and experiment: the rather small skift10 meV) in
the quantum-well level, which leads to a considerable inthe position of the current maximum and the somewhat more
crease in the tunneling through the near-resonance tail. rapid increase in the experimental curves compared to the
A decrease in current takes place when the Fermi levetheoretical as the voltage increases. This disagreement may
of the metal reaches the top of the semiconductor valencbe connected with several simplifications and assumptions
band, after which the number of electrons that participate ibrmade in our model. First of all, incorrect use of the quasi-
the tunneling no longer increases. In this case, the sizezlassical principle in narrow regions of energy close to the
quantized level continues to be repelled into the depth of théop of the valence band-5-10 meV. Secondly, the poten-
band gap and withdraws further from the energy gap irtial profile in the space-charge region, which was chosen to
which the tunneling takes place. The resulting decrease ibe quadratic, corresponds to the potential created by a uni-
tunneling through the near-resonance tail also leads to thirm distribution of charged acceptors. However, in the real
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situation we should take into account the nonuniformity ofln order to construct quasiclassical wave functions we trans-
the doping in the skin layer and the influence of the degenform from (A3) to separate second-order differential equa-
erate hole gas on the shape of the potential near the spad&ns for the functiond,; andf,. Expressing one function in
charge region’s edge. These inadequacies, however, shouiekms of the other, we obtain

not affect the qualitative picture of the effect and can be 2
taken int ti detailed model 252 9T 1, 5 3V 2
aken into account in a more detailed model. V2% 47 ° (-1 loph EHE_V)

In this paper we have described theoretical and experi-
mental investigations of the effects of negative differential
resistance for MOS structures based pi+InAs. Current- —(€5)?
voltage characteristics were obtained at liquid-helium tem-
peratures for samples with differing thicknesses of the insuwhere (e5)?= €3+ (vp)2. Applying to (A4) the standard
lating sublayer. Theoretical dependences of the magnitude WKB approximation

(A4)

the tunneling current on the structure parameters were calcu- ﬁ
lated using a quasiclassical analog of the transfer matrix f,=C, ex;< St — Sat+ ) (A5)
method. The presence of a falling portion of the current-
voltage characteristics is explained by peculiarities of tunnelwe obtain the equations f@&, and S,
ing through a near-resonant tail of the quantum-well level dS,|2
lying outside the energy region of interest. Theoretical _(_0) +(E—V(2))%— (€4)?=0,
curves are in good agreement with the experimental ones. dz
We wish to thank E. M. Baskin and M. V. Entin for d2S, _dS, dS. dv
useful discussions. This work was carried out with the partial +2 +(—1)* 1o, —=0. (AB)

2
support of the Russian Fund for Fundamental Research dz dz dz dz
(Grant No. 96-02-19028ind a Grant from the Russian Uni- Substituting these solution@\5) into the original system
versity No. 95-0-7.2-151. (A3), we obtain the relation between the constddts
The resulting quasiclassical wave functions are

~ C :
AW, .= ® el 6f|pz|dz”
APPENDIX YWas N (Ip2l)
Let us find the quasiclassical wave functions for Ek).
with the Hamiltonian(2). In our problem the potential de- b)‘f’bf ®(—i|p,))e’" 8flpdz’,
pends only org, which allows us to reduce the number of \/m
components of the spinor wave functi@. Following Ref.

15, we look for a solution to the Dirac equation in the form W, = C ®(—|p,|)e- It oflpdz
W(z)exp(/h)pr, wherep is the component of momentum in ¢ N z '
the (x,y) plane. A unitary transformation (o2
a— (TZ
o (|p,|)=
Y Fp 0 T 2Je(E-V+Ipl)
U:E . ep (A1) E—V+u|p,|+(eg+ic,dvp)
0 | +i o Uzé(E V+u|p,—(eo+io,vp)))’

o (A7)

transforms the HamiltoniafR) to the form Wherep§=((E—V)2—(e(’))z)/v, anda=e}/(ey—ivp). The
€0+ V(2) v(0,p,+ivp) value of §=x1 determines two linearly independent solu-

tions corresponding to waves propagating in opposite direc-
tions. a), b), c) are solutions in the conduction band, the
band gap, and the valence band, respectively. The constants
which obviously commutes with the projection of the spin gy chosen in such a way that the wave functiig trans-
onto thezo, axis. Consequently, as eigenfunctions(8)  form one into the othefup to a phase factpms a result of
we may choose eigenfunctions of the operatpr They con- passing around the turning point in the compteglane.
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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. Poluprovodr3l, 377—-380(March 1997

