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The electrical properties and low-temperature~4.2 K! photoluminescence of heavily doped
n-type layers produced by silicon and silicon/phosphorus implantation into undoped and indium-
doped Czochralski grown semi-insulating GaAs substrates have been investigated. It is
found that Si1P co-implantation results in suppression of deep levels in the anion sublattice, an
increase of donor activation efficiency, and a sharper carrier concentration profile in both
types of substrates. The use of indium-doped substrates enhances radiation defect annealing, but
does not change the donor activation efficiency. ©1997 American Institute of Physics.
@S1063-7826~97!00112-9#
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At present, ion implantation is widely used in the pr
duction of semiconductor devices. In particular, it is used
create layers with enhanced charge-carrier concentration
both types, which are necessary for the fabrication of fie
effect transistors and integrated microcircuits for various
plications. The problem of obtaining layers with the ma
mum possible electron concentration cannot be sol
simply by increasing the dose of the implanted impurity fo
number of reasons. Increases in the implantation dose
accompanied by an increase in the number of radiation
fects, and to anneal out these defects requires a more se
heat treatment, which is undesirable, in particular, becaus
the resulting deterioration of the dopant impurity profile a
the additional complication of the technology of prepari
high-quality layers. In the case of devices created
gallium-arsenide substrates, note should also be made o
possibility of introducing the implanted atoms into subla
tices of both types. This problem is all the more urgent sin
the impurity most widely used to formn-type conductivity
layers in GaAs by ion implantation is silicon, which has
low diffusion coefficient in GaAs and comparatively lo
atomic weight. At higher implantation dose levels, th
group-IV element builds itself into not only the gallium su
lattice ~as the SiGa donor!, but also into the arsenic sublattic
~as the SiAs acceptor!, thereby lowering the donor activatio
efficiency due to self-compensation. Besides, larger dose
silicon lead to the formation of deep levels in the anion s
lattice at which silicon is bound with the intrinsic lattic
defects.

Previously,1,2 it was shown that co-implantation of th
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tion efficiency. It is also known that introducing a sma
quantity of the isovalent impurity In enables one to obta
GaAs single crystals with a low dislocation density by t
Czochralski method,3 and when growing epitaxial layer
leads to a decrease in the concentration of deep levels.4,5

In the present paper we analyze the results of the c
bined use of these two isovalent impurities to obtain stron
doped layers withn-type conductivity by means of doubl
implantation of Si1P into indium-doped substrates of sem
insulating gallium arsenide grown by the Czochrals
method. A comparison is made of the experimental data
implantation of Si and Si1P into GaAs~In! substrates and
undoped GaAs substrates.

2. EXPERIMENT

Undoped and indium-doped substrates of se
insulating GaAs~100! with thickness 300mm and diameter
40 mm were cut from single crystals grown by the Czochr
ski method with liquid hermetization. The resistivity of th
substrates was 4.53108 and 2.43107 V•cm, respectively.

The process of ion implantation was carried out at ro
temperature using30Si1 and 31P1 ions with energies of 20,
50, and 125 keV. Thus, in order to obtain a homogeneou
doped layer of 0.1mm thickness, the impurity concentratio
was varied from 2.231013 to 1.631014 cm22 for silicon and
1.131014 to 1.631014 cm22 for phosphorus. The layer
were subsequently annealed at 850 °C for 15 min in an
mosphere of hydrogen under a protective layer of Si3N4 of
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FIG. 1. Dependence of the sheet electron concentration~a! and donor activation efficiency~b! on the silicon implant dose.18,19—samples implanted with
Si1P; 28,29—samples implanted only with Si. Type of substrate:18,28—doped;19,29—undoped.
thickness 0.12mm deposited on GaAs wafers pyrolytically at
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To investigate the layers obtained as indicated above

used low-temperature photoluminescence and electrical m
surements. Measurements of the mobility and charge ca
concentration were carried out by the van der Pauw met
at temperatures of 77–300 K. Profiles of the charge-car
distribution were obtained by measuring the current–volt
characteristics employing layered etching of the samp
The photoluminescence studies were performed at 4.2 K
the spectral range 800–1200 nm. Excitation was produce
an argon laser~wavelength 514.5 nm!, and an FE´ U-62
cooled photomultiplier was used to record the signal.

3. RESULTS

Figure 1 shows the sheet carrier concentration~a! and
donor activation efficiency~b! for all the samples as func
tions of the silicon implant dose. It can be seen that in
cases increasing the dose of the electrically active impu
leads to a decrease of the donor activation efficiency. H
ever, at large doses co-implantation of silicon and ph
phorus leads to an increase of the donor activation efficie
~and, consequently, the sheet electron concentration! by a
factor of 1.5–2 in comparison with implanting only silico
It can also be seen that using different types of substr
~undoped and indium-doped! has hardly any effect on thes
parameters.

The electron mobility measurements showed that as
goes from small implantation doses to large ones the mo
ity decreases from 3100 to 1800 cm2/~V•s! in samples grown
on undoped substrates, and from 3250 to2100 cm2/~V•s! on
indium-doped substrates. In comparison with implantation
only silicon ions, co-implantation of silicon and phosphor
had no adverse effect on the charge-carrier mobility, and
some cases it increased it by 30%. In other words, despite
increased concentration of nascent radiation defects,
implantation of the electrically active impurity Si and th
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crystalline perfection of the layer. It should be noted that
nonequilibrium indium distribution over the GaAs~In! single
crystal prevented us from carrying out a quantitative analy
of the obtained charge-carrier mobility data as a function
the impurity implantation dose. However, a comparison
the data for the GaAs:Si and GaAs:Si1P layers leads to
qualitatively the same results.

Figure 2 shows a typical profile of the charge-carr
concentration with depth in the layer, obtained by measur
the current–voltage characteristics. It can be seen that in
dition to a steeper profile of the electron concentration p
file, co-implantation of silicon and phosphorus leads to
increase of the maximum carrier concentration by 20–5
in comparison with single implantation.

Figure 3a shows low-temperature photoluminesce

FIG. 2. Typical electron concentration profiles in GaAs:Si1P ~1! and
GaAs:Si~2!.
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FIG. 3. Low-temperature~4.2 K! luminescence spectra of GaAs layers obtained by implantation of small~a! and large~b! doses of Si and Si1P into an
undoped substrate:1—co-implantation,2—implantation of only silicon,3—spectrum of substrate.
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small doses of the implanted impurities. The photolumin
cence spectrum of GaAs is also shown for comparison.
doped GaAs revealed photoluminescence lines, which
associated with the interband transitions~1.512 eV!, and also
lines belonging to the transitions between the band and
shallow C and Ge acceptors~1.492 and 1.476 eV!, accom-
panied by a series of phonon echoes.6 In the case of single
silicon implantation and in the case of co-implantation
Si1P the total photoluminescence intensity increases. T
increase is more noticeable in the sample with single imp
tation. The intensity of the lines associated with the shall
acceptors is increased to a larger extent than that of the
-
n-
re

he

f
is
-

es

is shifted toward longer wavelengths. While in the case
co-implantation this shift can be explained by an increase
the contribution of donor–acceptor recombination with p
ticipation of the background carbon acceptor, for single s
con implantation the greater shift of the acceptor band m
be attributed to the appearance of lines associated withGa

~Ref. 6!. With increase of the dose of the implanted io
~Fig. 3b! in GaAs:Si an extraordinarily wide acceptor ban
with maximum at 1.45–1.47 eV, whose intensity grows w
further increase of the implantation dose, appears in the s
trum. For the co-implanted samples instead of the band
1.45–1.47 eV a weak wide line is observed in the region
FIG. 4. Low-temperature~4.2 K! luminescence spectra of GaAs layers obtained by implantation of small~a! and large~b! doses of Si and Si1P into an
indium-doped substrate:1—co-implantation,2—implantation of only silicon,3—spectrum of substrate.
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Photoluminescence spectra of the samples prepare

the indium-doped substrates are shown in Fig. 4 for smal~a!
and large~b! doses. Changes caused by the difference in
implantation doses and in the choice of implanted ions h
the same qualitative character as in the previous case
lines are shifted toward longer wavelengths as a result
decrease in the width of the band gap of the material du
the presence of indium. Note that the emission bands 1.
1.47 eV@for GaAs~In!:Si# or 1.2 eV@for GaAs~In!:Si,P# are
manifested at larger implantation doses than in the cas
undoped substrates. The total photoluminescence intensi
samples grown on indium-doped substrates is higher a
implantation doses in comparison with samples prepared
undoped substrates. In addition, in the case of indium-do
substrates an increase of the contribution of donor–acce
transitions is noted in comparison with the material prepa
on undoped GaAs substrates.

4. DISCUSSION

The results of our study show that the effect of c
implantation of silicon and phosphorus is manifested in
similar way for samples prepared on undoped and indiu
doped samples.

The photoluminescence studies showed that as the
con implantation dose is increased, not only are SiGa donors
formed in gallium arsenide, but also SiAs acceptors, as wel
as complexes responsible for the photoluminescence b
centered at 1.45–1.47 eV. There is a general tendenc
associate this photoluminescence band with the presenc
GaAs , Gai – SiAs , and VAs-SiAs defects in the anion
sublattice.2 In the case of co-implantation of Si1P these de-
fects disappear, while deep centers which are associated
theVGa-SiGa complex, appear in the cation sublattice, lead
to the appearance of the 1.2-eV photoluminescence li7

The reason for this effect may be a deviation from stoic
ometry, which is caused by the ions of the isovalent impu
P and which leads to a group-V element excess and a re
tribution of the amphoteric impurity Si toward a preferent
creation of donor states at the gallium sites. This hypoth
is confirmed by measurements of the sheet electron con
tration.

The use of indium-doped GaAs substrates leads to
suppression of deep defects formed during ion implantat
Thus, the photoluminescence studies showed that the e
sion bands associated with the GaAs , Gai – SiAs , and
VAs-SiAs defects in the case of single silicon implantation a
with the complexVGa-SiGa in the case of co-implantation ar
manifested only at maximal doses of the implanted impu
ties. A similar phenomenon was observed earlier in epita
indium-doped GaAs films obtained by various methods.4,5 It
is known that indium impurity in GaAs is not electricall
active. However, local lattice strains created by the indi
atoms can act on such point defects as vacancies, intersti
etc. Here the indium atoms can act on the centers of mu
annihilation of Frenkel pairs, thereby preventing the form
tion of complexes of the intrinsic lattice defects and silico
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of the crystal lattice and to an increase of the charge-car
lifetime, as is confirmed by an increase in the intensity of
photoluminescence edge emission. It might be expected
a decrease in the number of nascent complexes will lea
an increase in the donor activation efficiency; however, ty
cal values of the deep center concentrations are much lo
than the silicon donor concentration and, consequently,
sheet electron concentration in the case of undoped
indium-doped substrates is nearly identical.

5. CONCLUSIONS

Experimental studies of the electrical properties of lo
temperature photoluminescence ofn-type layers, which were
obtained by implanting silicon ions and silicon along wi
phosphorus into undoped and indium-doped, semi-insula
GaAs substrates, have shown that co-implantation incre
the degree of activation of donors and provides a m
sharply defined distribution profile of the dopant at high le
els of implantation for both types of substrate. We found t
co-implantation suppresses the formation of deep levels
the anion sublattice, and that it leads to the formation of d
defects in the gallium sublattice. These phenomena are p
ably attributable to the deviation from stoichiometry pr
duced by isovalent phosphorus~P! impurity which stimulates
the silicon-ion-induced formation of shallow donor states
the gallium sites. The use of GaAs substrates doped w
indium during their growth has no effect on the electr
concentration in the layer but is conducive to better anne
ing of radiation defects that are produced during ion impla
tation.

This study was financially supported by the Russ
Fund for Fundamental Research.
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ELECTRONIC AND OPTICAL PROPERTIES OF SEMICONDUCTORS
Evolution of the current-voltage characteristics of photoluminescing porous silicon
during chemical etching
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It has been established that chemical etching of porous silicon in HF results in a large change in
the current-voltage characteristics and photoluminescence parameters of the silicon. The
results of the investigation can be used to increase the efficiency of electroluminescence structures
In–^porous Si&–Al by increasing the injection level of minority carriers and realizing a
regime of double injection and high surface recombination rate near the surface of porous silicon.
© 1997 American Institute of Physics.@S1063-7826~97!00511-5#
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Porous silicon~PS! consists of a single-crystal Si laye
in which a network of channels–voids, ranging in size fro
several nanometers to several microns, is formed by elec
chemical treatment in hydrofluoric acid. Porous silicon, a
specific morphological form of crystalline silicon, has be
known for more than 30 years. The observation of inte
room-temperature photoluminescence of porous Si attra
special interest in this material.1 The discovery of this effec
stimulated intensive investigations of the electrical and o
cal properties of this material. It has now been establis
that porous Si is a semi-insulating, semiconductor mate
with a wider gap than that of bulk Si, which possesses a h
density of deep centers whose existence and character
are determined by the state of the inner surface of
voids.2–4 Electric excitation of the electronic states in poro
Si, which is necessary for subsequent radiative recomb
tion, can be achieved by charge-carrier injection. Structu
with injecting contacts have been realized in light-emitti
devices with liquid electrolytic and solid-phase film conta
attached to the porous Si layer.5,6 Over the last three years
the quantum efficiency of electroluminescence structu
based on porous Si has improved from 0.01% to 0.1–0.27

mainly as a result of optimization of the design and fabri
tion technology of injecting contacts. To further improve t
parameters of such structures, the electrical characteristic
porous-Si layers and the effect of different technological f
tors on them must be investigated in greater depth.

2. EXPERIMENTAL PROCEDURE

The object of the investigations were In–^porous Si&–Al
~In–P-Si–Al! structures. Porous-Si layers, 20mm thick,
were obtained by anodizing a~100! surface ofp-type Si with
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taining one part by volume of 48% HF acid and 1 part
isopropyl alcohol. The anode current density was maintai
constant during the anodization process and was equa
15 mA/cm2. Chemically destructive treatment, during whic
the porous-silicon layer was etched off, was conducted in
solution HF~48%!1H2O ~1:1!. An ohmic contact to the
backside of the substrate was produced by deposi
Al. A 0.02-cm2 clamped In probe was used as the upp
contact for measuring the current-voltage characteris
~IVCs!. Such a contact is not ideal for porous Si, but it pe
mits tracing the staged change in the layer and surface
rameters of the same porous-silicon structure as it is etc
off. The current-voltage characteristics of the In–P-Si–
structures were measured on an automated tester for m
toring the static parameters of 14TKS-100 transistors. In
structure under study, the forward direction was obtain
with a positive voltage applied to the Al contact and, cor
spondingly, the reverse direction was obtained with a ne
tive voltage. The IVCs were analyzed in the form of th
dependence of the differential slopea5d log I/d log u on
the applied voltage. The parameters of the porous Si la
and the In–P-Si and P-Si–Si interfaces were determined
the basis of the theory of injection-contact phenomena
semiconductors.8 The change produced in the morphology
porous Si by the chemical destruction of the silicon w
studied in a SEM- S-806 scanning electron microscope.

The photoluminescence spectra were measured on s
dard equipment under excitation with a 25-mW argon la
(l5514.5 nm!.

3. EXPERIMENTAL RESULTS AND DISCUSSION

The evolution of the current-voltage characteristics
In–P-Si–Al structures as a function of etch timetd is shown

122121221-04$10.00 © 1997 American Institute of Physics



FIG. 1. Evolution of the current-voltage characteristics of a In–^porous Si&–Al structure in the forward~a! and reverse~b! directions as a function of etch time
td , s: 1 — 0, 2 — 5, 3 — 40, 4 — 70, 5 — 110.
in Fig. 1. The results of analysis of the IVCs in the form of
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a dependence of the differential slopea on the applied volt-
age and the etch time of the porous-Si layer are presente
Fig. 2. Such an analysis makes it possible to distinguish
ohmic sections witha51, characteristic sections witha52,
current sections witha.2, sections of current saturatio
with a,1, and other features of the IVCs. As follows fro
Fig. 1, the initial IVC in the forward direction has a sma
sublinear section of rectification with a bias of the order
30 V, and sublinearity is observed in both directions at c
rents of the order of 1027 A ~Fig. 1a and 1b, curve1!. This
could be due to the formation of an oxide layer on the wa
of the voids. The photoluminescence spectrum~Fig. 3,
td50) has a maximum (lmax5790 nm! and an intensity
I fl max of the order of 0.1 of the maximum value.

Etching for 5 s removes the oxide layer. This decreas
the resistance by 1.5 orders of magnitude in the forw
direction and by an order of magnitude in the reverse dir
tion ~Fig. 1a and 1b, curve2!. The intensity of the photolu-
minescence increases by an order of magnitude without
change in the position of the maximum~Fig. 4, td55 s!.

The quantitative and qualitative changes in the forw
and reverse IVCs for etch times of the porous-Si layer fr
5 to 35 s were very small: The forward currents doubled. T
photoluminescence intensity had a maximum value and
constant, but the spectrum underwent a blue shift from
to 740 nm~Fig. 4, 5,td<35 s!. Increasing the etch time b
another 5 s (td540 s! not only increased the forward an
reverse currents~Fig. 1, curve3!, but also led to the appear

1222 Semiconductors 31 (12), December 1997
in
e

f
-

s

s
d
-

ny

d

e
as
0

(a50.52, Fig. 2b, curve3!, pronounced current jump
(a53.5, 4.2; Fig. 2a, curve3! on the forward IVC, and
vanishing of the quadratic section on the reverse branch~Fig.
2b, curve3!. On the one hand, this gave rise to a decreas
the thickness of the porous-Si layer and etching off of
layer and, on the other, it attests to an improvement in
minority-current-carrier injection condtions at the In–P-
boundary under a forward bias. At the same time, the p
toluminescence intensity dropped by an order of magnit
~Fig. 3, td540 s!, but the position oflmaxchanged very little.

Subsequent etching of the porous-Si lay
(40,td<70 s! produced a very small increase in the satu
tion current of the reverse IVCs up to 431026 A ~Fig. 1a
and 1b, curves3 and 4! and an increase in the degree
saturation~from a50.52 with td540 s up toa50.2 with
td570 s; see Fig. 2b, curves3 and 4, respectively!. The
currents on the forward IVC increase substantially, the IV
is not exponential, and the current jumps increase toa56.4.
In this case, a change in the polarity of the applied voltag
accompanied by a substantial rectification; the rectificat
coefficient has the largest value in the range 20–30 V
reaches a value of 104, which produces favorable condition
for injection of two types of carriers and appearance of el
troluminescence in this layer. A diode-type IVC also corr
sponds to a maximum blue shift (lmax5680 nm!. Investiga-
tions in an electron microscope showed that the por
structure of the Si layer remains, and that the thickness of
porous-Si layer decreases to 3mm. The latter circumstance

1222Gorbach et al.
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FIG. 2. Differential slopea5d log I/d log u versus applied voltage in the forward~a! and reverse~b! directions for the current-voltage characteristics sho
in Fig. 1.
suggest that surface centers play a dominant role for explain-
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ing the nature of photo- and electroluminescence.
Etching for 110 s was sufficient in our case to disso

the porous-Si layer. This is indicated by the fact that
IVCs are qualitatively the same in the case of both polari
~Figs. 1a and 1b, curve5!. However, because of the particu
lar shape of the Si surface, the current for the observed IV
differs by an order of magnitude from the current in the ca
of structures fabricated on the basis of a Si single crysta

The theory of injection–contact phenomena in semic
ductors was used to estimate the parameters of the poro
layer and In–P-Si and P-Si–Si interfaces.8–10Figure 4 shows
the following curves:

— attachment coefficientgr of charge carriers on local
ized states lying above the monoenergetic center~Fig. 4a!
versus etch time;

— densitiesNr corresponding to the filling of localized
states determined from to the current jumps versus the
ergy position of these states~Fig. 4b!;

— surface recombination rateSk at the In–P-Si interface
~Fig. 4c! versus the etch time.

It should be noted that the parameters presented ab
are approximate because of the large uncertainty in both
geometric dimensions of the elements in the porous struc
and in the physical parameters employed for the calculatio
We used the following material constants: majority and m
nority charge carrier mobilitymp5380 cm2/~V•s) and
mn51400 cm2/~V•s), respectively; majority and minority
charge carrier effective massesmp50.4m0 andmn50.8m0 ,
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Figure 4a shows that the change in the attachment c

ficient of minority charge carriers (gr.105) on upper-lying
local states in the region adjoining the P-Si–Si bound
changes very little in the process of chemical etching of
rous Si, whilegr in the region adjoining the In–P-Si bound
ary decreases by four orders of magnitude. In other wo
chemical etching sharply decreases the number of sha

FIG. 3. Photoluminescence intensityI at the maximum and positionL of the
maximum of the photoluminescence spectra versus etch timetd , s: 1 — 0,
2 — 5, 3 — 15, 4 — 25, 5 — 35, 6 — 40, 7 — 70, 8 — 80, 9 — 110.
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attachment centers on the outer boundary of the porous
This could promote injection of minority current carriers
the porous-Si layer and, correspondingly, an increase in
recombination, which in turn can increase the probability
radiative recombination. The energy distribution of deep
combination centers@Nr(Er) in Fig. 4b# attests to the fac
that they coincide at energies ranging from 0.58 to 0.72
for both boundary regions of porous Si, and their dens
increasing by two orders of magnitude with decreas
depth. As the energy depth of the deep recombination cen
decreases further to 0.52 eV, their density decreases fo
region near the In–P-Si interface by more than an orde
magnitude compared with Si–P-Si. It should be noted t
the surface recombination rateSk at the outer boundary~In–
P-Si! ~Fig. 4c! is correlated with the photoluminescence i
tensity ~Fig. 3!: The maximum values of the photolumine

FIG. 4. Curves calculated from the experimental data: a — Charge-carrier
attachment coefficientgr versus etch timetd ; the curves1 and 2 were
determined at the P-Si–Si and In–P-Si interfaces, respectively; b — density
Nr of localized states versus their energy; c — surface recombination rateSk

at the In–P-Si interface versus etch timetd .
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which also indicates that the skin layer of porous Si m
play a dominant role for efficient photoluminescence. T
contact is close in this case: For all values oftd , chemical
etching does not change the contact gap width at the
Pi-Si boundary and the gap width is of the order
(260.5)31028 cm, i.e. the screening radius in a metal.8

The skin layer of porous Si probably also plays a det
mining role in the appearance of electroluminescence in
porous Si-layers studied by us. In our view, a rectifying IV
is also necessary to obtain electroluminescence. Such an
can be obtained by etching the initial porous Si for 40–70
Furthermore, a double-injection current regime must be re
ized in order to obtain a sufficient recombination intensity.
discrimination factorQ, defined as the ratio of the volum
charge in the zone of the experimental structure to the cha
carrier density in the conduction band, in all cases was m
greater than 1: it was of the order of 106.

In summary, chemical etching of porous Si in HF resu
in large changes in the IVCs, the photoluminescence spe
and the morphology of porous Si with increasing etchin
These changes can be explained by assuming that the p
erties of porous Si are nonuniform over the thickness.
method was proposed for increasing the probability of o
taining electroluminescence by producing the required c
ditions in an In–P-Si–Si–Al structure: increasing injectio
of minority charge carriers, realization of a double carrie
injection regime, and creation of a high surface recombi
tion rate in the skin layer of porous Si.

A. V. Bondarenko is grateful to the G. Soros Intern
tional Program for Education in the Field of the Exact S
ences for partial financial support of this work.
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Energy spectrum of oxygen-implanted lead telluride deduced from optical absorption

an-
data
A. N. Ve s

St. Petersburg State Technical University, 195251 St. Petersburg, Russia
~Submitted December 18, 1996; accepted for publication April 22, 1997!
Fiz. Tekh. Poluprovodn.31, 1419–1421~December 1997!

The thermoelectric power and optical absorption spectra of single-crystal PbTe, implanted with
oxygen and vacuum annealed, have been investigated. A quasilocal level, which could be
associated with oxygen, was found in the PbTe:O1 valence band. ©1997 American Institute of
Physics.@S1063-7826~97!00611-X#

Annealing in air or in an oxygen atmosphere~so-called pared optical surfaces of the samples. Postimplantation
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activation! has long been used to produce photodetec
based on lead chalcogenides.1–4 This explains the interest in
studying the characteristics of the doping effect of oxyg
and the energy spectrum in activated layers. The object
such investigations were mostly single-crystal lead sulfi
films. It was established that activation diminishes the d
sity Vch of anionic vacancies and the type of conductivity
the films is inverted fromn-type to p-type conductivity.
These facts form the basis of two models explaining
characteristics of the doping effect of oxygen in lead chal
genides. According to one model, the hole-type conductiv
in activated films is due to lead vacancies. The other conc
attributes the inversion of the type of conductivity in ac
vated films to the acceptor action of oxygen.

The investigation of the electrical and photoelect
properties has suggested that two energy level
recombination and attachment~see Refs. 1–4 and the wor
cited there! exist in the band gap of activated films. Appa
ently, the best substantiated assumption is that of Ref
according to which both levels are associated with intercr
tallite layers along which current transport in activated film
occurs. However, if both levels are associated with the ac
of oxygen in a lead sulfide matrix,1–4 it is difficult to under-
stand the reason for such a strong dependence of the en
characteristics of these deep levels on the technology use
fabricate the films and the methods for activating them.

The many experimental studies performed on activa
polycrystalline films, therefore, have not established eit
the mechanism of the doping effect of oxygen or the ene
spectrum of this impurity in lead chalcogenides. In t
present paper we report the latest results of the ongo
study of this problem. However, single-crystal lead telluri
with a variable density of anionic vacancies was chosen
this study as the object of investigation. The densityVch was
decreased either by introducing intrinsic defects or by int
ducing thallium as an acceptor impurity~with density
NTl<0.1 at. %! and superstoichiometric tellurium Teexc into
the charge and the density was increased by ionic dop
with argon with doses 103– 104 mC/cm2.

Oxygen was introduced into the experimental samp
by ion implantation ~ion energy —100 keV, ion current
—0.5mA/cm2!. This method makes it possible to dop
single crystals with a high degree of layer-wise uniformi
The ion implantation process was conducted through pre
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nealing of the samples was performed in evacuated qu
cells for 1 h atT5300 °C. After implantation and annealing
the thicknesses of the experimental samples were decre
to d53 – 6mm by mechanical grinding and polishing of th
opposite~with respect to implantation! sides. The optical ab-
sorption spectraa and the thermoelectric powerS were in-
vestigated by a probe method at all stages of doping
annealing. The experiments were performed at a tempera
of 96 and 300 K.

Some experimental results are shown in Fig. 1. The
tical data obtained in the initial samples are characteristic
lead telluride in the absence of strong self-compensat
Among the initial samples, the spectraa~\v! in p-type
PbTe:Tl, Teexc were most complicated. These spectra~curve
1 in Fig. 1!, together with the componentsaSL, which are
associated with optical transitions of electrons between
extremaL6

1 and S5 of the valence band, were observed
contain bell-shaped featuresa0 which are due to the optica
charge transfer on thallium impurity centers6 ~the indicated
additional absorption bands are marked by arrows in Fig.!.
The energy diagram for PbTe:Tl, Teexc is shown in Fig. 2.
The energy levelsEi ( i 50,1, . . . ,4) in thediagram corre-
spond to the bandsa i in the optical absorption spectra. Th
spectral dependences of the optical absorption coefficien
PbTe:Ar1 have been studied before and are presented in
7. No bands of appreciable intensity, which provide eviden
of the existence of local or quasilocal states, were obser
in the spectraa~\v! of the other samples.

Oxygen implantation is accompanied by inversion of t
conductivity typep→n. This is indicated not only by the
change in the sign of the thermoelectric power, but also
the results of investigations of the optical absorption spec
As one can see from Fig. 1~curve 2!, characteristic bell-
shaped, additional absorption bandsa1 and a2, which are
associated with singlet and doublet terms of the chalco
vacancy, appear in these spectra.7,8 The contribution of the
nonimplanted part of the samples is manifested in the fo
of the bandsa0 associated with thallium.

Annealing of the oxygen-implanted samples is accom
nied by reversion of the conductivity fromn-type top-type.
This is indicated by a change in the sign ofS and the ap-
pearance of new bands (a3 anda4) in the optical absorption
spectra~Fig. 1, curves3, 4!. The first of the indicated band
was also observed earlier in Ref. 6 in strongly compensa

122521225-03$10.00 © 1997 American Institute of Physics
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PbTe, doped with Na or Tl and superstoichiometric lead,
it was attributed to intrinsic donor-type defects, presuma
Vch. The second band (a4) has no analogs in the publishe
data and points to the existence of a new quasilocal le
which can be attributed to the effect of oxygen, in oxyg
ion-doped and annealed samples.

The optical charge transfer energies at different cent
which give rise to the appearance of bell-shaped feature
the spectraa~\v!, were determined by calculating the fre
quency dependences of the additional absorption coeffic
In so doing, the methods described in detail in Ref. 8
distinguishing the bell-shaped components from the opt
absorption spectra and calculating their spectral depende
were used. It was found that atT5300 K the optical charge

FIG. 1. Spectral dependences of the absorption coefficient inp-PbTe:Tl,
Teexc ~1, 2, 4, 5! and n-PbTe doped by deviation from stoichiometry~3!.
T5300 K. 1—Initial sample;2–5—ion-implanted samples. Impurities in
troduced:2, 3—O1, 4—Ar1 and O1, 5—Ar1. Implanted oxygen dose
DO1 , 103 mC.cm2: 1, 5—0; 2, 3—3; 4—2. Implanted argon doseDAr1 ,
103 mC/cm2: 1–3—0; 4—10; 5—3. Annealing:2—no, 3–5—yes.
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transfer energyE0 is 0.28560.007 eV at a thallium impurity
center,E350.24560.010 eV for a chalcogen vacancy, an
E450.18060.015 eV for a center associated with oxyge
The indicated values ofE0 , E3 , and E4 were obtained by
averaging the data for seven samples, which was done
methods of mathematical statistics using the Stud
distribution9 with reliability tS(n)50.95. As the temperature
was lowered to 96 K, the values ofE0 , E3 , and E4 de-
creased to 0.2260.02, 0.17560.020, and 0.1460.02 eV, re-
spectively. We note that the values ofE0 andE3 determined
for PbTe:O1 correspond to the data for lead telluride dop
with sodium or thallium and superstoichiometric lead.6

In conclusion, we shall briefly discuss some features
the experimental data which we obtained. First, it was fou
that the intensity of thea4 bands increases not only wit
increasing implanted-ion dose, but also with increasing d
sity of anionic vacancies in the initial samples. This resul
consistent with the existing concept, according to which o
gen occupies a site in the chalcogen sublattice, healing

FIG. 2. Energy scheme:~a,b!—p-PbTe:Tl, Teexc in initial state~a! and after
O1 implantation~b!; c—n-PbTe, doped by deviation from stoichiometry
after O1 implantation and vacuum annealing. The arrows mark optical e
tron transitions giving rise to additional absorption bands in the spe
a~\v!.
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cancies are present in the optical spectra of vacuum anne
PbTe:O1. As is well known,10 annealing of ion-implanted
lead chalcogenides under substantially less stringent co
tions ~25 min atT5250 °C! ordinarily results in aging of all
radiation defects, including vacancies. This is also confirm
by the data obtained in our study. As one can see from
1 ~curve4!, there are noa3 bands in the spectruma~\v! of
p-type PbTe:Tl, Teexc implanted with argon to a dose o
104 mC/cm2 and vacuum annealed for 1 h at T5300 °C.
The impossibility of completely removing intrinsic defec
during annealing shows that oxygen is an acceptor in P
and is compensated for by chalcogen vacancies.

In summary, our investigations show that as a resul
ion implantation and annealing, oxygen occupies chalco
vacancies and is an acceptor in PbTe. The quasilocal l
E4 deep in the valence band is due to impurity oxygen.
other local or quasilocal states that could be due to oxyge
associates including oxygen were found in single-crys
PbTe:O1.
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of lead telluride.
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Spectral, energy, and temporal characteristics of two-photon-excited fluorescence

of ZnSe single crystal in the blue region of the spectrum

A. M. Agal’tsov, V. S. Gorelik, and I. A. Rakhmatullaev

P. N. Lebedev Physical Institute, Russian Academy of Sciences, 117924 Moscow, Russia
~Submitted February 17, 1996; accepted for publication May 13, 1997!
Fiz. Tekh. Poluprovodn.31, 1422–1424~December 1997!

Two-photon-excited fluorescence~TPEF! spectra of a ZnSe crystal in the blue region of the
spectrum have been obtained. The dependence of TPEF on the intensity of the laser radiation has
been investigated. It has been established that the energy TPEF are nonlinear. The integrated
laser radiation into TPEF conversion coefficient has been measured and was found to be;1026.
The TPEF spectra of ZnSe as a function of the delay time were studied. ©1997 American
Institute of Physics.@S1063-7826~97!00811-9#

There has been a rather quite large number of studieslow-energy region of the spectrum: 2.705 (A), 2.676 (ALO),
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devoted to the photoluminescence of ZnSe crystals in
blue region of the spectrum.1–3 Specifically, in Ref. 2 the
luminescence spectra of ZnSe crystals excited by the t
harmonic of a Nd31-activated aluminum yttrium garnet lase
(l5353.3 nm) operating in the single-pulse or low puls
repetition-frequency regime, were recorded.

A new method for observing fluorescence spectra
crystals has recently been developed.4,5 The method is based
on two-photon excitation of the electronic states of the cr
tal with periodic-pulse laser pumping. Since the crystal w
transparent to the exciting laser radiation, the fluoresce
radiation spectrum was recorded in a quasi-continuous
gime from a comparatively large volume of the sample.
our study, we addressed the problem of obtaining the fl
rescence spectra by two-photon excitation~TPE! in a ZnSe
single crystal with periodic-pulse laser pumping. We a
investigated the dependences of the spectra on the inte
of the exciting radiation and the delay time in the record
system.

The measurements were performed on samples of Z
single crystals of a cubic modification with~111! surface
orientation. The yellow lasing line (l5578.2 mn) of a
copper-vapor laser was used to excite the TPEF spectra.
average lasing power was equal to 2 W, the laser pulse
ration was equal to 20 ns, and the pulse repetition freque
was equal to 8 kHz. A FS-17 light filter was placed in fro
of the experimental object in order to remove lines due to
discharge in the gaseous medium of the laser.

The TPEF spectra were recorded in an ‘‘in reflectio
scheme, described in detail in Refs. 4 and 5. A BG-12 fi
was placed in front of the MDR-2 monochromator slit
order to keep out the exciting radiation. The spectral reso
tion was equal to 0.1 nm and the temporal resolution w
equal to 10 ns. The experimental investigations were p
formed at room temperature.

Figure 1 shows the TPEF spectra of a ZnSe single c
tal. The spectra were obtained with different copper-va
laser radiation power levels. In Ref. 2 it was shown that
main band~2.789 eV! of ZnSe at 77 K has a complicate
spectrum: It splits into three components with maxima
2.793 (Ex), 2.775 (I 1), and 2.745 eV (I LO), respectively.
Besides the main band, a series of peaks is observed in
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2.645 (A ), and 2.611 eV (A ). It was also shown in
the same work that at 300 K a band with two maxima nea
2.690 and 2.610 eV is observed in the experimental Zn
crystals. In our case~Fig. 1!, the observed spectrum con
sisted of a wide asymmetric band in the region 460–490 n
The curve 1 corresponds to the initial power (P50.80
3107 W/cm2). The TPEF radiation intensity was observe
to increase with the laser radiation intensity~curves2 and3!;
furthermore, in the process, the contour became ‘‘deforme
with increasing relative intensity of the short-waveleng
wing; the position of the maximum in the curves~1–4! cor-
responds to 475 nm.

The character of the dependence of the TPEF inten
on the power of the exciting radiation is presented in Fig.
This dependence corresponds to wavelengthl5475 nm
~Fig. 1, arrow!. As one can see from this figure, for compar
tively low powers of the exciting radiation the powe
dependence I (P) is quadratic. As P increases
(P.1.103107 W/cm2), this dependence is characterized
an explicit deviation from a quadratic law. This effect can
explained by a transition occurring at high pump power le
els from spontaneous fluorescence to stimulated fluo
cence, i.e. superfluorescence. It was established on the
of the measurements performed that for the peak intensit
the exciting radiation, the coefficient of conversion in
TPEF for 475 nm equals;1028; for the integrated intensity
of the exciting radiation, the coefficient of conversion in
TPEF equals;1026.

The TPEF spectra obtained for ZnSe with different de
times with respect to the exciting lasing pulse are presen
in Fig. 3. Curve1 was obtained with zero delay and pow
density P52.003107 W/cm2. For a delayt535 ns ~curve
1! the intensity of the TPEF signal drops sharply. The po
tion of the maximum of the TPEF band (l5475 mn) shifts
by 3 nm in the long-wavelength direction and corresponds
478 nm. For delays of 80 and 100 ns, the TPEF signal
creases even more; the maximum in the spectrum shift
480 nm. The spectrum observed in the latter case is foun
be similar to the luminescence spectrum obtained at low
tensity ~Fig. 1!, and it is similar to the resonance fluore
cence spectrum.6

The observed differences of the TPEF spectrum of Zn

122821228-03$10.00 © 1997 American Institute of Physics
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from the previously observed resonance photoluminesce
spectra~Fig. 1! can be interpreted as follows. The energy
free excitons in zinc selenide isEx52.812 eV and
A52.690 eV ~Fig. 1!, which corresponds to wavelength
l5440.9 and 460.9 nm. Peaks due to the decay of exci

FIG. 1. TPEF spectra of a ZnSe single crystal. The spectra were obta
with different pump powers. Power density, 107 W/cm2: 1—0.8, 2—1.1,
3—1.5, 4—2.

FIG. 2. TPEF intensityI ~1! and I 1/2 ~2! versus pump powerP and the
theoretical dependence corresponding to the quadratic law~3!. The curves
correspond to wavelengthl5475 nm.
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into a photon and one or several longitudinal optical phon
appear in such spectra~Fig. 1!. As one can see from Fig. 1
~see position of the arrow!, the maximum intensity in the
TPEF spectrum corresponds to three-phonon repeti
(A3LO). The absence of components with shorter wa
lengths in the TPEF spectra can be explained by the fact
these components are absorbed in the volume of the sam
while such absorption is very weak for resonance fluor
cence occurring in a thin surface layer of the crystal.

The deformation of the TPEF contour—an increase
the intensity of the short-wavelength region—with increa
ing exciting radiation intensity can be explained by a grad
transition from the spontaneous into induced fluoresce
regime ~superfluorescence!. This result is confirmed by the
observed dependence of the TPEF intensity on the exci
radiation density. It is evident from Fig. 2 that fo
P51.53107 W/cm2 this dependence is characterized by
exponent greater than 2. This attests to a transition into
superfluorescence regime, since in the spontaneous TPE
gime this dependence if quadratic, i.e.,I TREF;P2.

The observed changes in the form of the TPEF spe
with different delay times~Fig. 3! can also be interpreted a
a manifestation of superfluorescence with a high pu
power density. In the case of zero delay~curve1!, the TPEF
spectrum is shifted into the short-wavelength region, sin
the induced emission occurs practically synchronously w
the pump pulse. When the strobe pulse is shifted, the fl
rescence spectrum acquires a spontaneous character, wh
expressed as a deformation of the contour of the spectru
sharp decrease in the intensity, and a change in the pos
of the maximum of the TPEF band.

In summary, TPF spectra of a ZnSe single crystal in
blue region of the spectrum have been obtained by

edFIG. 3. TPEF spectra of a ZnSe single crystal. The spectra were obta
with different delay times, ns:1—0, 2—35, 3—80, 4—100.
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dences of the spectra on the pump power and delay
were investigated. It was established that the energy de
dences of TPEF are nonlinear. The observed changes in
TPEF spectra at high pump powers are explained by
appearance of induced fluorescence.

The data obtained on the TPEF spectra of a ZnSe si
crystal can be used to develop methods for analyzing
characteristics of luminophores containing zinc selenide.
possible to investigate not only chemically pure materials
also materials of heterogeneous compounds and also s
tures with impurities and defects.

The stimulated TPEF effect observed by us for Zn
crystals at room temperature opens up the possibility of p
ducing new tunable-wavelength lasers in the blue region
1230 Semiconductors 31 (12), December 1997
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must be performed using optical cavities.
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Photoconductivity of sulfur-doped silicon near 10.6 mm
Kh. B. Siyabekov and V. T. Tulanov

Tashkent State University, 700095 Tashkent, Uzbekistan
~Submitted December 18, 1996; accepted for publication February 25, 1997!
Fiz. Tekh. Poluprovodn.31, 1425–1427~December 1997!

The extrinsic photoconductivity of Si^S& under short-wavelength~10.6mm! illumination was
investigated in the pulsed regime. It was found that sensitivity can be increased by 2–3
orders of magnitude by short-wavelength illumination. It was established that increasing the degree
of compensation of the impurity levels of sulfur byg-ray-induced acceptors decreases both
the dark conductivity and the photoresponse due to pulsed illumination with a CO2 laser. © 1997
American Institute of Physics.@S1063-7826~97!01412-9#

The photoconductivity of sulfur-doped silicon near power of the radiation pulse. A double-beam oscillograph~6!
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10.6 mm has been studied very little. We know of only on
work,1 where the photoconductivity of Si^S& near 10.6mm
was investigated at 5 K.