The results of a multifaceted investigation of the luminescence properties of single crystals of
copper-aluminum diselenide CuAlgare 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 Physids$1063-782807)02503-9

The I-11-VI, ternary semiconductor compounds, which indium, with an aperture of area x®.1 mnt exposing a
crystallize in the chalcopyrite structure, are of enormous insingle facet as the emitting surface. The excitation power
terest as potential base materials for use in fabricating dedensityL used to create the cathodoluminescence could be
vices for the transfer and processing of information, solaiecreased by defocusing the electron beam; the ratio of
energy, and optoelectronics. Copper-aluminum diselenidgnaximum to minimum excitation power density was
CuAlSe,, whose optical activity has already been exploitedL .. /L,,=10°. The spectral resolution did not exceed
to make narrow-band, light-controlled, optical filttrand ~ +0.2 nm. The luminescence was uniform over the entire
other devices for controlling light by light in the picosecond volume of the doped samples. Stationary photoluminescence
regime? exhibits an intense luminescence in the visible re-(PL) was excited aT = 4.2 K from those fractions normal to
gion of the spectrum.Because of its rather wide band gap the most developed and perfect natural facEt?) of the
(the widthE;=2.67 eV at room temperatue this material sample by light from an argon lasefphoton energy
can be used to make light-emitting structures in the blueE_=2.54 eV} or an ultraviolet xenon high-pressure lamp
green region of the spectrum. However, because it is techn@ombined with a UFS-2 filter with a transmission maximum
logically difficult to obtain high-quality optically uniform at 330 nm; the emission was analyzed with a grating mono-
single crystals, data on the optical properties of this comehromator and recorded by a cooled photomultiplier with a
pound is extremely fragmentary in the literature. In this patype-S-1 photocathode. The spectral resolution was
per we present the results of a multifaceted investigation 00.25—1.0 eV. The excitation power densltycould be de-

cathodo- and photoluminescence of CuAlSe creased by wusing neutral optical filters such that
The crystals which we studied were grown by theL . /Lyin=2X10°.
method of chemical transport reactiofGTR) using iodine Typical cathodoluminescence spectra of unannealed

as the transporter from elementary copper, aluminum, angdingle crystals of copper-aluminum diselenide with uniform
selenium, taken in the ratios 1.1:0.9:1.9, since the region ofomposition aff = 77 K show a broad orange peakwith
homogeneity for the compound CuAlSes displaced from  half-width AE=0.35 eV and a maximum at 1.94 €Wig. 1,

the quasibinary line compound ¢3e—ALSe toward the curvel). In the high-energy tail of the banlthere is a band
composition CuSe, and corresponds to the compositionB; with a maximum at 2.07 eV. As the level of excitation of
Cuy 1Al 6Se o.° X-ray-phase analysis shows that the crystalcathodoluminescence decreases, the bandroadens, de-
structure of the samples is a chalcopyrite lattice with paramereases in intensity, and separates into two bands with
etersa = 5.597 A,c = 10.98 A, andt/a = 1.96. Lamellar maxima at 1.91 and 1.96 elFig. 1, insel. The position of
samples, which were yellow in color with dimensions bandB; does not change in this case.

5Xx5X 1 mn?, were subjected to annealing in various atmo-  Annealing of the single crystals in the presence of the
spheregZn, Cd, Cd+Al) at temperatures 873 to 923 K for group Il elements of the periodic table Zn, Cd, or-cA