Our objective in the present work was to investigate
10.6 mm photoconductivity of Si^S& at liquid-nitrogen tem-
perature under the conditions of combined excitation
light.

1. SAMPLE PREPARATION TECHNOLOGY

The starting material consisted of 1.5 mm thick a
30 mm in diameter plates ofp-type single-crystalline boron
doped silicon with resistivityr51600V•cm.

Sulfur diffusion was conducted at 1250 °C for 20 h fo
lowed by cooling in air at a rate of 20 deg/s.

Measurements of the emf by the mobile light-pro
method revealed that an inversion layer with conductivi
type opposite to that in the bulk of the crystal formed at
surface of the sample after diffusion. This layer, which
depleted of majority carriers, was of the order of 100mm
thick.

Next, the surface inversion layers were ground off bo
sides of the plate and phosphorus was diffused at 1200 °
order to deposit ohmic contacts. After phosphorus diffusi
one side of the plate was ground down by an amount gre
than the diffusion penetration depth of the P impurity. Ph
toresistors were prepared from this series of plates. For
samples in the form of 103531.5 mm3 parallelepipeds
were cut from this plate. In contrast to the photodetecto
ohmic contacts were prepared by electrolytic precipitation
nickel. The nickel contacts were separated by 5 mm. T
fabrication of the photoresistors was completed by solde
nickel electrodes~thin wires!.

2. EXPERIMENTAL PROCEDURE AND RESULTS

The apparatus represented by the schematic diagra
Fig. 1 was used to investigate the photoconductivity
sulfur-doped silicon in the pulsed regime.

A mirror ~3! projects through a 3-mm in diameter ope
ing ~4! light from a CO2 laser~1! onto the open surface o
the sample~5!. A half-transmitting silicon mirror~2! diverted
part of the radiation onto a combined germanium photo
tector ~11! for the purpose of monitoring the shape a
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was used to measure the current kinetics and to monitor
radiation pulse. A voltage pulse produced by a generator~7!
is fed into the measuring circuit. A generator~8! synchro-
nously triggers the laser, the oscillograph, and the pow
supply generator. The measured signals in the form of
dark current and the photocurrent are taken from the l
resistance~9!.

A LGI-50 pulsed CO2 laser with a longitudinal dis-
charge, which produced a weak interference, served as
radiation source for investigation of the photoconductivity

To obtain quantitative characteristics, it is necessary
know the temporal distribution of the laser radiation inte
sity. Two measurements were performed for this purpo
The energy in a radiation pulse was determined with
IMO-2M meter ~13 mJ, beam diameter 9 mm! and the rela-
tive temporal distribution of the radiation was determin
with a cooled germanium photodetector. The desired dep
dence is easily determined from these data. The results o
measurements are presented in Fig. 2a.

The instability of the laser radiation intensity did n
exceed 2.5%. The measurement was performed in a sp
cryostat that cooled the photodetector down to 75 K.

A typical oscillogram of the photoresponse is presen
in Fig. 2b. The photoresponse is virtually identical to t
CO2 laser pulse shape. The photoresponse is clearly
served against the dark-current background with excita
intensity of the order of 100 W and current ratio (DI /I d)
50%.

The ohmicity of the contacts was specially checked
measuring the current–voltage characteristics~IVCs! both in
the dark and under illumination. In the final variant of th
technological contact-deposition regimes, in all cases a lin
IVC was observed and there was no rectification.

Specially performed experiments showed that the pho
response of the Si^S& photodetector depends linearly on th
CO2 laser intensity at least up to 120 W/cm2. Additional
experiments, which were performed using focusing of
radiation, showed that the photoresponse remains lin
when the radiation intensity increases by more than an o
of magnitude.

123121231-03$10.00 © 1997 American Institute of Physics
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3. EXTRINSIC PHOTOCONDUCTIVITY INDUCED IN SIŠS‹ BY
‘‘SHORT-WAVELENGTH’’ ILLUMINATION

The impurity photoconductivity induced in Si^S& by
short-wavelength illumination was investigated on the
perimental apparatus described above. The samples we
luminated with an intensity-regulatable incandescent la
either directly or through germanium or silicon filters.
CO2 laser with a peak power of 160 W served as the sou
of the 10.6mm radiation.

The experiments performed show that the dark curr
and the photocurrent are linear functions of the illuminat
intensity, so that the current ratio is the same in all exp
mental illumination ranges.

FIG. 1. Schematic diagram of the experimental apparatus for investiga
photoconductivity in the pulsed regime.1 — LG-50 CO2 laser;2 — half-
transmitting silicon plate;3 — mirror; 4 — opening;5 — sample;6 —
oscillograph;7 — control generator;8 — delay-line generator;9 — load
resistance;10 — power supply;11 — germanium photodector.

FIG. 2. Oscillogram of the CO2-laser pulses~a! and of photoresponse of th
photodetector under CO2-laser illumination.

1232 Semiconductors 31 (12), December 1997
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Figure 3 displays oscillograms of the photocurrents
the sample under illumination with a pulsed CO2 laser. It is
evident from the figure that as the dark current is increa
up to 600mA by means of constant equilibrium illumination
the photocurrent is observed to increase by a factor of 4
i.e. the photosensitivity near 10.6mm increases substantially

4. EFFECT OF THE DEGREE OF COMPENSATION OF THE
SULFUR IMPURITY LEVELS IN SILICON ON THE
10.6 mM PHOTOCONDUCTIVITY

A widely used method of compensation of impurity le
els in silicon is irradiation withg rays. Irradiation withg
rays produces a series of donor and acceptor levels in
band gap.2 Since sulfur produces in silicon a series of don
levels in the top half of the band gap3 and irradiation withg
rays produces donor levels in the bottom half of the ba
gap, donor levels cannot be manifested in any way in
10.6 mm photoconductivity. Only the acceptor levels ca
have an effect, decreasing the degree of filling of the sulf
induced donor levels and the free-electron density in the c
duction band.

Samples with resistivity 80V•cm were investigated
The samples were produced by diffusing sulfur into crucib
less p-type silicon with initial resistivity 1600V•cm. The
samples were shaped in the form of 103831 mm3 parallel-
epipeds. Two nickel contacts separated by 7 mm were
posited electrochemically on one large-area face. Just a
the preceding case, a LGI-50 pulsed CO2 laser with pulse
duration 150ms and pulse energy 13 mJ served as the ra
tion source. A constant voltage of 10 V was applied to t
sample. The dark current and photoresponse were meas
similarly. 60Co with a flux of 1.731012 photons/cm2

• s
served as theg-ray source.

g

FIG. 3. Oscillogram of the photocurrent in Si^S& under pulsed illumination
with a CO2-laser: a — noillumination; b — with illumination.

1232Kh. B. Siyabekov and V. T. Tulanov
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TABLE I.
The values of the dark photocurrent (I d), the photocur-
rent (DI ), and their ratio (̧ ) are given in Table I as func
tions of theg-irradiation time (Dt) for two samples.

It is evident that as the irradiation time increases, i.e.,
degree of compensation increases, the dark current and
photocurrent decrease, while the current ratio increase
two orders of magnitude.

A similar investigation was also performed in Ref. 4
where it was shown by means of theoretical calculations
at least two energy levels in the band gap in silicon part

Sample No. I d , A DI , A ¸5DI /I d t, h

631024 2.531026 431023 0
11 1026 531027 531021 3

1028 2.531028 2.5 21
13 1023 331025 331022 0

1026 1.531027 1.531021 9
1233 Semiconductors 31 (12), December 1997
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In summary, the observation of 10.6mm photosensitiv-
ity of sulfur-doped silicon at liquid-nitrogen temperatu
gives good prerequisites for producing based on this mate
an ionization-type semiconductor image converter5 for re-
cording optical information in the range of CO2-laser radia-
tion.

We wish to thank V. B. Shuman and E. G. Guk f
kindly providing the SîS& samples and G. B. Gorlin fo
assisting in the technical implementation of the experime

1N. Selar, Infrared Phys.167, 435 ~1976!.
2V. S. Vavilov, I. P. Kekelidze, and L. S. Smirnov,Effect of Radiation on
Semiconductors@in Russian#, Nauka, Moscow, 1988.

3A. A. Lebedev, A. T. Mamadalimov, and Sh. Makhkamov, Fiz. Tek
Poluprovodn.8, 262 ~1974! @Sov. Phys. Semicond.8, 169 ~1974!#.

4G. B. Gorlin, V. T. Tulanov, and Kh. B. Siyabekov, Zh. Tekh. Fiz.67, 142
~1997! @Tech. Phys.42, 1239~1997!#.

5Yu. A. Astrov, A. A. Lebedev, A. T. Mamadalimov, Sh. S. Kasymov, an
L. G. Paritski�, Deposited in All-Union Institute of Scientific and Techn
cal Information, No. 2463-75~1975!.
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SEMICONDUCTORS STRUCTURES, INTERFACES, AND SURFACES
Effect of different types of surface treatment on the photoelectric and optical properties
of CdTe

A. Ba dullaeva, A. I. Vlasenko, and P. E. Mozol’

Institute of Semiconductor Physics, Ukrainian National Academy of Sciences, 252650 Kiev, Ukraine
~Submitted June 10, 1996; accepted for publication April 29, 1997!
Fiz. Tekh. Poluprovodn.31, 1428–1430~December 1997!

The photoconductivity and light absorption spectra ofp-type CdTe single crystals subjected to
different treatments have been investigated. It is shown that the photoconductivity and
edge absorption in mechanically polished and plastically deformed crystals are determined by the
damaged layer. The role of dislocations in the formation of the edge absorption and the
photoconductivity spectrum is determined. ©1997 American Institute of Physics.
@S1063-7826~97!01611-6#

High-resistance CdTe single crystals have, in addition to1. EXPERIMENTAL PROCEDURE
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the standard applications for nuclear radiation detectors, p
todetectors, infrared filters, and other optical compone
applications as a substrate material for epitaxial growth
CdxHg12xTe films. In this connection, stringent requir
ments are imposed on the degree of structural perfectio
the surface, surface treatment quality, and the method
monitoring its state. In particular, a large slope of the abso
tion edge, good transmission in the transparency range o
material, a prescribed degree of compensation, and resist
to external actions and degradation are important for opt
and photoelectric components. This is often determined
the surface treatment quality and the structural perfection
the surface layers. The treatment quality can be improved
using nonabrasive methods of polishing, which are based
chemical dissolution of the semiconductor and perform
under special hydrodynamic conditions.1 Data obtained by
the standard structural diagnostics methods, for example
flection electron diffraction, show that there is no damag
layer in the usual understanding of this term. However, i
of interest to determine other possible imperfections in
surface region of the crystal that can potentially degrade
quality of epitaxial layers: elastic stress fields, products
chemical treatment that are bound on the surface, and so

Existing methods for analyzing and monitoring the d
gree of structural perfection of a material, probing with ele
trons and ions, x-ray spectroscopy, Auger spectroscopy,
mass spectroscopy, electron microscopy, infrared reflec
adsorption spectroscopy, and other expensive and labor
methods are not always applicable for rapid monitoring o
material. Considering the high sensitivity of the optical a
photoelectric properties of semiconductor materials to
degree of their structural perfection and the easy accessib
of these measuring means for purposes of rapid analysi
the present work we investigated the effect of different for
of surface treatments of CdTe on the optical and photoe
tric properties.
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The p-type CdTe samples with carrier densi
;1015 cm23 and dimensions 13235 mm were cut out in a
manner so that the wide face~the working face! had @111#
orientation and the lateral faces were formed by natu
cleavage along the@110# and @101# cleavage planes. To ob
tain ohmic contacts, a copper layer, to which indium conta
were soldered, was deposited chemically on two fres
cleaved end faces. The working face of the samples
subjected to different types of treatment, including mecha
cal polishing to produce a structurally damaged layer, lay
wise removal of the damaged layer by chemical-dynam
polishing and free etching, as well as chemical treatment
the purpose of removing the etch products. To determine
thickness of the removed material in a layerwise investi
tion of the damaged layer, a section of the surface was p
tected with a chemically resistant lacquer and the heigh
the step formed after etching was measured in a MIII-4
terferometer.

The spectral dependences of the photoconductivity~PC!
and transmission were measured on an apparatus assem
on the basis of a MDR-3 monochromator. In the process
removing the damaged layer, the dislocation structure w
revealed by treatment in a selective etchant consisting
50% CrO3 solution and HF in a 1:2 volume ratio.

The effect of volume structural imperfections on th
transmission and PC spectra was also investigated. Impe
tions were introduced by pressing in a diamond indentor w
prick density;500 cm22 ~the average distance between i
dentations was equal to 400mm!. For this purpose, a PMT-3
microhardness meter was used: The load on the indentor
equal to 8 gf and the indentations were about 3mm deep.
Prior to indentation, the surface imperfections introduc
during the preceding measurements were completely
moved by polishing etching to a large depth~200–300mm!.

2. RESULTS AND DISCUSSION

Figures 1 and 2 show, respectively, the photoconduc
ity and absorption (k) spectra of ap-CdTe crystal with a

123421234-03$10.00 © 1997 American Institute of Physics
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~111! working surface and the monitored damaged layer,
troduced with different types of treatment as well as by pl
tic deformation of the sample surface with an indentor.
selective PC band is observed in the initial, mechanica
polished sample with a 1-mm grain diameter~Fig. 1,
curve1!.

FIG. 1. Photoconductivity spectraI ph of p-type CdTe crystals with differen
types of surface treatment:1—Mechanical polishing~1-mm grain size!; 2,
3—free chemical etching to depths of 20 and 100mm, respectively;4—
indentation;5—chemical-dynamical etching to a depth;200 mm.

FIG. 2. Optical absorption spectra ofp-type CdTe crystals with different
types of surface treatment. The numbers on the curves correspond to F
The dashed line indicates the positions of the absorption edge in CdTe

1235 Semiconductors 31 (12), December 1997
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damaged layer was removed by chemical polishing of
crystal, the crystal surface is enriched with superstoichiom
ric tellurium, in agreement with measurements of the Ram
scattering spectra from a CdTe surface obtained by chem
dynamic treatment.2 The Te film was washed off in a 1-n
solution of KOH in methanol.3 When the 20-mm damaged
layer is removed by chemical etching and the Te film
washed off, a PC band appears in the region of the fun
mental absorption~the selective PC band is not observed a
the photosensitivity increases! ~Fig. 1, curve2!. The light-
absorption coefficient in the transparency range of the cry
decreases~Fig. 2, curve2!. These changes are observed up
100-mm grains~Figs. 1 and 2, curve3!. Further removal of
the layer by chemical-dynamic polishing does not change
form of the spectrum or the magnitude of the PC and abso
tion, indicating absence of a damaged layer.

Indentations on the same sample decreased the PC i
entire region of the spectrum and increased light absorp
in the transparency range of the crystal~Figs. 1 and 2, curve
4!. Subsequent chemical or chemical-dynamic polishing
sults in effects similar to those described above; i.e., whe
;200-mm-thick damaged layer produced by indentation
removed, the photoelectric and optical properties of the cr
tal are restored~Figs. 1 and 2, curve5!.

Layerwise etching showed that the PC and absorp
changed when an up to 200-mm-thick layer was etched of
the treated surface. This is much greater than the light
sorption depth in the region of the fundamental absorpt
edge~for CdTe k;104 cm21!. An increase in light absorp
tion in the transparency range of the crystal is observed
the same layer. This increase in absorption passes into
exponential fundamental absorption edge shifted, relative
the edge in the undeformed crystal, into the long-wavelen
side of the spectrum, which is characteristic of a mate
with local stresses produced in the lattice by the introduct
of intrinsic and extrinsic defects. Fork.10 cm21 the shift is
DE50.33 eV, in good agreement with the calculations p
formed in Refs. 4 and 5, where the effect of the density
the introduced dislocations on the photoconductivity a
light-absorption spectra was studied. The absorption coe
cient of mechanically polished and indented samples in
transparency range of the crystal equals 3 and 2 cm21, re-
spectively~Fig. 2, curves1 and 4!. For crystals without a
damaged layerk.0.2 cm21 ~Fig. 2, curve5!. For this rea-
son, the additional light absorption in the transparency ra
of the crystal could be due to deformation of the crystal
dislocations, which appear when a damaged layer is p
duced near the surface of the crystal.

When the damaged layer is removed, the absorption
efficient decreases and at the same time the PC in the re
of the fundamental absorption edge increases and the s
tive band vanishes. As we showed in Ref. 6, the selec
character of the PC is due to light absorption in don
acceptor~DA! pairs. Transfer of excitation energy from
DA pair to sensitized centers can be achieved by Auger
teraction, when the excitation energy of a DA pair goes in
excitation of an electron from the sensitized center into
conduction band. For this reason, the vanishing of the se

. 1.
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2V. V. Artamonov, M. Ya. Valakh, V. V. Strel’chuk, P. E. Mozol’, and A.
Ba�dullaeva, Zh. Prikl. Spektrosk.48, 990 ~1988!.

.

indented crystal, can be explained by a decrease in the
centration of intrinsic defects which form triple associa
DA pair1sensitized center. Dislocations are sinks
acceptor-type defects.7

In summary, the investigation of the character of t
photoconductivity and optical absorption spectra with diff
ent treatments of CdTe crystals yields information about
state and degree of structural perfection of the surface of
samples.

1G. V. Idenbaum, R. P. Baronenkova, and N. M. Bo�nykh, Fiz. Khim.
Obrab. Mater. No. 2, 55~1971!.
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Properties of p -PbTe „Ga… based diode structures
B. A. Akimov, E. V. Bogdanov, V. A. Bogoyavlenski , L. I. Ryabova, and V. I. Shtanov

M. V. Lomonosov Moscow State University, 119899 Moscow, Russia
~Submitted April 1 1997; accepted May 15 1997!
Fiz. Tekh. Poluprovodn.31, 1431–1435~December 1997!

Single crystals ofp-PbTe~Ga! with gallium density too low for complete compensation of
uncontrollable impurities and intrinsic lattice defects and realization of Fermi level~FL! pinning
were investigated for the purpose of producing diode structures In contact–@p-PbTe~Ga!#–Pt
contact. It was found that the properties of the structures obtained have a number of features that
distinguish them from In–@p-PbTe# Schottky barriers. The current-voltage characteristics
~IVCs! of the experimental structures are not described by the standard relation of the Schottky
theory not only in the region of reverse bias but also in the region of direct bias. Residual
photoconductivity~PC! is observed under illumination with a thermal radiation source in the
temperature rangeT,80 K; after the illumination is switched off, the IVCs are linear.
Under constant illumination a photo-emf appears and the branches of the IVCs in the region of
reverse biases rectify. The experimental results are discussed on the basis of the assumption
that regions withn-type conductivity form and FL stabilizes near the nonohmic contact as a result
of band bending. It has not been ruled out thatn-PbTe~Ga! regions are initially present in
the sample, but they are not manifested under ohmic contact conditions. ©1997 American
Institute of Physics.@S1063-7826~97!01811-5#

1. INTRODUCTION 2. EXPERIMENTAL SAMPLES
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Investigations of gallium-doped lead telluride have co
centrated, as a rule, on samples in which the amount of
introduced was sufficient for complete compensation of
uncontrollable impurities and intrinsic defects. Interest
such samples is due mainly to the pinning of the Fermi le
~FL! inside the band gap, the low electron densities, and
appearance of persistent photoconductivity at temperat
below 80 K.1 However, samples with a low Ga content th
exhibit p-type conductivity are also an interesting object
investigation, since they possess a number of prope
which are uncharacteristic of nondopedp-PbTe. Investiga-
tion of the galvanomagnetic characteristics of such sam
have led to the suggestion that the samples consist of s
tures which contain, together withp-type undercompensate
regions, high-resistancen-type regions. The samples exhib
a weak photosensitivity, and under illumination inversion
the type of conductivity is observed.2 Nonetheless, it has no
been ruled out that the impurity level inp-PbTe~Ga! samples
exists in the entire volume of the sample, but since
amount of gallium is too low for pinning of the FL, th
impurity centers are completely empty. An argument in fav
of this assumption is that thep-PbTe~Ga! samples can be
transferred into a high-resistancen-type state by irradiation
with radiation that generates donor-type defects wh
changes the degree of compensation of the sample.3 There-
fore, the study of the properties ofp-PbTe~Ga! can shed light
on the mechanism leading to the formation of a hig
resistance state in PbTe~Ga!. On the other hand, it was o
interest to analyze the possibility of usingp-PbTe~Ga! to
create diode structures, since the condition for pinning of
FL can be realized and a qualitatively new type of nonohm
content can be formed in the near-contact region deplete
the majority charge carriers~holes!.
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PbTe~Ga! single crystals were grown by vapor–liquid
crystal~VLC! mechanism in small temperature gradients b
tween the vaporization zones using a procedure simila
that described in Refs. 4 and 5 . The amount of gallium and
the character of its distribution in the volume of the cryst
the charge-carrier density, and the type of conductivity in
ingots grown were varied by varying the temperature regi
of growth. Since the concentration of gallium telluride in th
melt is much higher than in the growing crystal, excess i
purity from the crystallization front is displaced into the vo
ume of the layer of melt in the crystallization zone. If th
velocity of the crystallization front is higher than the rate
equalization of the gallium telluride concentration by diff
sion from the crystallization front into the volume of the me
and establishment of equilibrium in the volume of the m
as a result of mass transfer from the vapor phase, then m
trapped by the growing crystal and inclusions of a seco
phase are formed. These inclusions occupy energetic
stressed regions in the volume of the crystal. When the
crostructures of the samples grown by the standard V
method or Bridgman’s method is investigated, these mic
inclusions are easily revealed.6 During crystal growth in
small temperature gradients with gallium telluride concent
tions much lower than the maximum possible solubility,
can be expected that the dissolution process will lead to
tually complete vanishing of the growth inclusions in a lar
part of the crystal volume or even to depletion of grow
inclusions in regions with excess internal energy~small-
angle boundaries, grain boundaries, and blocks!.

The study of the structure of the obtained crystals
secondary-ion mass spectroscopy~Cameca IMS 4F! showed
that regions along small-angle boundaries, depleted of
lium compared with regions inside the blocks, do inde

123721237-04$10.00 © 1997 American Institute of Physics
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FIG. 1. Temperature dependence
of the resistanceR of p-PbTe~Ga!
with ohmic ~Pt! contacts~1! and of
the structure In contact–
@p-PbTe~Ga!#–Pt contact with a
direct bias in the current-stabilized
regime I 50.075 mA ~2, 28! and
with a reverse bias in the voltage
stabilized regimeU520.1 V ~3,
38!. Curves1–3 were obtained un-
der screening conditions and
curves28, 38 were obtained under
illumination.
exist in the sample studied in this work. However, isolated
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inclusions of a gallium-enriched second phase are cle
seen inside the gallium-depleted regions. There are no
ably fewer such inclusions in the regions inside blocks.

The crystals were cut perpendicular to the growth a
using a circular saw with an inner cutting edge mounted o
ring. The damaged layer was removed by grinding a
chemical-mechanical polishing. Two types of contacts w
attached to the samples. Contacts using the alloy 95
14%Ag11%Au were soldered with a microsoldering too
These contacts to then-type samples are ohmic and the
produce a Schottky barrier withp-type samples. The contac
of the second type is a 40mm in diameter spark-welded
platinum wire. It was shown experimentally that contacts
this type are ohmic top- andn-type PbTe~Ga!. All experi-
mental data presented below refer to samples withp-type
conductivity ~according to thermal probe data at room te
perature!.

The measurements were performed in a chamber scr
ing the sample from the background illumination. A mini
ture incandescent lamp with a maximum power of;30 mW
was used as the radiation source.

3. EXPERIMENTAL RESULTS

The temperature dependence obtained for the resist
R of a p-PbTe~Ga! sample with platinum contacts in a po
tential scheme is shown in Fig. 1~curve1!. At a temperature
T;160 K a sharp inflection is observed in the curve, andR
drops continuously at low temperatures. In the case of i
mination with a thermal source atT54.2 K the conductivity
of the sample increased very little (;5% of the magnitude
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obtained from measurements on the structures Pt cont
@p-PbTe~Ga!#–In under a direct bias in a stabilized curre
regime with I 50.075 mA ~plus on the In contact, curves2
and28! and with a reverse bias in the voltage-stabilized
gimeU520.1 V ~curves3 and38!. The curves2 and3 were
measured under conditions when the sample was scre
from the background illumination, and the curves28 and38
were obtained under illumination with a thermal radiati
source. An activation section is observed on curve2 at high
temperatures. The activation energyEa , determined using
the relationR;exp(Ea /kT), was found to be;110 meV.
The same activation energies were obtained for the temp
ture dependences of the resistance, which were meas
with reverse biases2U50.2, 0.3, and 0.4 eV. Under illumi
nation conditions the resistance of the structure decre
and the relative photoconductivity~PC! signal in the region
of reverse biases is much higher than the corresponding
nal in regions with direct biases. After the source of illum
nation is switched off, at low temperatures a residual pho
conductivity is observed. The onset temperature of
persistent PC isTc;80 K.

Figure 2a shows a family of current-voltage characte
tics ~IVCs! of a structure at different temperatures. The
verse branches of the IVCs for temperatures below 62 K
not shown in the figure. The currents corresponding to2U
50.1 V do not exceed 2mA in this case. A characteristic
feature of the IVCs obtained is their pronounced nonline
ity. However, the form of the IVCs is not described by th
relation I 5I s(exp(qU/kT)21), known for Schottky contacts
not only in the region of reverse biases but also for dir

1238Akimov et al.
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FIG. 2. Current-voltage characteristic
of the structure In contact–
@p-PbTe~Ga!#–Pt contact. a — under
screening conditions, the numbers on th
curves are the temperatureT, K. b — 1,
18 — T585 K; 2, 28 — T560 K; curves
1, 2 were obtained under screening con
ditions and curves2, 28 were obtained
with illumination switched on.
biases. For example, the presence of sections of weak current

w

er

n
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tions ~with the illumination switched off! transform into lin-

the
oes
on
der
es
growth, which are replaced by rapid growth inI for U
.0.1 V, on the direct branch is characteristic of the lo
temperature IVCs.

A qualitative change occurs in the form of the IVC und
illumination with a thermal source~Fig. 2b!. Curves1 and2
were obtained under screening conditions and curves18 and
28 were obtained with the illumination source switched o
At T54.2 K, after the illumination with a thermal source
switched off, the IVCs under residual conductivity cond
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.

ear ohmic characteristics.

4. DISCUSSION

Analysis of the experimental data obtained reveals
following most characteristic features. The diode theory d
not describe the dark IVCs. Under continuous illuminati
conditions the reverse branches of the IVCs rectify. Un
residual conductivity conditions the nonohmicity vanish
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IVCs of the structures which we studied are qualitative
different from the IVCs of Cu- and In–p-PbTe contacts
which were described in the literature.7 For this reason, to
describe all the experimental data obtained it is necessa
take into consideration both the characteristic features of
Schottky barrier arising at the In–p-PbTe~Ga! contact and
the structure of the sample itself.

The presence of persistent PC at low temperature
characteristic of the high-resistancep-PbTe~Ga! samples.
This phenomenon is essentially not observed in the exp
mentalp-type samples with ohmic contacts. Therefore,
regions responsible for the existence of residual PC either
present initially in the sample, but do not make a large c
tribution to the conductivity under conditions when ohm
contacts are present, or they are formed in the contact re
as a result of strong band bending during the formation of
nonohmic contact. It cannot be ruled out that both possib
ties are realized simultaneously. Let us assume that u
doping with gallium the impurity level located in
p-PbTe~Ga! ;75 meV below the conduction band bottom
also present in samples with gallium densityNGa that is too
low for complete compensation of uncontrollable impuriti
and electrically active, intrinsic lattice defectsNi . Then, in
p-PbTe~Ga! this level is completely empty and the hole de
sity is determined by the differenceNi2NGa. In this case,
when the band bending near the contact is so large tha
impurity level is below the FL, the unoccupied states at t
level become filled with electrons and conductivity inversi
can be observed in the region of band bending. This situa
is very likely, since estimates of the heightwB of the poten-
tial barrier arising on the contact give, in order of magnitu
;110 meV. The estimates ofwB were made according to th
temperature dependences of the voltage in the region o
verse biases and from the voltage cutoff in the region
direct biases at low temperatures. Since the band gap in P
in the limit T→0 K equals 190 meV, it is very likely that a
high-resistancen-PbTe~Ga! interlayer forms in the contac
region. On the other hand, considering the investigations
the real structure of the experimental samples,p-type regions
can be represented as narrow channels, correspondin
gallium-depleted regions, on small-angle boundaries. At
same time, intrablock volumes consist of high-resista
n-PbTe~Ga!. The structure seemingly consists of two inte
penetrating substructures, one of which possesses elect
conductivity and other hole conductivity. In this case t
temperature dependences of the resistance of the stru
can be described by an equivalent circuit consisting of t
samples connected in parallel, thep-type sample having a
high integral resistance at high temperatures on accoun
the narrowness of the percolation channels. The resista
therefore, is initially observed to increase upon cooling un
the conditions of the measurements performed with the
of ohmic contacts~Fig. 1, curve1!, but as the resistance o
the n-regions increases and that of thep-regions decreases
an inflection is observed in the temperature depende
R(T). In structures with an indium contact, the character
the current flow alongp-type regions will be determined b
the Schottky barrier on the contact and inn-type regions it
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ity. Indeed, the activation energy of the conductivity, det
mined from the temperature dependences of the resistan
the structure in ac measurements in the temperature ra
T.77 K, is virtually identical to the activation energy fo
high-resistancen-PbTe~Ga! (Ea;75 meV!.

The contribution of the high-resistancen-type regions to
the conductivity may be very large and even dominant, b
in the region of reverse biases and for low direct biases.
n-type regions are responsible for the high photosensitiv
of the structure and for the residual photoconductivity. R
tification of the IVCs in the region of reverse biases is due
the change in the carrier density in the photosensitiven-type
regions. After the illumination is switched off, the ohm
IVCs are completely determined by the conductivity of t
n-type regions. The displacement of the IVC relative to t
origin of the coordinates when the illumination is switch
off is due to the effect of the nonohmic contact on which
photo-emf arises. Nonetheless, it is necessary to take
account the fact that the treatment of the structure as
equivalent circuit consisting of two resistances is extrem
simplified, permitting only a qualitative description of th
conduction process. In reality, regions with different types
conductivity are not ideally insulated, and they are separa
by barriers whose height can be different as a result of fl
tuations in the dopant distribution.

It is important to note that the properties of structur
based onp-PbTe~Ga!, which we investigated, are characte
istic not only of samples synthesized by the procedure
scribed above, but also ofp-PbTe~Ga! single crystals grown
under different conditions~for example, by using the vapor–
crystal mechanism and the Czochralski method!.2 Diode
structures based on such crystals possess nonlinear IVCs
their photosensitivity in the region of reverse biases is mu
lower.

We wish to thank A. Trifonov for investigating the rea
structure of the crystals.

This work was sponsored by the Russian Fund for F
damental Research~Grants Nos. 96-02-16275 and 96-0
18325!.
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LOW-DIMENSIONAL SYSTEMS

nd
Annihilation of nonradiative recombination centers in GaAs/AlGaAs multiquantum well
structures as a result of exposure to plasma

K. S. Zhuravlev,* V. A. Kolosanov, and I. I. Marahovka

Institute of Semiconductor Physics, Siberian Branch of the Russian Academy of Sciences,
630090 Novosibirsk, Russia

M. Holland

Department of Electronics and Electrical Engineering, University of Glasgow,
Glasgow G12 8QQ, United Kingdom
~Submitted October 24, 1996; accepted for publication February 25, 1997!
Fiz. Tekh. Poluprovodn.31, 1436–1439~December 1997!

The effect of exposure to a low-energy plasma~CF4, Ar, Kr! on the photoluminescence
properties of GaAs/AlGaAs multiquantum well structures is examined. It is shown that the
photoluminescence of the quantum wells in the surface region is quenched after plasma exposure
and the depth of this region increases with increase of exposure time. The photoluminescence
intensity from the quantum wells located beyond this region increases. We associate these changes
in the photoluminescence intensity with the effect of plasma-induced nonequilibrium point
defects diffusing with anomalous rapidity into the depth of the structure. ©1997 American
Institute of Physics.@S1063-7826~97!00612-1#

Low-energy plasma processing is widely used in theto 0.5 W/cm2, and the self-bias voltage was set to 400 V, a
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preparation of low-dimensional structures and III–V-bas
semiconductor devices. During processing the ions of
plasma bombard the surface of the structures and modify
electronic and optical properties of the surface region of
structures.1–4 In Refs. 5 and 6 it was established that plas
processing degrades photoluminescence in the surface re
of n-GaAs layers and GaAs/AlGaAs quantum-well stru
tures. In the present paper we investigate the effect of pla
processing on the photoluminescence properties of Ga
AlGaAs quantum-well structures. It is shown that plasm
exposure is followed not only by quenching of photolum
nescence of the surface quantum wells, but also a rapid
in photoluminescence of the quantum wells located a
tance of several tens of nanometers from the surface.

Quantum-well structures were grown on GaAs~100!
substrates by molecular-beam epitaxy. They consisted
GaAs buffer layer of thickness 1.0mm, an Al0.3Ga0.7As layer
of thickness 0.5mm, and an array of quantum wells of var
ous width, located within the first 200 nm from the surfac
The structures were covered by a GaAs layer of thickn
10 nm. The B357 structure contained six quantum wells
width 2.2, 2.8, 3.4, 4.2, 5.6, and 8.5 nm, separated by bar
(Al0.3Ga0.7As) of width 24 nm; inside the 0.5-mm-thick
Al0.3Ga0.7As layer a short-period AlAs/GaAs superlattic
was grown to prevent diffusion of impurities and point d
fects into the structure from the substrate.7 The E138 struc-
ture contained five quantum wells of width 2.5, 3.1, 3.8, 5
and 8.5 nm with barriers (Al0.3Ga0.7As) of width 22 nm; in
this structure the short-period superlattice was not grown
the Al0.3Ga0.7As layer. The structures were processed in C4

plasma, which is usually used to remove SiO2 and Si3N4

films in the preparation of semiconductor devices, and a
in Ar or Kr plasma. The plasma power density was set eq
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the pressure—to 0.07 Torr. In order to avoid heating
structures during prolonged plasma exposure, the disch
was extinguished every 120 s and the samples cooled. P
toluminescence was excited by a He–Ne-laser with po
density 20 W/cm2. The photoluminescence spectra were a
lyzed with an SDL-I monochromator and recorded with
FÉU-83 cooled photomultiplier working in the photon coun
ing regime. During the measurements the samples w
placed in an optical dewar with liquid nitrogen.

Figure 1 shows photoluminescence spectra of the B
structure before and after plasma exposure. The photolu
nescence peak with maximum at 1.507 eV is associated
the interband transition in the GaAs layer. The remaining
peaks correspond to transitions between the first electr
level and the first heavy-hole level (1ehh) in the quantum
wells. In the initial structure the photoluminescence intens
of the quantum wells of width 2.2, 2.8, 3.4, 4.2, and 5.6 n
was high and roughly the same, which testifies to the sm
rate of nonradiative recombination in these quantum we
The quantum well most removed from the surface~at 8.5-nm
depth! had substantially lower photoluminescence intens
After exposure in CF4 plasma for 60 s the photolumines
cence of the quantum well closest to the surface disappe
completely and the photoluminescence of the quantum w
at 3.4, 4.2, and 5.6 nm did not change, while the photolu
nescence of the quantum well at 8.5 nm grew by a facto
more than 10 to the level of the remaining quantum wells.
the E138 structure, specially grown without a short-per
AlAs/GaAs superlattice, the photoluminescence intensity
the quantum wells was low. After exposure to CF4 plasma
the photoluminescence intensity of all the quantum wells
cated more than 80 nm from the surface grew, as can be

124121241-03$10.00 © 1997 American Institute of Physics



a
m

es

ure
he

well
cts
ina-
r

f the
rom
dur-
the
gly

sur-
on-

the
nce
nce
or

n in
nd

in-

are
ce
f

n-

nifi-
ond
fter

4,

8,

dis-
from Fig. 2, but to a different degree and to different fin
levels. Similar changes were also observed in the photolu
nescence spectra in argon and krypton plasmas.

For these two structures Fig. 3 plots the photolumin

FIG. 1. Photoluminescence spectra of structure B357 before~solid line! and
after ~dashed line! exposure of the structure to CF4 plasma for 60 s.
T577 K. Peaks1–6 correspond to quantum wells with width 2.2, 2.8, 3.
4.2, 5.6, and 8.5 nm.

FIG. 2. Photoluminescence spectra of structure E138 before~solid line! and
after ~dashed line! exposure of the structure to CF4 plasma for 60 s.
T577 K. Peaks1–5 correspond to quantum wells with width 2.5, 3.1, 3.
5.2, and 8.5 nm.
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cence intensity of the quantum wells after plasma expos
(I ), normalized to the photoluminescence intensity of t
quantum wells in the original sample (I 0), as a function of
distance from the surface to the corresponding quantum
(d). The normalized photoluminescence intensity refle
changes in the concentration of the nonradiative recomb
tion centers~NRC! in the quantum wells. As a reference fo
comparison, we used the photoluminescence spectrum o
GaAs layer, which is located at an adequate distance f
the surface of the structure and which was not damaged
ing plasma processing. It can be seen from the figure that
normalized photoluminescence intensity grew most stron
in the quantum wells located at large distances from the
face, which testifies to the greater decrease of the NRC c
centration in these quantum wells.

The photoluminescence of the structures varied with
plasma exposure time. Figure 4 shows photoluminesce
spectra, and Fig. 5 plots the normalized photoluminesce
intensity, of the quantum wells of the E138 structure f
different exposure times in CF4 plasma. It is clear from these
figures that as the exposure time was increased, the regio
which the photoluminescence intensity fell broadened, a
beyond the limits of this region the photoluminescence
tensity grew insignificantly.

The data show that after plasma exposure two layers
formed in the structure, differing in their photoluminescen
properties. In the first~the skin! layer photoluminescence o
the quantum wells is quenched, while in the second~a
deeper! layer the photoluminescence intensity of the qua
tum wells ~weakly luminescing in the initial structures!
grows. Increasing the plasma exposure time has an insig
cant effect on the luminescence properties of the sec
layer. Changes in the photoluminescence intensity a

FIG. 3. Normalized photoluminescence intensity (I /I 0) of the structures
B357 and E138 after exposure to plasma for 60 s versus the standoff
tance from the surface of the structures to the quantum wells (d). 1—E138,
exposure in Ar,2—B357, exposure in Ar,3—B357, exposure in CF4.
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plasma exposure of the structures show hardly any de
dence on the nature of the plasma-forming gas—CF4, Ar,
and Kr, and consequently they bear no relation to the
ments of the plasma introduced into the structure. We
lieve that the changes in the photoluminescence intensity
caused by nonequilibrium point defects which are formed

FIG. 4. Photoluminescence spectra of the structure E138 after diffe
exposure times in CF4 plasma,te ,s: 1—0, 2—60, 3—120,4—240,5—360.
T577 K.

FIG. 5. Normalized photoluminescence intensity (I /I 0) of quantum wells of
the structure E138 versus exposure time in CF4 plasma,te . Dependences
1–5 correspond to quantum wells with width 2.5, 3.1, 3.8, 5.2, and 8.5
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and diffuse with anomalous rapidity in the excited crysta
with the diffusion coefficient of the one type of defect bein
at least an order of magnitude greater than that of the ot
Our data show that the depth of the first damaged layer (l ) is
proportional to the square root of the exposure time, th
l 5(Dt)1/2, whereD is the diffusion coefficient of the non
equilibrium defects (d.10212 cm2/s) andt is the exposure
time. It is likely that photoluminescence in the surface reg
is quenched by nonequilibrium vacancies, which are non
diative recombination centers, while the photoluminesce
intensity of the deeper quantum wells grows as a resul
annihilation of vacancies introduced during growth by no
equilibrium interstitial atoms. If this assumption is vali
then the curves in Fig. 3 describe the distribution with thic
ness of the structures of the vacancies introduced du
plasma processing (d,80 nm) and during growth
(d>80 nm). The small changes in the photoluminesce
intensity of some of the quantum wells~weakly luminescing
in the original structures! after plasma exposure can be e
plained by the fact that the low photoluminescence inten
of these quantum wells is determined not by point defects
the lattice but by nonradiative recombination centers ass
ated with chemical impurities with which the nonequilibriu
interstitial atoms interact only weakly.