15 to 20 h. The vacuum anneal takes place at temperaturésads to a significant transformation of the spectrum. The
773 to 973 K for 12 to 24 h. Shutters for the doping compo-dominating feature in the spectrum becomes b@ndig. 1,
nents were designed so as to create saturated vapor pressusap/es2—4); the position of its maximum is determined by
only at the initial stage of the process, which eliminates thehe type of alloy formed, while the intensity of the orange
possibility of formation of secondary phases of type 11-VI band A decreases by a factor of 201(%, or is not even
based on them. All the samples, both the original ones andetectible(for Cd+Al). In this case the color of the visible
those subjected to thermal processing, pagtpe conductiv-  luminescent emission changes from yellow for 408 to

ity. Cathodoluminescenc€éCL) spectra were recorded at a green for Cd and sky-blue for Zn. The intensity of cathod-
sample temperatufe= 77 K. The luminescence was excited oluminescence is significantly weakened by thermal process-
by an electron beam with energy 35 eV and a maximuning of crystals of this compound in vacuum: processing re-
excitation level of up to 15 W/mf In order to prevent local veals a broad AE=0.5 eV), washed-out red peak, whose
heating by the electron beam, the samples were enclosed wings overlap the entire visible range, while the intensity is
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FIG. 1. Cathodoluminescence spectra of single crystals of CyAlBBVN  F|G. 2. Spectral dependence of the photoluminescéRteof single crys-

by CTR(1) and annealed in the presence of zi@g cadmium(3), cadmium tals of Cy ;Al, ¢Se o—undoped(1,2), annealed in the presence of zif®

plus aluminun(4), and vacuuni5). T = 77 K. Spectral positions of maxima, and for decreased power densid). T = 4.2 K. Excitation energfe,, eV:

ev:1—1.94 (A), 2.07 B,); 2—1.94 (A), 2.58 C); 3—1.94 (A), 2445 1554 2-43.76. Spectral positions of maxima, e¥:—1.74 (A), 1.24

(C); 4—2.34 (C); 5—1.65—-1.75 p). The inset shows the dependence of (D); 2—1.81 (A), 1.97 B,); 3—1.96 (A), 2.53 (C); 4—1.76 (A), 1.97

the structure of the bandl on excitation power density. (B,). The inset shows the energy diagram for transitions with photon exci-
tation energie€,,<Eg (a) andE¢,>Egy (D).