In summary, we have examined the effect of plas
processing on the photoluminescence properties of Ga
AlGaAs quantum-well structures. We have shown th
plasma processing leads to quenching of the photolumin
cence of the quantum wells located in the surface region
the structure, and that the depth of this region increases
increase of the plasma exposure time. Beyond the limits
this region, the photoluminescence of the quantum w
grows after exposure to plasma. We believe that th
changes in the photoluminescence intensity are caused
nonequilibrium point defects arising in the structures dur
plasma processing.

We thank M. R. Baklanov and L. A. Nenasheva for pe
forming the plasma processing, and S. I. Chikichev for fru
ful discussions of the results of this work.
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Photoluminescence of localized exitons in coherently strained ZnS–ZnSe/GaAs „001…

one
quantum wells
V. V. Tishchenko, N. V. Bondar, and M. S. Brodyn

Institute of Physics, Ukrainian Academy of Sciences, 252022 Kiev, Ukraine

A. V. Kovalenko

Dnepropetrovsk State University, 320625 Dnepropetrovsk, Ukraine
~Submitted February 8, 1996; accepted for publication June 3, 1997!
Fiz. Tekh. Poluprovodn.31, 1440–1442~December 1997!

The low-temperature photoluminescence~PL! of ZnS–ZnSe heterostructures grown in the form
of single quantum wells~QW! by the non-conventional technology of photo-assisted
vapor phase epitaxy has been investigated. It is shown that the inhomogeneity of the quantum
wells can be explained in terms of a model based on disordering of the heterointerfaces.
It is found that the mobility edge which separates the localized states from the delocalized states
is 6 meV below the heavy-exciton ground state in the quantum wells with a nominal width
Lz511 Å. © 1997 American Institute of Physics.@S1063-7826~97!00812-0#

1. Superlattices and quantum wells based on the semi-achieve a significant temperature gradient in the growth z
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conductors ZnS and ZnSe are considered to be very pro
ing for building lasers emitting in the blue-green region
the spectrum as well as various optoelectronic devices,
cluding bistable elements.1 The active region of such struc
tures is provided by ZnSe layers in which an electron–h
gas is localized, bounded on either side by a potential ba
created by ZnS.

The characteristics of such a structure are determi
mainly by the properties of the heterojunction separating
two chemically distinct materials of the quantum well. T
simplest and most reliable means of estimating the qualit
the heterojunction is to study its exciton photoluminescen
whose spectral shape and band widths are very sensitiv
deviations of the heterojunctions from planarity.2 The results
of numerous studies based mainly on the technology
molecular-beam epitaxy~MBE! and metallo-organic chemi
cal vapor deposition~MOCVD! have shown that disorderin
of the heterojunction causes inhomogeneous broadenin
the exciton photoluminescence bands.2–5 In the highest-
quality structures the amplitude (dLz) of the fluctuations of
the thickness of the quantum wells (Lz) arising as a result o
this disordering does not exceed one atomic monolayer.

In the present paper we analyze the exciton photolu
nescence spectra of isolated ZnS–ZnSe quantum w
grown by the relatively simple, cheap, and flexible meth
called PAVPE. The results obtained by this method indic
the formation of a tail of the density of localized states~LS!,
whose energy length is determined by thedLz-dependent
change in the energy of the exciton ground state. Analysi
the behavior of the photoluminescence bands, measure
different regions in the quantum-well plane as a function
the excitation power density (I exc) and temperature (T)
made it possible to determine the energyEc52.991 eV cor-
responding to the mobility edge in the system of localiz
states.

2. We examined isolated quantum wells of ZnS~54 Å!–
ZnSe~11 Å!, grown on GaAs~001! substrates in a horizonta
quartz reactor. The design of the reactor enables on
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~25 °C/cm!, which was established at low temperatures in
vicinity of 200 °C. As the starting materials we used on
high-purity ZnS and ZnSe powders. A description of the d
tails of the growth process can be found in Ref. 6. The
tained structures are coherently strained by virtue of the
that the thicknesses of the corresponding layers are less
their critical values (;100 Å) for the appearance of lattice
mismatch dislocations. As a result, smalldLz do not cause
any deformations in the quantum-well plane.

At the commencement of the experiment the samp
were placed in a helium cryostat with regulated temperat
T. Luminescence was excited by a continuous He–Cd la
beam with a wavelength of 325 nm and power equal to
mW. The photoluminescence was analyzed with a DFS
spectrometer linked up with a CAMAC system and a p
sonal computer, and was recorded by an FE´ U-79 photomul-
tiplier in the photon counting regime.

3. Curvea in Fig. 1 is the spectrum of the photolum
nescence integrated over the surface of the sample~excita-
tion spot diameterd52 mm of the order of the linear dimen
sions of the sample! and is typical of the investigated
quantum wells in the region of their intrinsic absorptio
edge. The excitonic nature of the observed emission is c
firmed by low-temperature measurements of the reflect
whose spectral dependence is shown by curvee. The spectra
are shifted toward higher energies relative to their posit
known for bulk ZnSe. The short-wavelength sh
(;188 meV) due to effects of the quantum well acting
one direction and elastic compression deformation aris
due to lattice-mismatch between ZnSe/ZnS and GaAs.
deformation contribution to the observed shift is not grea
than 5%~Ref. 7!.

The position of the dominant photoluminescence band
spectruma in Fig. 1 ~energy of the maximumEm52.980 eV
corresponding to the wavelength 415.9 nm! varies insignifi-
cantly from sample to sample, and the band itself is asy
metric with pronounced steps whose nonequivalence all
one to reject the hypothesis that its limbs are formed a

124421244-03$10.00 © 1997 American Institute of Physics
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result of transitions in which phonons participate. At t
same time, the dependence ofEm on the position of the
excitation spot~diameterd5100mm! on the surface of the
sample~spectrab, c, andd! provides a basis for linking the
appearance of steps with the absence of homogeneity o
quantum wells.

Figures 2 and 3 plot the energy of the maximum,Em ,
for different regions in the quantum-well plane as a funct
of I exc andT. As a rule, with growth ofI exc, the photolumi-
nescence peak is shifted toward higher energies, tending
ward its limiting position at 2.991 eV. Here the degree
asymmetry of the band is increased due to growth of
length of its low-energy limb. A similar behavior is als
observed for variation ofT. However, there are segments
the surface for whichEm52.991 eV5const for anyI exc and
T within the investigated intervals. In this case, the asymm
try of the photoluminescence band is virtually independ
of I exc, and whenT is increased is even slightly, it is re
stored due to quenching of the low-energy limb.

FIG. 1. Total (a) and local (b) – (d) photoluminescence and reflection (e)
of ZnS–ZnSe quantum wells atT54.5 K. Spectrab–d were measured a
different positions of the excitation spot on the surface of the sample.I exc is
400 times larger for cases –d than for casea. The spectra are shifted alon
the intensity axis for clarity.

FIG. 2. Energy position (Em) of the photoluminescence maximum plotte
versus excitation intensity (Eexc). Curves1–3 correspond to casesb–d in
Fig. 1. The points are the experimental data, the solid lines are dr
through the points.
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The above results can be interpreted directly in terms
the model of excitons localized in a random potential aris
as a result of the disorder at the heterojunction between
ZnS and ZnSe layers. This disorder, on the scale of the B
radius of the exciton (aB), and the corresponding fluctua
tions of the width of the quantum wells unavoidably lead
the appearance of a two-dimensional well potential and
associated tail in the density of localized states, where
occupancy of this tail is described by Fermi–Dira
statistics.8 The applicability of Fermi–Dirac statistics to ex
citons, which at sufficient separation behave like bosons,
flects the fact that by virtue of the internal structure of t
considered quasiparticles, each individual potential well t
arises can localize no more than one exciton in the cas
which its characteristic spatial dimension (Rs) is comparable
with aB .

In light of the discussion above, the dependences plo
in Fig. 2 reflect the effect of an increase~decrease! in the
absolute value of the chemical potential of the degene
system of localized excitons with increase~decrease! of its
density. It is clear that at sufficient excitation intensitiesI exc

the chemical potential can reach the mobility edge, wh
with further growth of excitation causes the delocaliz
states to be filled and, as a result, stabilizes the photolu
nescence peak nearEc . The reason for such a stabilizatio
resides in the transition to statistics with a quasiparticle d
tribution function which is independent of the quasipartic
density. The excitation level of the quantum wells necess
for this to occur, in contrast to the case with bulk crystals
completely achievable in practice, due to the tw
dimensional nature of the considered system.

From Fig. 2 we find that in our caseEc is equal to 2.991
eV. We can also state that the width of the photolumin
cence band~35240 meV at the 0.1 level! indicates thatdLz

corresponds to one atomic monolayer.
The key question remains as to howEc relates to the free

exciton level. To obtain an answer to this question, it
necessary to compare photoluminescence with its excita
spectrum and/or with reflection data. In the absence of m
surements on photoluminescence excitation, we turn our
tention to the existence in the vicinity of the minimum of th
n

FIG. 3. Energy position (Em) of the photoluminescence maximum plotte
versus temperature (T). Curves1–3 correspond to casesb–d in Fig. 1. The
points are the experimental data, the solid lines are drawn through
points.

1245Tishchenko et al.



reflection curve of a weak photoluminescence peak
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~2.997 eV/413.5 Å!, which is distinctly observable only in
the surface-integrated spectrum and denoted asEhh in Fig.
1a. To within the longitudinal–transverse splitting ener
~1.5 meV for ZnSe; Ref. 9! the reflection minimum define
the exciton resonance frequency.10 Therefore, we believe
that theEhh peak is a result of emission of free excitons
the regions of quantum wells having nominal wid
Lz511 Å ~excitation over almost the entire surface of t
sample and the small densities achievable as a result f
the observation ofEhh!. Hence it follows that in the investi
gated samples the mobility edge is located 6 meV below
ground state energy of thehh exciton in a quantum well with
Lz511 Å ~the lh exciton level is located 200 meV abov
it7!.

The question arises as to the nature of the delocal
states that form the emission in the interval betweenEc and
Ehh ~this interval contains, for example, the entire low
energy limb of spectrumd in Fig. 1!. Studies that have ap
peared in recent years show that these are exciton stat
those quantum-well regions for whichRs,aB ~Ref. 11!. In-
side each such region the excitons move freely and und
scattering only at its boundaries.12 On this basis, spectrumd
corresponds to regions of the surface for which predo
nantly Rs,aB .

Thus, we may speak of the inhomogeneity of our qu
tum wells both in the sense of disordering of the heteroju
tion and in the sense of inhomogeneity of the surface dis
bution function ofRs . This latter circumstance appears to
due to the transverse inhomogeneity of the PAVPE hydro
fluxes delivering chemical reagents to the GaAs surface.

In conclusion, we note that the localized-states mo
enabled us to uniquely link the observed temperature de
dence of the photoluminescence with activation of the loc
1246 Semiconductors 31 (12), December 1997
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ized states atT515 K. Here the abrupt dependence ofEm on
T observed in such a small temperature interval is due to
exponentially fast variation of the density of localized sta
about the chemical potential~Ref. 8!.

We are indebted to Prof. C. Klingshirn for fruitful dis
cussions. The incorporation of PAVPE technology beca
possible thanks to cooperation with Dr. P. Lilley within th
scope of NATO Linkage Project 071302.
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Macroscopic, local, volume, charge-carrier states in quasi-zero-dimensional structures

h

S. I. Pokutni 

Ukrainian State Marine University, 327025 Nikolaev, Ukraine
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A theory of size-quantization of charge carriers in a small semiconductor crystal under
conditions where the polarization interaction plays a large role is constructed. The charge-carrier
spectrum in a small microcrystal and its dependence on the radius of the microcrystal, the
charge-carrier effective mass, and the relative permittivity are investigated. It is shown that the
appearance of local states is of a threshold nature depending on the size of the microcrystal.
© 1997 American Institute of Physics.@S1063-7826~97!01911-X#
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tures, consisting of spherical semiconductor microcrys
~SMCs! with dimensionsa.1 – 102 nm, dispersed in differ-
ent transparent dielectric media have been widely inve
gated in recent years.1–4 Such heterophase systems are a n
object for the investigation of the quantum-well effects
semiconductors.

The strong nonlinearities of the optical characterist
and the short lifetimes of photoexcited charge carriers
quasi-zero-dimensional structures1–4 make such nonuniform
systems promising materials for producing new compone
for nonlinear optoelectronics~specifically, components tha
control optical signals!.3,4

In the quasi-zero-dimensional structures studied, the
crocrystal sizesa are comparable to the characteristic qua
particle sizes in semiconductors. Under these conditions,
interface of a SCM can give rise to size-quantization of
quasiparticle energy spectrum of the microcrystal due to
purely spatial limitation of the region of quantization5–7 and
the polarization interaction of charge carriers with the SC
surface.8–13 The optical properties of quasi-zero-dimension
structures are largely determined by the energy spectrum
charge carriers localized by electrostatic image forces n
the interface between two different dielectric media.8–13

In Refs. 5 and 6 it was found that the structure of t
absorption and luminescence spectra of the SMCs inve
gated was determined by size-quantization of the ene
spectrum of free quasiparticles. The effect of the polarizat
interaction on the spectra of the charge carriers and on
spectra of large-radius excitons near a spherical interface
tween two different dielectric media was studied in Re
8–19.

In Refs. 20–23, the photoionization of CdS single cry
tals, grown in a silicate glass matrix, and CdS and Ti2

SMCs placed in water solutions was investigated experim
tally. It was established that a nonequilbrium electron p
duced by radiation corresponding to interband excitat
leaves the volume of the SMC and is captured in a trap in
matrix. As a result, an excess charge carrier~hole! remains in
the volume of the SMC.

In Ref. 8, a simple model of a quasi-zero-dimensio
structure was used to analyze the conditions of charge-ca
localization near a spherical interface between two dielec
media. This model consists of a spherical SMC with radiua
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permittivity «1 . A quasiparticle with chargee and effective
massm moves in the crystal. As a result, an analytical e
pression was obtained for the polarization interact
U(r ,a), which arises in such a medium, between the cha
carriers and a surface charge induced at the spherical in
face between the two media with different permittivities. T
interaction U(r ,a) depends on the relative permittivit
«5«1 /«2 ; r is the distance of the charge carrier from t
center of the microcrystal. For charge carriers moving n
SMCs, there are two possibilities: 1! The polarization inter-
action results in attraction of the charge carriers to the s
face of the SMC~for «,1—to the outer surface of the SMC
and for«.1—to the inner surface of the SMC! and, corre-
spondingly, in the formation of external surface8–10 or inter-
nal surface8,11 states; 2! for «,1 the polarization interaction
gives rise to repulsion of charge carriers from the inner s
face of the SMC and the appearance of local volume st
~LVSs! in the SMC.12,13

In Ref. 8 it was also shown that as the radiusa of the
SMC decreases, a quantum-well effect, which impe
charge-carrier localization as a result of a relative decreas
the contribution of the potential energy compared with
netic energy, appears. The smallest critical sizeac of a SMC,
for which a local state appears is close to the average
tancebi ~from the center of the SMC! of ground-state charge
carriers above a flat interface

ac.bi56U«21«1

«22«1
UaB

~ i ! , ~1!

whereaB
( i )5« i\

2/mie
2 is the Bohr radius in a medium with

permittivity « i and effective massmi ( i 51,2).
Since the expressions for the polarization poten

U(r ,a) were obtained in Ref. 8 on the basis of macrosco
electrostatics, the above-indicated, local, charge-carrier st
arising in the field of this potential are of a macroscop
character and for thembi@d ~d is a distance of the order o
the interatomic distance!.

Until now, the effect of the boundary of a SMC on th
spectrum of its single-particle states has not been stu
adequately. In Refs. 12 and 13, the spectrum of LVSs w
obtained only for the case of low-lying, oscillator-type stat
with arbitrary relative permittivity«,1. To compensate for
this omission in the theory we will find the spectrum of LV

124721247-05$10.00 © 1997 American Institute of Physics
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trary values of the parameters of the quasi-zero-dimensi
structure but for the case in which the difference in the p
mittivities of the adjoining media is large~«2@«1 or «!1!.

1. WKB CALCULATION OF THE SPECTRUM OF LOCAL
VOLUME STATES

The expression for the polarization interaction poten
U(r ,a) for a charge carrier interacting with the surfa
charge induced on a spherical interface between two dif
ent dielectric media~self-action potential! assumes the form
for «!1 ~Refs. 8 and 12!

U~x,S!5
1

S2~12x2!
1

«2

S2«1
. ~2!

Here and below, energy is measured in units of the B
energy in thei 52 medium:

Ry~2!5\2/2m2~aB
~2!!2

and dimensionless lengths are used: 0<x5r /a<1 and
S25a/aB

(2) . The potential energy of the charge carriers
the volume of a small SMC

Vl~x,S2!5U~x,S2!1
L2

S2
2x2

5
1

S2~12x2!
1

1

S2«
1

L2

S2
2x2

~3!

has a minimum value

Vl
min~S2!5Vl~x5x0 ,S2!5

1

S2
F1

«
14S ~122«!L2

2S2
D 1/2

1
~11«!L2

2S2
G ~4!

at the pointx5x0 , where

x0
25S 112«

2 D 1/2S L2

S2
D 1/2

,1. ~5!

The termL2/S2
2x2 in the expression~3! determines the cen

trifugal energy of the charge carrier, andL25 l ( l 11), where
l is the orbital angular momentum quantum number. Acco
ing to the expression~5!, the states are well-localized at th
center of the SMC only if (L2/S2)1/2!1.

Just as in the case«,1, ~Ref. 12 and 13!, the formation
of LVS is of a threshold character and is possible only
sufficiently large SMC, whose radiusS2 exceeds a critica
valueSc .

Yost–Pais criterion24

S2
2E

0

1

U~x,S2!~12x!dx>~2l 11! ~6!

for charge-carrier states with radial quantum numbernr50
and arbitraryl gives for the critical radiusSc of the SMC the
expression

Sc5~2l 11!@ ln 21~1/2«!#21. ~7!
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ance of a bound state, and therefore it can underestimateSc .
For small SMC radiiS2!Sc , the charge-carrier state

will be delocalized, since the kinetic~and centrifugal! energy
(;S2

22x22) makes the dominant contribution. The charg
carrier spectrumEnl(S2) ~n is the principal quantum num
ber! will coincide with the continuous~or quasidiscrete!
spectrum

Enl~S2!5wnl
2 /S2

2 , ~8!

which corresponds to ‘‘free’’ motion of charge carriers in a
impenetrable spherical well@wnl are the roots of the Besse
function Jl 11/2(wnl)50#.

For large SMC radiiS2@Sc , states lying below the con
tinuous spectrum can arise in the potential wellVl(x,S2) ~3!.
In what follows, we shall term such low-lying, charge-carri
states LVSs. The size of the localization region of such sta
in the potential well~3! must be quite small compared wit
the radiusS2 of the SMC itself.

We shall use the WKB method to investigate the sp
trum Enl(S2) of local volume states for arbitrary values o
the parameters of problemS2 , n, and l . The quantization
rule can be represented in the form

2

p
~12u1 /u2!~u1!21/2

3E
0

1 dzz2A12z2

@~u221!/~12u1 /u2!1z2#A12~12u1 /u2!z2

5A2N2

3S
. ~9!

HereN5nr11/2 ~Ref. 25!. The variable

z2512~u2
212u2

21x22u1u2
21!/~12u1u2

21!,

andu1,2, which are associated with the turning pointsx1,2 in
the potential~3! by the expressionu1,2512x1,2

2 , are deter-
mined by the relations

lNl~S!5
6

S2
S 12u1

u1
1

L2

6S2~12u1! D ,

u1

u2
5u11

L2u1
2

6S2~12u1!
<1. ~10!

We shall measure the charge-carrier energy from the m
mum valueVl

min(S2) ~4! of the energy. For this reason, in Eq
~10! we have

lNL~S2!5ENl~S2!2Vl
min~S2!. ~11!

The quantity (u1 /u2)(u1) ~10! equals 1 for
u15u1

05@11(L2/6S2)#21. Therefore, to satisfy the inequa
ity u1 /u2<1, it is necessary that

0<u1<u1
05F11S L2

6S2
D G21

. ~12!

If the following condition is satisfied:

12
u1

u2
512u12

L2u1
2

6S2~12u1!
!1, ~13!
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and assuming in the integrand in Eq.~9!

e
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16N 2/3

!
6S2

1/2

!1. ~22!
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al
A12~12u1 /u2!z2.1,

we write the quantization rule~9! in the form

~12u1 /u2!u1
21/2F1

2
1

~u2
2121!

12u1 /u2

3S 12A11
12u1 /u2

u2
2121 D G5A2N2

3S
. ~14!

We shall consider the case where

12u1 /u2

u2
2121

5
6S2~12u1!2

L2u1
2u1!1. ~15!

First, we assume

u1<u1
0.12AL2/6S2,1. ~16!