decreased by a factor of10° compared with undoped
sampleqFig. 1, curve5). The position of the band maximum in the spectrum of the undoped compound is complex in
depends on the thermal processing conditions: increasing tretructure, consisting of a superposition of bands correspond-
working volume of the cell in which the annealing takesing to different recombination mechanisms. Evidence of this
place, and shifting the temperature and duration of the anis the fact that as the excitation power density for the lumi-
neal, shift the maximum toward lower energies until the lu-nescence decreases, we are able to spectrally resolve the
minescence is entirely quenched. peakA (Fig. 1, inset; Fig. 2, curvd). In this case peald;
Figure 2 shows PL spectra of single crystals of coppercan be associated with radiative transitions with the partici-
aluminum diselenide with uniform composition at a tempera-pation of donor-acceptor pair®( A), because the position
ture 4.2 K. It is clear from the figure that the magnitude ofof its maximum is sensitive to the change in excitation power
the energy of the excitation photofs, affects the position density and shifts toward the high-energy region of the spec-
of the primary band\: asE,, increases, the maximum shifts trum when the latter is decreased@he luminescence band
to higher energies of the spectruiffig. 2, curvesl,?). The B, (like the bandB,), can be related to band-localized level
position of the maximum also depends on the PL excitatiortransitions, since its position does not depend on the excita-
density. In the PL spectra of samples annealed in the presion power density. As the excitation photon energy in-
ence of zinc, excitation from a xenon lamp leads to twocreases from 2.54 eYAr" lase) to 3.76 eV (xenon lamp,
bands,A (1.96 eVj andC (2.53 eV}, with an intensity ratio the maximum of band shifts toward the high-energy region
[p: lc=1:2. (Fig. 2, curvesl,2). However, the magnitude of this shift is
Analysis of the spectra shown in these figures indicatesmaller than the fixed value 0.23 eV assigned by Chichibu
that the same recombination mechanisms operate in thes¢al,” who associated it within the framework of a
compounds for all methods of luminescence excitation, sinceonfiguration-coordinate model with radiative transitions
the spectral content of the radiation does not undergo anfrom deep levels to subbandsandC of the valence band,;
significant change. It is obvious that the primary orange banthe energy gap between these bands is equal to 0.23 eV.
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According to our picture, the presence of this shift is ex-of formation of the orange band and the bandC, which
plained by the dependence of the recombination light on exappears in the spectrum as a result of doping. Since the po-
citation energy. When the excitation photon energy issition of this band depends on the intensity of the excitation
smaller than the width of the band gap of the compoundight, the mechanism that determines its natur®isA re-
(Eex<Eg), the dominant recombination mechanism is thecombination. This fact can explain the participation\j
interaction of donor-acceptor pai(Big. 28, which we call andVg.impurity levels in the formation of the two bands. In
L-luminescence by analogy with Ref. 3. As the excitationthe annealing process, the closeness of the covalent radii of
energy increasesEq,>Eg), the probability of more high- aluminum, zinc, and cadmiuril.23, 1.225, and 1.405 A,
energy transitions increases, including localized level-bandespectively), causes a replacement of thg, vacancy by
and band-band type transitiofBig. 2b), a redistribution of atoms of the doping impurity, with the formation of acceptor
the band intensities takes place to form the bandind the levelsN, (whereN is Zn, Cd. In favor of this assumption is
resulting maximum shifts toward larger values of the energythe impossibility of obtaining material with-type conduc-
which corresponds tél-luminescence. Analogous consider- tivity by doping with Zn and Cd; i.e., in this case the prob-
ations apply in discussing the baml, which is recorded ability of replacement of a vacancy by atoms of Zn and Cd in
only at small photon energieg{,<Eg), implying thatitcan the aluminum sublattice is larger than the probability for
be assigned t® — A recombination. formation of interstitial defects, which are donors. Depend-
Investigation of the width of the donor and acceptor lev-ing on the degree of doping, the concentrations/gf and
els in multicomponent semiconductors is a complicated\N, and, consequently, the intensity of interaction of
problem, because even a discussion of the simplest defects ¥, — Vg andN 4 — Ve donor-acceptor pairs, can change. As
the crystal structure in I-Ill-\4ll compounds, such as vacan- a result, a redistribution of the relative intensities of bands
cies, substitutional and interstitial atoms, leads to twelveA andC takes plac€Fig. 1, curve and3; Fig. 2, curve3).
types of point defects, each of which can form optically ac-When the crystals are annealed in the presence of cadmium
tive levels in the band gap. We recalled above that the regiowith aluminum, due to the diffusion of aluminum atoms
of homogeneity for copper-aluminum diselenide correspondfrom the gas phase to the crystal, there occurs a decrease in
to Cuy 4AlgoSa o, i.e., is shifted toward an excess of Cu the concentration of vacanci&s, and, consequently, a de-
atoms and a deficit of Se and Al atoms compared to the idealrease in the probability for formation of ddefects. Cad-
stoichiometric compound CuAlSe In light of this circum-  mium atoms occupy the primary interstitial site, which leads
stance, we can assume that the main contribution to the rée the appearance in the band gap of yet another level which
combination in undoped crystals comes from intrinsic de-opens a new recombination channel; the resulting maximum
fects connected with an excess of copper and aluminum anid this case is displaced toward lower enerdigsg. 1, curve
selenium vacancies. The excess copper atoms act in tw#). Annealing of the samples in vacuum leads to an increase
ways: either to occupy the space between lattice sites, whicim the number of intrinsic defects. Meanwhile, the most prob-
gives rise to donors, or to replace cation vacancies in thable event is formation of new vacanciég. andV,, since
aluminum sublattice, since the closeness of the metalstudies of the composition of the vapor phase above the ter-
lochemical properties of Al and Cu implies that the probabil-nary compound indicate the presence of chalcogen atoms,
ity of forming Cu, exceeds manifold the probability of along with gas-like molecules of type j# VI.° On the other
forming Cu;.. The fact that the grown crystals exhibit only hand, the range of homogeneity of the compound is very
p-type conductivity suggests that the preferred mechanism ismall (less than 0.02 mole fractiohTherefore, even a mini-
formation ofV, and Cy, , which leads to the appearance of mal decrease in the amount of host elements Al and Se in-
acceptor levels. Depending on the characteristics of thevitably leads to the formation of a two-phase region and,
chemical bonds in I-IlI-\J compoundgionic or covaleny, consequently, to quenching of the visible luminescence.
a chalcogen vacancy can be either a donor or an acc&ptoiTherefore, we see no photoluminescence from samples an-
Since the chemical bond in the semiconductor CuAlBe nealed in vacuum. BanB, is caused by transitions of the
intermediate between homopol@ovalenj and heteropolar band-localized level type. It is recorded only in the lumines-
(ionic), the presence of a selenium vacancy can lead to donaence spectra of starting crystals, and appears even in
and acceptor levels in the band gap, whose mutual electricalamples with stoichiometric composition; in this case its
compensation decreases their contribution to the electricaklative intensity does not change. For this reason, it is as-
conductivity mechanism. Therefore, increasing the numbesumed that the formation of the baBd involves the partici-
of anion vacancie¥ g, does not lead tp—n inversion of the  pation of defects caused by association of oxygen atoms with
conductivity type. Furthermore, by virtue of the high vapordoubly ionized copper atoms Cti. The Cu " ions are
pressure of the chalcogen in the growth process, an autodofermed as the result of an oxidation reaction betweer Cu
ing of the compound by Se atoms takes place. As a resultpns of the primary lattice and impurity oxygen atoms, which
weakly bound interstitial selenium appears in the latticeenter the crystal during the growth procé$#nnealing in
which is an acceptor impurity. Therefore, the primary orangevacuum should lead to a decrease in the concentration of
bandA of the luminescence can be viewed as arising fronthese defects and to the disappearance of the Bandhich
the participation of a large number of donor and acceptois indeed observed experimental(ffig. 1, curve5). The
levels. The character of interaction between these levels aldmandB, is clearly distinguishable in the PL spectrum only
determines the spectral structure of this band. It is also obfor E,, > Eg4. Annealing in the presence of Al leads to
vious that there is an interrelation between the mechanismguenching of the ban@,. Consequently, we can assume
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The electrical activity of isoelectronic germanium impurities in lead chalcogenides