As one can easily see, the solution of Eq.~14! is

u1.1A L2

6S2
S 11AN

L D 2

. ~17!

The requirement that the relations~13!, ~15!, and ~16! hold
simultaneously leads to the condition

2AN

L
!1!A6S2

L2 . ~18!

The condition~18! holds for charge-carrier states with larg
orbital angular momentum quantum numbersL ~such that
2AN/L!1!. In this case, the charge carriers undergo mot
in a SMC with large radiiS2 ~such thatA6S2 /L2@1!.

The spectrumlNl(S2) ~11! with Eq. ~17! in the range of
parameters of the problem (S2 ,N,L), which is determined
by the condition~18!, has the form

lNl~S2!5v l~S2!S 1

2
1

N

L D ,

v l~S2!54A6~L/S2
3/2!,

N

L
!1. ~19!

The first term, which is proportional to (L/S2
3/2), makes the

main contribution to the spectrumlNl(S2) ~19! of local vol-
ume states. The second term in Eq.~19! is only a small
correction ~of the order ofN/S2

3/2!. The spectrumlNl(S2)
~19! is an oscillator-type spectrum with the frequencyv l(S2)
of charge-carrier oscillations.

We assume as before, that the conditions~13! and ~15!
hold, but now

u1,u1
0.A6S2

L2 ,u2!1. ~20!

The solution of Eq.~14! under this condition is

u15A6S2

L2 A124S N

L D 1/2S L2

6S2D . ~21!

The requirement that the conditions~13!, ~15!, and~20! hold
simultaneously reduces to the inequalities
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S L D S L2 D
The spectrumlNl(S2) ~11! of local volume states, with al-
lowance for Eq.~21! in the range of parameters of the pro
lem which are determined by the conditions~22!, is

lNl~S2!5
L2

S2
2 F11S 6S2

L2 D 1/2G . ~23!

It should be noted that the spectrumlNl(S2) ~23! is de-
termined mainly by a dependence of the for
lNl(S2);L2/S2

2, which is a particular case of theS2 depen-
dence of the spectrumlNl(S2) ~8!. The latter spectrum is
characteristic of charge carriers executing a finite motion i
spherical potential well with impenetrable walls. The seco
term makes only a small correction to the spectrum~23!.

Let us examine the case where the conditions~13! and
~16!, as well as the condition

S 12u1u2
21

u2
2121 D 1/2

@1, ~24!

hold. Then Eq.~14! has the solution

u1512A2N2

3S2
S 11A11

L2

4N2D . ~25!

The requirement that the inequalities~13!, ~16!, and ~24!
hold simultaneously reduces to the conditions

1!1
N

L
!A6S2

L2 , ~26!

which are satisfied for states with large quantum numb
N (2N/L@1) for large microcrystal sizes S2

(A6S2 /L2@1). In the range of parameters (S2 ,N,L), which
is determined by the inequalities~26!, the spectrumlNl(S2)
~11! with Eq. ~25! is of an oscillator form

lNl~S2!5v l~S2!S 1

2
1

L

ND ,

v l~S2!54A6~N/S2
3/2!, L/N!1, ~27!

with charge-carrier oscillation frequencyv l(S2).
It should be underscored that Eqs.~19!, ~23!, and ~27!

are particular cases of the more general formulas~10!, which
describe an oscillator-type spectrum of the low-lying loc
volume states of the charge carriers.

Let us consider the case

u1

u2
5u11

L2u1
2

6S2~12u1!
!1. ~28!

Assuming that in the integrand in Eq. ~9!
A12(12u1u2

21)z2.A12z2, the quantization rule~9! can
be reduced to the expression

u1
21/2~12u1 /u2!F12A u2

2121

12u1 /u2
tan21A12u1 /u2

u2
2121 G

5
p

2
A2N

3S2
. ~29!
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A12u1 /u2

u2
2121

5u1
1/2A6S2

L2 S 12u1

u1
D 2

21!
1

2
~30!

hold, in addition to the inequalities~28!. Expanding the ex-
pression~29! in a series in powers of the parameter~30! and
retaining the first two terms of the expansion, we obtain
u1

u15S 6S2

L2
D 2/3S 2

3p2

S2

N2D 1/3

!1. ~31!

The inequalities~28! and ~30! together reduce to the cond
tion

1

)

S 6S

L2 D 1/2

,S 3pN

L D 2/3

!
1

)

, ~32!

which holds for states with large values of the orbital angu
momentum quantum numberL such that

A6S2 /L2!1 and ~3pN/L !2/3!1.

In the region of parameters~S2 , N, andL! determined by the
conditions ~31! and ~32!, the charge carriers move in th
potential U(u1 ,S2);(L2/6S2)(11u1). Since this potential
is a linear function of the variableu1 , U(u1 ,S2);u1 ,the
spectrumlNl(S) ~11! of the local volume states is, takin
into account Eq.~31!,

lNl~S!5
L2

S2 F11S 3pN

L D 2/3G , S 3pN

L D 2/3

!1 ~33!

and has the same dependence on the quantum numbeN
and L, i.e., lNl(S);(N/L)2/3, as in the case of the charg
carriers moving in a central field of the formU(u1);u1 .26

If the inequality

A12u1 /u2

u2
2121

5u1
1/2A6S

L2 S 12u1

u1
D21@1 ~34!

holds, in addition to the inequalities~28!, then the substitu-
tion

tan21A12u1u2
21

u2
2121

'
p

2

can be made in Eq.~29!.
In this case

u15
4

p2 S 6S

L2 D S 11
2N

L D 22

!1. ~35!

The requirement that the conditions~28! and ~34! hold to-
gether reduces to the inequalities

p2S 1

2
1

N

L D 2

@1@
4

p2 S 6S

L2 D S 11
2N

L D 22

. ~36!

In the region ~36! the spectrumlNl(S) ~11! of the local
volume states is, taking into account Eq.~35!,

lNl~S2!5
p2N2

S2 S 11
N

L D1
L2

S2
2 ;

N

L
!1. ~37!
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In other words, it takes on the same form as the spectrum
a particle undergoing a finite motion in a spherical poten
well ~8! of infinite depth.

Using the quantization rule~9!, we obtain above the
spectrumlNl(S2) ~11! of local volume states under the con
ditions~18!, ~22!, ~26!, ~32!, and~36! for the parametersN,l ,
andS2 . Evidently, forS2!Sc.1 ~just as in the case of the
outer and inner surface states8–11! the spectralNl(S2) ~23!,
~33!, and ~37! of the local volume states are the spectru
lNl(S2);S2

22 of a particle executing a finite motion in a
infinitely deep spherical well. In the other limiting case, d
termined by the conditions~18! and ~26!, S2@Sc.1, the
spectra~19! and ~27! of the local volume states are of a
oscillator characterlNl(S2);S2

23/2 ~Refs. 12 and 13!.
Thus, for arbitrary parameters (S2 ,N,l ) of the problem

the WKB charge-carrier spectrumlNl(S2) ~11! in the vol-
ume of a small semiconductor microcrystal of radiusS2 as-
sumes the formlNl(S2);S2

2 j (S2) . The parameterj (S2)52
for S2!1 and forS2@1 j (S2)53/2, the same value as in th
case of the low-lying local volume states.12,13

The numerical calculations oflNl(S2) @Eqs. ~9!–~11!#,
which are presented in Fig. 1, also confirm the depende
lNl(S2);S2

2 j (S2) . The figure presents the spectralNl(S2)
~11! of local volume states with the quantum numbersnr50,
1, 2, 3, and 4 andl 50, 1, 2, 3, and 4 as a function of the siz
S2 of microcrystals with radii ranging fromS251023 up to
S25103. It follows from the computational results present
above that the effect of the boundary of a microcrystal on
spectrum of charge carriers moving in infinitely deep sphe
cal well of radiusS2 reduces to quantum-well effects ass
ciated with purely spatial limitation of the region of quan
zation only for microcrystals of sizesS2<1022. For
microcrystals with radiiS2>1021 the charge-carrier spec
trum lNl(S2) ~11! is determined mainly by the polarizatio

FIG. 1. SpectrumlNl(S2) of local volume states as a function of the radiu
S2 of a small semiconductor microcrystal. The numbers on the curves
resent the states (nr ,l ).
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3U. Woggon and F. Henneberder, Phys. Status Solidi B150, 641 ~1988!.
4N. R. Kulish, V. P. Kunets, and M. P. Lisitsa, Ukr. Fiz. Zh.35, 200

a

,

two dielectric media. For large microcrystals withS2>10
the charge-carrier spectrum is of an oscillator chara
lNl(S2);S2

23/2.
The interband absorption spectra of cadmium sulfi

(«2'9.3) SMCs with sizea ranging from 15 to 300 Å dis-
persed in a transparent dielectric matrix («1'1.5) were in-
vestigated experimentally in Ref. 6. It was found that t
structure of the luminescence and absorption spectra of
SMCs is determined by size-quantization of the electron
ergy spectrum. In the range of SMC sizesa<40 Å, in Ref.
6 an electron energy spectrumE(a), whose dependence o
the SMC radiusa was different from the size-quantizatio
form Eq. ~8!, was observed. The electron spectrumE(a),
obtained under the experimental conditions of Ref. 6, is
scribed qualitatively by a function of the form
E1/2,05 f (a21,a23/2), determined by Eqs.~11!, ~4!, and~27!.

The dependence of the electron spectrum in quant
well cadmium sulfide SMCs on the SMC radiusa was in-
vestigated theoretically in Refs. 27–29. The calculations
the electron energy spectrum performed in Refs. 27–
which allow for degeneracy of the valence band in the c
mium sulfide SMC under the experimental conditions of R
6, show a small deviation~of the order of 6%! from the
electron spectrumE1/2,0(a) described by Eqs.~11!, ~4!, and
~27!.

In summary, our disregard of the corrections due to
degeneracy of the valence band in a small SMC, for
electron spectrumE1/2,0(a) given by Eqs.~11!, ~4!, and~27!
has apparently been justified.

We thank V. M. Agranovich and N. A. Efremov for
discussion of the results.
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AMORPHOUS, GLASSY, AND POROUS SEMICONDUCTORS
Metastability and relaxation processes in hydrogenated amorphous silicon
B. G. Budaguan, A. A. A vazov, M. N. Me tin, and A. Yu. Sazonov

Moscow Institute of Electronic Engineering (Technical University), 103498 Moscow, Russia
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The kinetics of structural relaxation in hydrogenated amorphous silicon~a-Si:H! deposited by
various methods is investigated by differential scanning calorimetry. The experimental
results are used to analyze the nature of the metastable states ina-Si:H and to investigate the
relationship between structural relaxation and light-induced metastability~the Staebler-
Wronski effect!. © 1997 American Institute of Physics.@S1063-7826~97!02311-9#
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Hydrogenated amorphous silicon~a-Si:H! is currently
used in the fabrication of photosensitive devices~photodetec-
tors, sensors, and solar cells!. However, more universal ap
plication of this material is deterred by the low stability of i
electronic properties as a result of relaxation processes.1

Another obstacle to the full-scale manufacture of inst
ments utilizinga-Si:H is the low rate of deposition of device
quality material~1–2 Å/s!. Any increase in the depositio
rate produces microstructural inhomogeneities, which lea
structural relaxation and degradation of the electronic pr
erties. However, the role of microstructural inhomogene
remains as enigmatic as ever, but even material obtained
setting with optimal technological parameters is known
contain microstructural inhomogeneities~microvoids, col-
umns, and clustered hydrogen!.2–4

Several authors have employed differential scann
calorimetry ~DSC, Refs. 5–8! and differential thermal
analysis~DTA, Ref. 9! to investigate processes in the stru
ture of disordered alloys of tetrahedral semiconductors.
efficacy of these methods has been demonstrated in an a
sis of relaxation processes in the temperature range
–300 °C ~Refs. 5,6, and 9 and hydrogen effusion
T.300 °C ~Refs. 5–9!. At the same time, there are sti
unanswered questions concerning the nature of the l
temperature exothermic heat-flow process and the sign~exo-
thermic or endothermic! of the high-temperature heat-flow
process. It has been shown that the difference in the sig
the high-temperature process in the alloysa-Ge:H and
a-CSiGe:H is attributable to differences in the DSC proc
dure and apparatus used for the analysis.7 On the other hand
difficulties are encountered in the quantitative analysis
these results8 owing to the simultaneous occurrence of se
eral processes in the same temperature range~endothermic
hydrogen effusion and exothermic structur
transformation!.5,7

Here we report a DSC investigation of the kinetics
structural relaxation ina-Si:H deposited by various tech
niques. The experimental results are used to analyze the
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jective, the relationship between structural relaxation a
light-induced metastability~the Staebler-Wronski effect! is
investigated ina-Si:H films prepared by plasma-chemic
deposition from the gaseous phase with various technol
cal parameters.

EXPERIMENTAL

Hydrogenated amorphous silicon films were prepa
by dissociating mixtures (10%SiH4190%H2) and
(5%SiH4195%He) in a high-frequency~13.56 MHz! glow
discharge at a specific discharge power of 0.3W/cm2 with a
substrate temperature in the range 200–310 °C. Fast-gr
a-Si:H films were obtained by deposition from pure mono
lane in a low-frequency glow discharge~excitation frequency
55 kHz! at a power of 200 W, a substrate temperature
225 °C, and a pressure in the range 55–95 Pa. After dep
tion the films were subjected to a 0.5-h anneal at a temp
ture of 240 °C and pressure of 1023 Pa to eliminate unman
ageable impurities~O, N, and C!, whose concentrations wer
monitored by Auger analysis according to the film thickne

The films were deposited on substrates of Corning 70
glass for measurements of the Staebler–Wronski effect
also on silicon single-crystal substrates for DSC and infra
spectroscopy. For the DSC measurements a sample of m
10 mg was prepared in powder form by scraping the fil
mechanically from the substrate and transferring the pow
into sealed aluminum cells.

Quantitative DSC measurements were performed by
heat-flow method on a Du Pont DSC 910 microcalorime
at a constant heating rate of 5–50 °C/min in the tempera
range from 20 °C to 570 °C in an argon atmosphere. E
analysis was preceded by recording of the heating curve
the empty cell, and the resulting plot then served as the b
line.

The IR transmission spectra of thea-Si:H films were
measured on a SPECORD M-80 dual-beam spectrome
The 630-cm21 band was used to calculate the bound hyd
gen concentration.10 The structural inhomogeneity of th

125221252-05$10.00 © 1997 American Institute of Physics
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films was estimated by means of the microstructure par
eter

R5
I 2100

I 20001I 2100
,

whereI 2000 andI 2100 are the absorption intensity integrals
the 2000-cm21 and 2100-cm21 bands.

The Staebler–Wronski effect was measured on str
tures with coplanar aluminum electrodes deposited on
surface of ana-Si:H film and subjected to a 0.5-h anneal
200 °C. The linearity of the current-voltage characteristics
the samples confirmed that the measurement results wer
influenced by the contacts and surface band bending.
samples were illuminated with a He-Ne laser (l5633 nm!,
and the intensity of the incident beam was 1017photons/
~cm•s!. The applied electric field was 10 V/cm. The defe
generation kinetics was measured at temperatures o
–150 °C in a two-hour radiation exposure.

RESULTS

The DSC curves fora-Si:H films annealed with various
parameters are shown in Fig. 1. The curves clearly exhib
low-temperature exothermic transition~LTT! beginning at
100 °C. At higher temperatures we observe two hig
temperature exothermic transitions~HTTs! at 320 °C and
420 °C for a-Si:H films deposited from helium-diluted
monosilane and one HTT near 420 °C for all othera-Si:H
films.

Figure 2 shows the DSC curves fora-Si:H deposited
from a gaseous mixture (90%H2110%SiH4) at various
heating rates: 5 °C/min, 10 °C/min, 20 °C/min, an
50 °C/min. All the curves contain a relatively weak LTT
the temperature interval 120–280 °C and a strong HTT

FIG. 1. Differential scanning calorimetry curves fora-Si:H films prepared
by the glow-discharge dissociation of mixtures:1! @SiH41H2#, 13.56 MHz;
2! @SiH41He#, 13.56 MHz;3! @SiH4#, 55 kHz. The curves are plotted from
modeling of the low-temperature and high-temperature exothermic tra
tions.
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420–430 °C. An increase in the heating rate raises the t
perature at which the transition begins~see Table I!, attesting
to its kinetic nature. The total heat liberated in the region
the LTT increases slightly with the heating rate, consist
with the heating-rate dependence of the DSC signal. T
decrease in the total heat in the region of the HTT is ass
ated with the shift of this region toward temperatures exce
ing the measurement limit of our equipment.

The DSC curves fora-Si:H deposited from a gaseou
mixture (5%SiH4195%He) at a heating rate of 10 °C/mi
are shown in Fig. 3. The baseline has been subtracted f
the curves. The curves exhibit the following characterist
distinct from those in Fig. 2: a! the LTT is uniformly distrib-
uted in the temperature range above 100 °C; b! two HTT
peaks exist at 315 °C and 420 °C.

DISCUSSION AND MODEL

At temperatures above 100 °C the low-temperature e
thermic transition is detected earlier in different alloy
a-SiGe:H ~Ref. 5!, a-Si:H ~Ref. 8!, a-SiC:H ~Ref. 6!,
a-SiGe:H and a-CSiGe:H ~Ref. 7!, and a-Si12xNx :H
~Ref. 9!, and also in nonhydrogenateda-Si and a-Ge
~Ref. 5!. In all these cases the samples were characterize

i-

FIG. 2. DSC curves fora-Si:H films deposited from a gaseous mixtur
10%H4190%H2 at various heating rates:1! 5 °C/min; 2! 10 °C/min;
3! 20 °C/min;4! 50 °C/min.

TABLE I. Heating-rate dependence of the temperatureTst of the start of
thermal effects and their total heats of reactionQ in a-Si:H films deposited
from a gaseous mixture (10%H4190%H2).

Heating Tst ,°C Q, J/g
rate, Type of effect
°C/min LTT HTT LTT HTT

5 80 310 18.2 84.6
10 90 325 18.3 65.7
20 100 350 24 62.0
50 115 375 24.9 58.0

1253Budaguan et al.
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structural inhomogeneity and, in some cases, by a dist
island structure observed with the aid of a transmission e
tron microscope~TEM!.5,9

The structural inhomogeneity of our investigated film
deposited from hydrogen-diluted monosilane has also b
detected previously in the TEM.9 It has been shown in the
literature that the inhomogeneities~microscopic voids, etc.!
originate from secondary reactions in the plasma and fr
the dominant role of SiH2 radicals in the film growth
process.11 It has also been shown12 that the microstructure o
films deposited from monosilane weakly diluted with heliu
is inhomogeneous as well. Finally, the structural inhomo
neity of a-Si:H films deposited from these mixtures is co
roborated by the high value of the parameterR ~Table II!
obtained from IR spectroscopy data. Consequently, the p
ence of the LTT on the DSC curves of our samples is a
attributable to the structural inhomogeneity of the films.

A distinctive feature of this kind of microstructure is
high fraction of internal boundaries containing weak Si–
bonds and hydrogen clusters of the SiH2 or SiH type.5,9 Ac-
cording to our calculations, the density of weak Si–Si bon
situated at internal boundaries is (461)31020 cm23 in
a-Si:H films deposited from hydrogen-diluted monosilan9

It has also been shown in the same paper that relaxatio
the weak Si–Si bonds induces LTT. Analogous results h
been obtained fora-Si12xNx :H ~Ref. 9! and for porous Si

FIG. 3. DSC curves fora-Si:H films deposited from a gaseous mixtu
5%SiH4195%He at various substrate temperatures:1! Ts520 °; 2! 175 °C;
3! 305 °C.

TABLE II. Hydrogen concentrationNH , microstructure parameterR, tem-
peratureTst of the start of thermal effects, and total heat of reactionQ of the
latter in a-Si:H deposited from H2- and He-diluted SiH4 ~heating rate
10 °C/min.

Tst ,°C Q, J/g
Diluent NH , R Type of effect
gas at.% LTT HTT LTT HTT

1 2 1 2

H2 14.0 0.25 90 – 325 18.3 – 65.7
He 16.4 0.56 130 240 345 7.0 26.2 58.4
He 7.2 0.20 140 240 345 5.2 7.9 19.2
He 7.7 0.19 115 240 360 13.2 28.9 43.1
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therefore a property of a large class of disordered mater
and its onset is attributable to the existence of nonequi
rium weak Si–Si bonds in the inhomogeneous film.

The high-temperature exothermic transition has been
served in amorphous Si and Ge alloys in the tempera
range corresponding to hydrogen effusion, as confirmed
gas evolution experiments.5,14 We have calculated the act
vation energy of this process ina-Si:H films deposited from
hydrogen-diluted monosilane according to the equation15

d@ ln~r h /Tmax
2 !#

d~1/Tmax!
52

E

R
, ~1!

wherer h is the heating rate,Tmax is the temperature at which
the effect is a maximum,R is the universal gas constant, an
E is the activation energy. For our calculations we have se
rated out the region of the HTT of the DSC curves in Fig
and subtracted the baselines. The activation energy
1.68 eV, which is in line with the activation energy o
diffusion-controlled hydrogen effusion~1.5 eV! from un-
dopeda-Si:H ~Ref. 14!. Consequently, the temperature
the peak of the HTT and temperature of its onset characte
the hydrogen-bonding configurations in the film.5,14

Two exothermic peaks are discerned on the DSC cur
for a-Si:H films deposited from He-diluted monosilane~Fig.
3!: at 315 °C and at 420 °C, confirming the presence
different hydrogen microstructures in these films. Hydrog
effusion is an endothermic process,16 but we have observed
an exothermic process in our experiments. This contradic
is explained by the exothermic structural transformation
the silicon matrix in the same temperature interval after
liberation of hydrogen.1,3 Consequently, the heat-flow pro
cess observed ina-Si:H is actually a superposition of exo
thermic and endothermic reactions accompanying the e
sion of hydrogen from this material.

We now use the foregoing results, which demonstr
the relationship between microstructure and relaxation p
cesses, to investigate the nature of the metastability
a-Si:H. The investigation is based on the following assum
tions: a! the onset of the LTT is associated with the esta
lishment of equilibrium between weak Si–Si bonds and d
gling bonds; b! the LTT is observed in the same temperatu
interval as the Staebler–Wronski effect. The equilibrium b
tween weak Si–Si bonds and dangling bonds in the prese
of free charge carriers is analyzed in accordance with
mechanism17

e1h1~Si2Si!weak⇔2D0, ~2!

where e denotes an electron,h is a hole, ~Si–Si!weak is a
silicon weak bond, andD0 is a neutral defect~silicon dan-
gling bond!.

This reaction is assumed to be responsible for the on
of the light-induced effect and the thermal effect in undop
a-Si:H, including the generation and annealing of defec
Making use of the fact that the reaction~2! is also the cause
of structural relaxation, we construct a model of the LTT
the DSC curves to calculate the kinetic parameters of
given process.
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of metastable defects obeys a stretched exponential law

@Ns~ t !2Ns~`!#/@Ns~0!2Ns~`!#5exp@2~ t/t!b#,

T5const, ~3!

whereNs(t), Ns(0), andNs(`) are the densities of meta
stable defects at any timet, at the initial time, and in the
equilibrium state, andt is a characteristic time constant. Th
dispersion parameterb5T/T0, whereT05600 K ~Ref. 17!.

We assume that the total heat released in the LTT
governed by the heat of reactionQs of the process~2! and
the variation of the density of metastable defe
DNs0(T)5@Ns(0)2Ns(`)# at T5const:

Q~T!;QsDNs0~T!. ~4!

The elementary increment of the heat of reactiondQ(T) for
a change of temperaturedT is determined by the heating ra
v5dT/dt and the differentialdDNs0(T), which is controlled
by the metastable annealing kinetics; accordingly, it follo
from ~4! that

dQ~T!/dT;dDNs0~T!/dT. ~5!

Consequently, this approach enables us to describe the
tribution of relaxation processes to the exothermic DSC h
flow process, which can be used to model the LTT on
DSC curves. The quantitydDNs0(T) can be estimated from
the iteration

^dDNs0~T1!&5N12N0

and

N12N`5~N02N`!exp@2~dt/t1!b1#, ~6!

whereN0 is the initial density of metastable defects at t
temperatureT* , N1 is the density of metastable defects,t1 is
the relaxation time at the temperatureT15T* 1dT, and
b15T1 /T0. The equilibrium defect densityN` at a given
temperature is determined from the law of effective mas
in application to the reaction~2! @Eq. ~5! in Ref. 17# and is
expressed as follows in darkness~the prevailing condition of
our DSC investigations!:

N` /~Nt2N`!54 exp~2F/kT!, ~7!

whereNt is the density of weak Si–Si bonds prior to the
conversion into defects, andF52(Ed2Et)50.8 eV charac-
terizes the energy difference between the defect (Ed) and
weak-bond (Et) states.

The density of metastable defectsNi at temperatureTi is
described by the equation

Ni 112N`5~Ni2N`!exp~2~dt/t i !
b i !, ~8!

where t i5t0exp(Et /kTi), and b i5Ti /T0. To model the
LTT, we use the time constantt0510210 s corresponding to
the dispersive diffusion of hydrogen. It is evident that t
activation energyEt governs the position of the heat-flo
peak. The given model therefore exhibits the correlation
tween thermal effects and the relaxation kinetic paramet

We have used the same approach to model the H
treating it as the result of structural relaxation after hydrog
effusion.9 The total DSC spectrum is therefore conceived

1255 Semiconductors 31 (12), December 1997
is

s

s

on-
t-
e

s

-
s.
T,
n
s

curves of various films are shown in Fig. 1 together w
experimental data. It should be noted that the HTT calcu
tions giveEt50.7 eV, which is far below the value calcu
lated from the experimental results. This disparity impli
that the HTT cannot be fully described by the given mod
because the latter disregards hydrogen effusionper se.

The results of measurements of the Staebler–Wron
effect @the time dependences of the photoconductivitysph(t)
and the dark conductivitysd(t)# for a-Si:H films deposited
with various parameters has been least-squares fitted
curve described by a stretched exponential law,19 and from
this fit we determine the parameters of the generation kin
ics of metastable defects:

@s~ t !2s~`!#/@s~0!2s~`!#5exp@2~ t/t!b#, ~9!

where s(t), s(0), and s(`) denote the conductivities a
time t and in the initial and equilibrium states, respectivelyt
is a characteristic time, andb is the dispersion paramete
The characteristic timet is thermally activated:

t5t0exp~Et /kT!, ~10!

whereEt is the activation energy of the characteristic defe
generation time. Taking into account the fact that the re
tion ~2! is the cause of the Staebler–Wronski effect~equilib-
rium shifts toward higher defect densities under the influe
of light-induced excess free carriers!, we calculate the an-
nealing activation energyEt

ann according to Ref. 17 as
Et

ann1F5Fg1Et
gen, whereEg is the width of the band gap

andEt
gen is the generation activation energy.

The activation energies of generationEt
gen and annealing

Et
ann of metastable defects and the activation energy^Et

ann&
obtained from modeling the LTT on the DSC curves f
a-Si:H films deposited with various parameters are summ
rized in Table III. Also shown in the table are the film
growth rater g , the total hydrogen concentrationNH , the
microstructure parameterR, and the photosensitivitysph/sd

measured at the wavelengthl5633 nm (T5300 K!. It fol-
lows from the table that all the samples have good photos
sitivities, regardless of the degree of microstructural inhom
geneity~the parameterR!. Moreover, the activation energie
correlate with the parameterR and with the total hydrogen
concentrationNH for each type of deposition process.

Figure 4 shows the dependence of the activation ene
on the microstructure parameterR. It is clear that the values
of Et

ann calculated from measurements of the Staeb
Wronski effect are close to the corresponding values
^Et

ann& estimated from the DSC data. This result and the
pendence of the variations of these parameters onR illustrate
the general nature of the annealing of light-induced defe
and the LTT. The reaction~2! can therefore be used to de
scribe the generation of light-induced defects~the Staebler–
Wronski effect! and the thermal effect corresponding to t
relaxation process on the DSC curves. It is evident from F
4 that the reaction kinetics~5! is controlled by the hydrogen
microstructure. An increase inR leads to an increase in th
activation energy as a result of the slowing of hydrog
diffusion.19 The high stability of films deposited from He
diluted monosilane atTs5300 °C in a 55-kHz discharge i
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presumably ass

TABLE III. Hydrogen concentrationNH , microstructure parameterR, parameters of generation and annealing
of metastable defects, and photosensitivity ofa-Si:H films deposited with various parameters.
Preparation

conditions

r g ,

Å

NH ,

at.%

R Et
gen,eV

~SWE!

Et
ann,eV

~SWE!

^Et
ann&,eV

~LTT!

sph /sd ,

T5300 K

H2-diluted 2.0 14.0 0.25 0.088 1.138 0.960 13104

He-diluted 2.0 7.2 0.20 0.034 0.964 0.990 83103

He-diluted 1.0 11.0 0.39 0.155 1.235 1.198 13103

55 kHz 11.3 12.3 0.16 0.086 1.046 0.950 63103

55 kHz 10.1 16.4 0.26 0.107 1.057 0.965 13104

55 kHz 10.0 26.6 0.30 0.141 1.071 1.010 83103

Note: SWE! Staebler–Wronski effect; LTT! low-temperature exothermic transition.
ociated with the formation of SiH2 or clusters
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of the SiH type at internal grain boundaries of microsco
voids, voids, etc., which act as trapping centers for the
persive diffusion of hydrogen. In this case an increase in
microstructure parameterR has the effect of slowing hydro
gen diffusion and of increasing the activation energy of
characteristic time. It is also important to note that film
deposited in a glow discharge at 55 kHz and at high gro
rates have good optoelectronic properties and high photo
ductivity.

CONCLUSIONS

We have shown that:
• differential scanning calorimetry~DSC! is an effective

method for the display of structural inhomogeneity in dis
dered materials;

• the low-temperature exothermic transition is caused
the relaxation of weak Si–Si bonds;

• the high-temperature exothermic transition is caused
hydrogen effusion and subsequent microstructural relaxat

This analysis can be used to characterize the hydro
microstructure and degree of disorder of the silicon matr

We have proposed a method for calculating the para
eters of the structural relaxation kinetics from DSC data.

A combined analysis of DSC and the Staebler–Wron
effect has disclosed that the generation of light-induced
fects and the LTT on the DSC curves are of a comm

FIG. 4. Activation energies of the characteristic defect generation and
nealing times versus microstructure parameterR for the investigated
samples. 1! Et

ann 2! ^Et
ann& 3! Et

gen.
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bonds and dangling bonds. The rate of this reaction in b
directions is controlled by the hydrogen microstructure, a
its magnitude diminishes as the microstructure parameteR
increases.
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Light-induced processes in a-Si:H films at elevated temperatures
I. A. Kurova, É. V. Larina, N. N. Ormont, and D. V. Senashenko

Physics Department, M. V. Lomonosov Moscow State University, 119899 Moscow, Russia
~Submitted October 14, 1996; accepted for publication April 1, 1997!
Fiz. Tekh. Poluprovodn.31, 1455–1459~December 1997!

At temperaturesT.120 °C the kinetics of the dark conductivity (sd) of undoped and boron-
dopeda-Si:H films during and after the cessation of illumination is observed to be
nonmonotonic, with fast and slow processes of variation ofsd of opposite sign. A fast or slow
sd relaxation process described by a stretched exponential function can be isolated by
varying the duration and intensity of illumination or the film temperature. The nonmonotonic
relaxation ofsd is described by a sum of two stretched exponentials, whose parameters
t andb depend on the film characteristics and on the temperature, exposure time, and intensity
of illumination. The nature of the nonmonotonic relaxation is discussed. ©1997 American
Institute of Physics.@S1063-7826~97!02411-3#

The formation and relaxation of light-induced metastablefilms were annealed for one hour atTa5190 °C and were
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~LIM ! states in a-Si:H have been investigated in man
papers.1–3 The investigations have been carried out primar
in the vicinity of room or liquid-nitrogen temperature
where the dark conductivity (sd) and the photoconductivity
(sph) have been observed to decrease monotonically in
doped and dopedn-type films after the cessation of illumi
nation. It has been established that these variations are a
utable to the formation of neutral, metastable dangl
bonds.1 An increase insd has been observed4,5 in boron-
doped,p-type films, but it vanished when the temperatu
was raised to 80 °C. It has been shown that this phenome
is mainly due to optical charge transfer from local states
the oxide layer or at its boundary with the film and also, a
result of this process, the formation of a subsurface accu
lation layer of elevatedp-type conductivity in the film. Non-
monotonic relaxation ofsd has been observed in late
studies6,7 in boron- and phosphorous-doped films after ill
mination at elevated temperatures;sd increased rapidly to
values above the equilibrium levelsd0 and then gradually
decreased to the equilibrium value. It has been establis
that the relaxation processes are bulk processes.7 The authors
of the papers assumed that the rapid rise ofsd is caused by
the annealing of light-induced dangling bonds, and the s
decline ofsd is caused by the deactivation of light-induce
electrically active impurities. However, detailed studies
the laws and nature of the nonmonotonic relaxation ofsd

were not carried out in the cited work.
Here we report an investigation of undoped and bor

dopeda-Si:H films. All the films were grown at the Stat
Scientific-Research and Design Institute of the Rare M
Industry ~GIREDMET, Moscow! by deposition in an rf dis-
charge plasma, and doping was implemented from the
eous phase. The characteristics of the investigated films
given in Table I. The boron concentration in the investiga
films was determined by secondary ion spectroscopy.

The kinetic behavior ofsd during and after the cessatio
of illumination of the films at elevated temperatur
T.120 °C was investigated. The light source was a halo
lamp, and the intensity of illumination of the films was va
ied by means of neutral filters. At the start of each test
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then slowly cooled down to the temperature at which th
illumination and the measurements were to be performed

Figure 1 shows the kinetics of the normalized dark co
ductivity sd(t)/sd0 for film No. 4 during and after illumina-
tion at various intensities and at various temperatures.
see that the time variation ofsd during exposure is non
monotonic ~curves 1!; sd decreases at first and then in
creases. The postilluminationsd relaxation curves depend o
the illumination timet ill . If t ill is short, i.e., corresponds t
the descending part of thesd(t ill ) curve1, the relaxation of
sd(t) is monotonic~curve2!, and the logarithm of the ratio
sd(t)/sd0 is described by the stretched exponential funct

log@sd~ t !/sd0#5A exp@2~ t/t!b#. ~1!

If the illumination time is increased to values correspond
to the ascending part of thesd(t ill ) curve, the postillumina-
tion relaxation ofsd is nonmonotonic~curve 3!. It encom-
passes two processes: the rapid rise ofsd to values above
sd0, and the slow decay ofsd to the equilibrium value. It is
also evident from Fig. 1~curve4! that a slowsd relaxation
process can be isolated by raising the temperature du
illumination of the film. The abatement of the first proce
can be attributed to a decrease in the density of LIM sta
responsible for the first process, owing to an increase in t
annealing rate when the temperature is increased.

The investigations show that a slowsd relaxation pro-
cess can also be isolated by decreasing the intensity of
mination of the film without changing its temperature, i.
by decreasing the rate of formation of LIM states respons
for the first process. Figure 2 shows typical plots of thesd

relaxation kinetics for film No. 3 after its illumination with
various intensities at a single temperature~curves1 and 3!
and after illumination with a low intensity at different tem
peratures~curves 2–4!. It is evident from Fig. 2 that at
t5400 K after illumination of the film by high-intensity ligh
(W590 mW/cm2, t ill 510 s! the relaxation ofsd is non-
monotonic ~curve 1!, and after low-intensity illumination
(W54 mW/cm2, t ill 5300 s! the relaxation ofsd is mono-
tonic and corresponds to the gradual decrease ofsd to the
equilibrium value. This monotonic, slow relaxation ofsd is

125721257-04$10.00 © 1997 American Institute of Physics



also described

TABLE I.
No. d,mm Ts ,°C NB ,cm23 Ed ,eV sd ,V21
•cm21

(T5290 K)

E1 ,eV n1 ,s21 E2 ,eV n2 ,s21

1 1 250 – 0.74 8310210 1.00 43109 1.05 53108

2 1 290 131017 0.83 2310210 1.05 131011 1.1 53109

3 4 290 231017 0.85 1.2310211 1.13 231013 1.27 1.331013

4 1 300 231018 0.66 231029 0.86 13109 0.88 13108

Note: Here d is the film thickness,Ts is the substrate temperature during film growth,NB is the total Bohr
concentration,Ed is the dark conductivity activation energy,sd is the dark conductivity atT5290 K,E1,2 is the
activation energy oft1,2, andn1,2 is the preexponential factor fort1,2.
by a stretched exponential function, whose
lu-
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5DEF /kT. Assuming that the density of states is constant in
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c

parameterst andb depend on the temperature and the il
mination time for each film.

Figure 3 shows thesd relaxation kinetics of the undope
film No. 1 after illumination at various temperatures by lig
of intensityW590 mW/cm2 for a durationt ill 515 s. Clearly,
two sd relaxation processes are observed in the undoped
after illumination at elevated temperatures, the rates of b
processes increasing with the temperature. The behavio
log@sd(t)/sd0# is described by the sum of two stretched e
ponentials, whose parameters depend on the temperature
ration, and intensity of illumination. These parameters w
determined as follows. The fast relaxation process was
sumed to terminate at a timet*tmax, wheretmax is the time
at which the maximum value of log(sd /sd0) is observed.
Initially, therefore, the parameters of the slow process w
determined from the behavior of log@sd(t)/sd0# at t.tmax.
The parameters of the fast process were determined from
sum of the two stretched exponentials describing the n
monotonic relaxation ofsd over the entire time interval o
the measurements, taking into account the resulting par
eters of the slow process.

The logarithm of the ratiosd(t)/sd0 determines the time
variation of the position of the Fermi level (DEF) in the
band gap relative to the equilibrium value: log(sd /sd0)

FIG. 1. Kinetic behavior of the normalized dark conductivity of film No.
at T5415 K. 1! During illumination with W590 mW/cm2; 2–4! after the
cessation of illumination:2! t ill 53 s, T5415 K; 3! t ill 560 s,T5415 K; 4!
t ill 560 s,T5430 K.
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the vicinity of the Fermi level during illumination, we ca
assume thatDEF(t);N(t), whereN is the density of LIM
states above or below the Fermi level; the kinetic behavio
the density of LIM statesN(t) is thus described by stretche
exponentials under the stated assumptions.

Temperature curves of the parameters of the stretc
exponential functionst1 ,t2 and b1 ,b2 for the investigated
films are shown in Fig. 4 and the insets to Figs. 2 and 3~the
indices 1 and 2 refer to the fast initial process and the s
terminal process, respectively!. Note that values oft2 andb2

determined from the monotonic relaxation ofsd at a low
illumination intensity (W54 mW/cm2! and from the non-
monotonic relaxation at a high intensity (W590 mW/cm2!
have been used to plot thet2(T) and b2(T) curves in the
inset to Fig. 2. It is evident thatt1 and dt2 depend expo-
nentially on the temperature for all the films:

t1,25n1,2
21exp~E1,2/kT!. ~2!

FIG. 2. Kinetic behavior of the normalized dark conductivity of film No.
after the cessation of illumination.1! t ill 55 s, W590 mW/cm2, T5400 K;
2–4! t ill 5300 s,W54 mW/cm2, T5400 K, 407 K, 420 K, respectively. In-
sets: temperature dependences of the parameterst ~upper inset! and b
~lower inset!: 1! fast relaxation;2! slow relaxation; a! result of processing
the nonmonotonic relaxation curves; b! result of processing the monotoni
relaxation curves.
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The activation energiesE1 and E2 of t1,2 and the preexpo-
nential factorsn1 andn2 are given in Table I. Clearly, they
differ for different films, and in all the filmsE1,E2 and
n1.n2, i.e., they violate the Meyer–Neldel rule. This fac
suggests that the two processes differ in nature. The m
difference between the fast and slow processes shows u
the temperature dependence ofb. We observe thatb1 in-
creases, whileb2 decreases with increasing temperature
all the investigated films in both the monotonic and the no
monotonicsd relaxation regimes~see Fig. 2!, i.e., irrespec-
tive of whether or not the fast process is present.

FIG. 3. Kinetic behavior of the normalized dark conductivity after the ce
sation of illumination for film No. 1 at various temperatures,t ill 515 s,
W590 mW/cm2: 1! T5423 K; 2! 443 K; 3! 455 K. Insets: temperature de-
pendences of the parametersb ~left! andt ~right! of the stretched exponen-
tial functions describing the nonmonotonic relaxation curves:1! fast relax-
ation; 2! slow relaxation.