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. Poluprovodr3l, 381-383(March 1997

The method of Mesbauer spectroscopy of the isotdpn 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 PhysidsS1063-782807)02603-3

In a previous paper, using the method of #dbauer for the spectra in Fig. la taken at 80 K we obtain
spectroscopy of!°Sn, we established that isoelectronic tin R=N(Srf")/N(Sn)=0.50(2), which corresponds to ioniza-
impurities in lead chalcogenide§PbS, PbSe are two- tion of half the tin atoms, as we should expect for a two-
electron donors: doping of the solid solutions PfSnS and  electron donor.

Pb,_,SnSe by acceptor impuritiesodium, thallium is ac- The gradual replacement in PbS of impurity atoms by
companied by conversion of a portion of the tin atoms fromgermanium leads to a decrease in the intensity of tHe Sn
divalent SR™ state to the quadrivalent $h state! In PbSe  spectrum(see Fig. 1, curveb), while in the spectra of
the energy levels connected with tin centers are found in theamples for whictN(Ge)>N(Sn) we observe only the line
lower half of the band gap, while in PbSe they are in theSr?* (Fig. 19. This obviously attests to the donor activity of
valence band.We can expect analogous behavior for iso-impurity germanium atoms.

electronic germanium impurities in the lead chalcogenides. The equation for electrical neutrality for the solid solu-
The most natural way to observe this effect in PbS and PbSgons Pl _, ,Sn_,Ge,A,S can be written as follows:

would be to use Mssbauer spectroscopy 6fGe. However,

due to experimental difficulties in carrying out such an in- 2N(Sr*)+nN(Ge) +p—N(A)=0, (2
vestigation, we have decided to study the electrical activity

of germanium impurities in PbS and PbSe by the method ofheren is the charge of the germanium centers, arid the
Mossbauer spectroscopy 8fSn. The main idea here is that concentration of holes. For the compounds we investigated
in lead chalcogenides that are simultaneously doped with tinvith x=y we can then write the expression Rras follows:
germanium, and acceptor¢e.g., PR_,_,Sn_,GeAS,

Pb,_x_,Sn.,GeA,Se), the presence of electrically active ~ R=1/2+(1—n)z/2(x—2)=p/2(x—2). 3
germanium donor centers should, under certain conditions,
change the ratio of intensities of the neutral and ionized cen-
ter lines of tin in the Mesbauer spectrum 6t°Sn compared

to samples that are doped only with tin and acceptor impu-
rities. P i ’ P P Tsn@+) Tsn(z+)

We synthesized our samples using the method described s
in Ref. 1, we studied single-phase samples for which
N(Sn)+N(Ge)=N(A) [hereN(Sn), N(Ge), andN(A) are
the concentrations of tin, germanium, and acceptors, respec-
tively]. Mossbauer spectra dt%n were measured at 80 K
using a SM 2201 spectrometer with a*&™Sn0;, source.
Typical spectra are shown in Figs. 1 and 2.

Mossbauer spectra of a PbS sample containing only tin
and an acceptor consist of a superposition of two lines with
roughly the same intensity, corresponding td'S¢a neutral
tin centey and SA™* (a doubly ionized tin donor centetsee
Fig. 1a. The ratio of the concentrationsl(Sr*") and 1o C
N(Srf*) can be determined from the ratio of aré@sinder o8
the corresponding spectra: %

S(Sret)/S(srt ) =[f(Sret)/f(Sr )] -1 0 1 2 3 4 5 €
V,mm/s
X[N(SEH)IN(SH)]. (1)

'~‘ )'M""..
% c/ b3 .
Y j “ 7 a

R .
jar'sy; .‘m\. /ﬂ%\_ g-""‘"‘"‘
* ! Y /

Relative count rate

. . ) - FIG. 1. Mcssbauer spectra of''%n in the solid solutions
According to Ref. 1, the ratio of the Msbauer coefficients pp, . sn) ., .GeNay Tl o.S: z=0 (a), 0.005(b), 0.01(c). The positions of

f for St and SA™ centers at 80 K is 0.93). In particular,  the SR* and SA* spectra are shown.
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In Fig. 3 we show the computed dependenc&ain the
ratio of the germanium and tin concentratiori§{x—z) in  tensities of these lines is explained by the fact that energy
PbS for equal charges of the germanium centers. In the calevels connected with the tin centers lie in the valence band,
culations we take into account that fB<<1 the concentra- so that the valu® depends not only on the acceptor concen-
tion of holes can be disregarded, because the Fermi level isation (as was true for PhShut also on the hole concentra-
located in the band gap. if=0 (the germanium is electri- tion. Replacement of tin by germanium is accompanied by a
cally inactive or its energy level lies below the level of)tin  decrease in the intensity of the “nline, and for
then the increase in germanium concentration should lead td(Ge)>N(Sn) only the SA" line remains in the spectrum
an increase irR as long as we have not reached complete(see Fig. 2, curvé). The experimental points shown in Fig.
ionization of all the tin centers far/(x—z)=1. If n=1 (the 3 for the solid solutions RfyeSm, o ,Ge,Nag g1Tlg o1S€ in the
germanium is a single-electron donor, and its level is aboveegion N(Ge)<N(Sn) are located on a curvshown by
the tin leve), thenR will not change as the germanium con- dot§  which  passes above the curve for
centration changes. Hi=2 (germanium, like tin, is a two- Ply ggSMhy.»-,G&Nay 01T19.0:S due to the effect of holes, but
electron donor, with a level above the tin donor Igyéhen  with a very similar slope. This obviously indicates that the
R will decrease as the concentration of germanium increasdsoelectronic germanium impurity even in PbSe is a two-
as long as all of the tin has not converted to the neutral statelectron donor, and that the energy levels of germanium lie
for N(Ge)=N(Sn)[z/(x—z)=1]. However, we should also above the tin levels.
take into account the decreaserindue to the incomplete All appearances suggest that germanium forms centers
ionization of the germanium centers. The placement of exwith negative correlation energy in both PbS and PbSe, like
perimental values oR in Fig. 3 for the solid solutions tin, which requires a special investigation.
Phy 965y »- ,GE&Nag 01Tlp.0:S shows that the isoelectronic ) i , i ,
germanium impurity in PbS is a two-electron donor and that 1 NiS Work was carried out with the financial support of
its energy levels lie below the tin levels. the Russian Fund for Fundamental Resedfgfant No. 96-
Impurity atoms of germanium in PnSe also exhibit elec-02-169574
trical activity. As is clear from Fig. 2, curve, doping of
PbSe by tin alone plus an acceptor impurity leads to thelV- M. Masterov, F. S. Nasredinov, S. A Nemov, and P. P. Seregin, Fiz.
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