FIG. 4. Temperature dependences of the parameterst andb ~inset! for film
No. 4 after illumination at the intensityW590 mW/cm2 and different ex-
posure times.1! 5 s, fast relaxation;2! 60 s, slow relaxation.
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observed in several studies during the annealing of L
states identified as neutral dangling bonds,8 whose annealing
causessd to increase in relaxation. A decrease ofb with
increasing temperature has been observed9 in the relaxation
of thermally induced metastable bonds in undoped films t
had been grown at low temperaturesTs'100 °C and had
many voids as a result. The authors attributed this dep
dence ofb(T) to the relaxation of metastable dangling bon
on the surfaces of the voids, whose dimensions decreas
the temperature increases. In our investigated films grow
high temperatures (Ts.250 °C! the presence of a high con
centration of voids is not very probable and, hence, the pr
ability is low that the slow relaxation ofsd is associated with
the annealing of metastable dangling bonds on the void
faces. On the other hand, the presence of the slow pro
with a characteristic dependenceb(T) in all the investigated
films with bothn-type andp-type conductivity leaves us no
choice but to postulate a single mechanism for this proce

Previously6,7 the slow sd relaxation process has bee
explained by the deactivation of light-induced, electrica
active impurities after the cessation of illumination. In acco
dance with this hypothesis, the slow relaxation of the co
ductivity in our investigatedp-type film ~No. 4! is attribut-
able to the deactivation of light-induced, metastab
electrically active boron atoms. For then-type films ~Nos.
1–3! not specially doped with a donor impurity, the presen
of uncontrolled impurities must be assumed. Such impuri
can be carbon, nitrogen, and oxygen, the introduction
which shifts the Fermi level toward the conduction band10

Consequently, the slow processes of variation ofsd in films
1–3 during and after the cessation of illumination can
identified with processes of activation and deactivation
these impurities, and the observation of the nonmonoto
variation ofsd in undoped films provides the potential bas
of a method for determining the presence of uncontrol
impurities in them.

At the same time, other mechanisms are possible for
generation of LIM states during illumination in undoped a
dopeda-Si:H films. In particular, Crandall11 has proposed
the transfer of positively and negatively charged silicon d
gling bonds formed during the growth of both doped a
undopeda-Si:H films12 as the mechanism underlying th
generation of metastable dangling bonds during injection
illumination of the films. This mechanism has been invok
in an interpretation of the relaxation processes of metast
dangling bonds formed during carrier injection inp-type and
n-type films.13 Finally, the fast and slow variations ofsd

during and after the cessation of illumination can be iden
fied with various regions of the film having different prope
ties resulting from the nonuniform distribution of hydroge
and impurities, the types of bonds that they form with s
con, etc. It follows, therefore, that further investigations a
needed to resolve the question of the nature of the s
variation ofsd in a-Si:H films during and after the cessatio
of illumination.
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THE PHYSICS OF SEMICONDUCTOR DEVICES
Manifestation of percolation conductivity of short-channel field-effect transistors in the
spectrum of shallow interface states

B. A. Aronzon, D. A. Bakaushin, A. S. Vedeneev, V. V. Ryl’kov, and V. E. Sizov

Kurchatov Institute (Russian Scientific Center), 123192 Moscow, Russia
~Submitted March 6, 1997; accepted for publication March 19, 1997!
Fiz. Tekh. Poluprovodn.31, 1460–1467~December 1997!

The effective density of shallow interface statesNss is investigated in the temperature range
T577– 300 K using the field-effect method in short-channel~0.5–5 mm! Si-MNOS and GaAs-
based FET’s with high~greater than 1012 cm22) concentrations of built-in charge in the sub-
gate insulator. A peculiarity of the density of electronic statesNss was found having the form of a
peak, which manifests itself more distinctly at lower temperatures, higher concentrations of
built-in charge, and shorter gates. The peak was observed at the same values of the channel
conductanceG;q2/h, regardless of variations in the above-enumerated parameters, the
thickness of the sub-gate insulator, and the channel-length-to-width ratio. This means that the
energy depth of the peak~;40–120 meV! varies in proportion toT, which contradicts
the current understanding of the interface states caused by both the fluctuation potential~FP! and
surface defects or traps. The results are interpreted within the framework of percolation
theory applied to the conductivity of strongly disordered systems. TheNss peculiarity is associated
with a transition from the conductivity of a two-dimensional effective solid, which occurs
when the fluctuation potential is strongly screened by surface electrons, to conductivity via a quasi-
one-dimensional potential trough organized by local regions with reduced surface potential
under conditions of a strong fluctuation potential. ©1997 American Institute of Physics.
@S1063-7826~97!01212-X#

1. INTRODUCTION have been described in detail~see, e.g., Refs. 8–10!. In
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The electronic properties of disordered systems, in p
ticular, quasi-two-dimensional systems realized
semiconductor–semiconductor and semiconductor–insu
interfaces, continues to generate sustained scientific
technological interest. According to the present thinking
scaled miniaturization, decreasing the dimensions of the
sic elements of integrated and microwave electronics, wh
reveal a need for transistors with submicron gate length,
quires a radical increase in the dopant-impurity concentra
in the active regions of the semiconductor layers up
1018– 1019 cm23, e.g., in GaAs–AlGaAs-based transisto
~of HEMT type! and structures withd-doped layers.1,2 In
turn, increasing the doping level leads to an amplification
electrical inhomogeneity as a result of growth of the fluctu
tion potential~FP! induced by the randomly distributed ion
ized impurities.3

According to Refs. 4–7, it appears that the most strik
manifestation of the surface fluctuation potential in MIS-ty
systems is electron~hole! localization in the vicinity of
minima ~maxima! of the random potential well and, as
consequence, the appearance near the edges of the sem
ductor band gap of the so-called tails of the density of loc
ized interface states with characteristicU-shaped energy
spectrum. Spectra of such type, obtained by using
method of capacitance–voltage characteristics in MIS s
tems with high surface concentration of charged centers
generally uncontrollable, built-in charges in the insulat
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quasi-two-dimensional systems of semiconductor layers w
enhanced impurity concentration these phenomena also
place,11,12 with the difference that the nature of the fluctu
tion potential in this case is known and the main parame
of its sources~concentration and the average distributi
relative to the inversion channel! are controlled during the
fabrication process. In other words, systems of such type
be considered as controlled–disordered, allowing a desc
tion of their electronic characteristics within the scope of t
familiar fluctuation potential theory.5–7

Turning now to the discussion of our study, we note th
methods of capacitance–voltage spectroscopy have a
narrow region of applicability, limited to room temperatu
measurements and structures with relatively large area o
field electrode, exceeding the area of the gate of field-ef
transistors by several orders of magnitude. At the same ti
allowing for the particular features of the microelectron
devices associated with their small dimensions, in particu
the fundamental possibility of manifesting mesosco
effects,13,14 it may be expected that the electronic charact
istics of short-channel transistors and large-area test st
tures can differ substantially. In this regard, the developm
of experimental methods for determining the spectra of sh
low interface states formed by the fluctuation potential a
pears promising.15 ~A particular example of such approach
is the field-effect method, which is based on measureme
of the dependence of the conductance of the surface cha
of the transistors on the gate potential.! As the results of our
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recent spectroscopic studies of GaAs–AlGaAs–HEMT’s
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with a long gate ;0.5mm in the temperature interva
T577– 300 K have shown,12 the effective density of state
exhibits a peak-like feature whose energy depth varies w
temperature. This does not fit within the framework of cla
sical theory of the interface states of ‘‘fluctuational’’ origin5

In the present paper we show that this feature is of a gen
character for short-channel transistor structures with h
concentration of charged centers and is a consequence o
manifestation, under conditions of a strong fluctuation pot
tial, of the percolation regime of conductivity in the ear
stages of formation of the surface electron channel.

2. EXPERIMENTAL TECHNIQUE

The formalism of the experimental approach to t
analysis of the spectrum of interface electron states con
in the following. For a small longitudinal voltageVd'kT/q
the conductance of the inversion channel of a field-eff
transistorG5I d /Vd is measured as a function of the ga
potential Vg (I d is the current strength in the source–si
circuit, k is the Boltzmann constant, andq is the elementary
charge!. The gate potential is related to the surface cha
concentration in the semiconductor by the equation8,9

C0~Vg2ws!5q~ns1nd!, ~1!

whereC0 is the sub-gate specific capacitance,ws is the sur-
face potential of the semiconductor,nd}(wsN0)1/2 is the
charge density in the depleted layer of the semicondu
formed by the dopant impurity with concentrationN0, andns

is the charge-carrier concentration in the surface chan
The effective density of electron states, including free a
localized charge carriers, is given byNss5dns /d(qws) ~Ref.
5!. Differentiating Eq.~1! with respect tows , we find

Nss5~C0 /q2!~dVg /dws21!2dnd /d~qws!, ~2!

where the termdnd /d(qws)}(N0 /ws)
1/2'const is a known

function. In the cases under consideration, of a strong fl
tuation potential and low substrate doping level, this te
makes an insignificant contribution toNss ~Ref. 5!; we there-
fore drop it and define the effective density of states by

Nss5~C0 /q2!~dVg /dws21!. ~2a!

Under conditions of a strong fluctuation potent
(D@kT, D is the energy scale of the fluctuations!5–7 statis-
tical fluctuations of the built-in charge density induce a ra
dom potential well in the skin layer of the semiconduct
Local ~bound! states are formed in the region of the minim
of this random potential well. The electrons filling the
states are lower in energy than the percolation level de
mined by the average surface potentialws ; therefore, they do
not contribute to the conductance of the surface channel,
only those electrons remain free whose energy lies above
percolation level. In the absence of degeneracy~as long as
the Fermi level does not intersect the average position of
bottom of the conduction band! the electrons in the channe
are predominantly localized and only an insignificant fra
tion of them ~with concentrationnc!ns) determines the
magnitude ofG}nc . In other words, under conditions of
strong fluctuation potential in the absence of degeneracy,Nss
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is determined mainly by the localized electrons. Under the
conditions the free-electron concentration in the channel v
ies according to the lawnc}exp(qws/kT) ~Refs. 5 and 6!,
which allows us to eliminate the unknown parameter fro
expression~2! and rewrite it in terms of measurable quant
ties: G}nc ~to within the concentration dependence of th
electron mobility! andVg

Nss.~C0 /q2!@~q/kT!dVg /d~ ln G!21#. ~3!

The experimental setup realizing the given approach
described in Ref. 16. Results of validation of the method
a commercially fabricated transistor test structure with
n-type inversion channel„thickness of the sub-gate oxide
500 Å, gate length 5mm, width 50mm, substrate weakly
doped p-Si of type KDB-12 with orientation~100!…, are
shown in Fig. 1. The field-effect curves~Fig. 1! demonstrate
the classical mechanism of formation of the inversio
channel:8,9 for small Vg the conductanceG varies as a func-
tion of Vg according to an exponential law, typical of th
weak-inversion region~1!; at higher values ofVg the depen-
denceG(Vg) becomes linear, which indicates a transition
strong inversion (dnc /dVg5C0 /q). The functional depen-
denceNss(G) ~Fig. 2! at 300 K illustrates the contribution of
the free electrons and impurities from the space-charge
gion of the semiconductor to the effective density of stat
~3!, and at 77 K it also illustrates the appearance of the tail
the density of shallow localized states due to fluctuatio
potential effects which grow as the temperature is lowere

3. OBJECTS OF STUDY AND RESULTS

As our objects of study we chose structures of thr
types: Si-MNOS transistor structures, fabricated by int
grated circuit technology~PPZU SBIS!, selectively doped

FIG. 1. Dependence of the conductance of the inversionn-channelG on the
gate potential for a Si–MOS field-effect transistor, plotted both semilog
rithmically and on a linear plot~inset!. T5300 K ~1! and 77 K~2!.
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GaAs–AlGaAs-HEMT’s, and GaAs-based Schottky-barri
gate field-effect transistors~Schottky-gate FET’s!. A general
feature of these systems is their high concentration of buil
charge—electrons captured by traps on the SiO2–Si3N4 in-
terface, and also ionized impurities in the AlGaAs-HEM
donor layer and in the barrier layer of the Schottky-gate FE
An advantage of Si-MNOS structures as model objects
that controllable electron injection can be used in them
modify the built-in charge concentration within wide limits
For all these systems the dependenceG(Vg) was measured
in the temperature interval 77–300 K and the density of
terface states~3! was determined as a function ofG.

MNOS-systems~sub-gate insulator—layers of Si3N4 and
SiO2 of thickness 350 and 30 Å, respectively! with n-type
inversion channel were built in the form of ‘‘short’’~gate
length 5mm and width 50mm! and ‘‘long’’ ~length 150mm
and width 20mm! transistors on the same substrates as
Si-MOS transistors~Figs. 1 and 2!. Figures 3–6 plot the field
dependences of the channel conductance, measured
fixed charge state of the SiO2–Si3N4 interface, and also the
corresponding density of states for the long~Figs. 3 and 4!
and short~Figs. 5 and 6! transistors.

Let us turn our attention first to the long transistor. I
field-effect curves~Fig. 3! are qualitatively similar to field-
effect curves considered earlier for Si-MOS transistors~Fig.
2!: in the weak-inversion region they have a segment of
ponential growth ofG, transitioning to a linear dependenc
in the strong-inversion region. At the same time, it can
seen by comparing the data in Figs. 1–4 that the charge b
into the sub-gate insulator of the MNOS structure leads t
noticeable ‘‘flattening out’’ of the dependenceG(Vg) as a
result of substantial localization of the electrons in the stro
fluctuation potential of the Si–SiO2 surface. Indeed, accord

FIG. 2. Effective density of interface states as a function ofG according to
the data in Fig. 1.T5300 K ~1! and 77 K~2!.
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ing to Refs. 4–7, the energy scale of the fluctuation poten
is

D5~q2/x!~pnt!
1/2, ~4!

wherex is the average dielectric constant of the semicond
tor and sub-gate insulator, andnt is the surface concentration
of the built-in charge. For the experimental data~Fig. 3! the
density of charge trapped at the SiO2–Si3N4 interface, found

FIG. 3. Dependence onVg of the conductance of then-type inversion chan-
nel of a ‘‘long’’ (150320mm2) Si-MNOS transistor, plotted both semi
logarithmically and on a linear plot~inset!. T5300 K ~1! and 77 K~2!.

FIG. 4. Effective density of interface statesNss as a function ofG according
to the data of Fig. 3.T5300 K ~1! and 77 K~2!.
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from the threshold bias voltage, is roughly 531012 cm22,
which corresponds toD'40 meV, a value which exceedskT
even at room temperature.

The character of the behavior ofNss(G) under condi-
tions of a strong fluctuation potential (D@kT) was consid-
ered in Refs. 5 and 6, where, in particular, it was shown th
in cases of practical interest (ns>nt

1/2d, whered is the thick-
ness of the sub-gate insulator!, the regime of nonlinear elec-
tron screening is realized. In this regime we have

FIG. 5. Dependence onVg of the conductance of then-type inversion chan-
nel of a ‘‘short’’ (5350mm2) Si-MNOS transistor, plotted both semiloga
rithmically and on a linear plot~inset!. T5300 K ~1! and 77 K~2!.

FIG. 6. Effective density of interface statesNss as a function ofG according
to the data of Fig. 5.T5300 K ~1! and 77 K~2!.
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t

Noting thatNss5dns /d(qws) and invoking relation~5!, we
have

Nss5ns/2D}nc
kT/2D}GkT/2D. ~6!

Increasing the electron concentration increases the scree
of the fluctuation potential; as a result, forns'nt it disap-
pears. Under these conditions, the electrons in the cha
are predominantly free (nc'ns) and, taking Boltzmann sta
tistics into account, we have

Nss'nc /kT}G. ~7!

This segment, in particular, is distinctly noticeable in t
graph ofNss(G) in Fig. 2. We may also note that expressio
~7! is a particular case of expression~3! for the strong-
inversion region in whichdnc /dVg'C0 /q.

Thus, according to existing ideas,Nss varies withG ac-
cording to a power law with an exponenta5kT/2D!1 in
the weakly opened channel region~the regime of nonlinear
screening of the fluctuation potential! and a'1 in the re-
gime in which the fluctuation potential is strongly screene

The density of states in the considered Si-MNOS str
ture ~Fig. 4! exceeds the value ofNss in the case of the
Si-MOS transistor~Fig. 2! by an order of magnitude an
varies withG according to the expounded theory of the flu
tuation potential: the exponent in the weak-inversion reg
is proportional toT and givesD'38 meV, in agreemen
with its estimate from the threshold bias voltage for charg
of the traps on the SiO2–Si3N4 interface.

As for the short MNOS transistors~Figs. 5 and 6!, in
them the field-effect curves and also the functionNss(G) in
the weak-inversion region have a different character. In p
ticular, the density of states reveals a distinct peak-like f
ture. It is remarkable that the position of the peak on theG
axis is nearly temperature-independent. Under condition
which Boltzmann statistics apply, this means that the ene
position of the maximum ofNss varies relative to the bottom
of the conduction band in proportion toT; consequently, the
peak cannot be associated with recharging under field-ef
conditions of the interface traps or defects. Note that its
pearance also cannot be caused by the concentration de
dence of the electron mobility in the inversion chann
mc(nc), which we assume to be weak: measurements of
Hall effect have shown that atT>77 K in the weak-
inversion regimemc is determined by mixed scattering o
electrons by phonons and charged surface centers and t
fore varies weakly withnc ~Ref. 17!. In other words, the
feature of the density of states in short-channel MNOS tr
sistors cannot be described in terms of interface states, e
of ‘‘fluctuational’’ origin5 or bound to concrete surfac
centers.8 We especially stress the fact that an increase~by
roughly a factor of 2! of the built-in charge concentration ha
hardly any effect on either the position of the peak ofNss on
the G axis or the nature of the dependence of the chan
conductance on the gate potential, where this dependen
the weakly opened channel region is not exponential,
linear ~see Fig. 7!.
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Another example of short-channel transistors with e
hanced concentration of charged centers near the elec
channel is afforded by GaAs–AlGaAs-HEMT’s with a thi
('30 Å! spacer, in which the surface fluctuation potent
induces ionized donors in then-AlGaAs layer~their typical
concentrationNd'1018 cm23). Under the considered condi
tions nt'Nd

2/3 ~Ref. 11!; hence,D'18 meV. Figure 8 plots
the dependence ofNss(G) for a HEMT with gate length
0.6mm ~gate width 60mm, distance between source an
sink 3mm!, fabricated by molecular-beam epitaxy. As in th
case of the Si-MNOS short-channel transistor, the density
states exhibits a peak in the same range of valu
G'102521024 V21, which is clearly evident at 77 K
(D@kT) and which is barely seen at room temperatu
(D'kT).

Somewhat unexpected was the discovery of a sim
feature in the effective density of states in the GaAs-ba
Schottky-gate FET’s. In such transistors the channel
formed in the dopedn-GaAs layer and the conductivity, in
general, has a three-dimensional character. At the same t
a number of papers~see Ref. 2! have noted that for suffi-
ciently high depleting voltages the sub-gate region of
channel layer is almost completely depleted of electro
with the exception of its interface with the semi-insulatin
substrate in which a quasi-two-dimensional electron chan
appears. In this case, electron transport is realized in
fluctuation potential of the ionized donors of the barri
layer, which at 77 K for smallns satisfies the criterion of a
strong fluctuation potential.18 Figure 9 plots the dependenc
of the density of statesNss(G) for the GaAs-based Schottky
gate FET ~thickness of then-GaAs : Si channel layer
0.15mm, donor concentrationNd'331017 cm23, gate
length 0.8mm, width 200mm, distance between source an

FIG. 7. The dependenceG(Vg) for a short Si-MNOS transistor at 77 K for
different charge states of the SiO2–Si3N4 interface fornt52.531012 ~1!,
5.331012 ~2!, and 6.331012 cm22 ~3!.
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sink 3mm!. At 77 K it exhibits the above-noted feature i
the rangeG'102521024 V21, which disappears at 300 K
reflecting the shift from a strong to a weak fluctuation pote
tial.

FIG. 8. Effective density of statesNss as a function ofG for a GaAs–
AlGaAs-HEMT. T5300 K ~1! and 77 K~2!.

FIG. 9. The same as in Fig. 8, but for a GaAs-based field-effect trans
with a Schottky barrier.T5300 K ~1! and 77 K~2!.
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4. DISCUSSION AND CONCLUSIONS
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Let us summarize what has been presented so far. W
the exception of two cases—a weak fluctuation poten
~Figs. 1 and 2! and structures with a large gate length~Figs.
3 and 4!, in transistor structures with enhanced charge c
centration in the sub-gate insulator a peak-like feature ar
in the effective density of states. This feature becomes m
pronounced as the temperature is lowered and with incr
ing built-in charge concentration and shortening of the ch
nel. Regardless of variation of the enumerated parameter
the thickness of the sub-gate insulator, and of the length
width ratio of the gate, this peak is observed in the sa
range of conductance values,G'102521024 V21.q2/h,
which leads to the conclusion that this is a manifestation
the quantum nature of the conductivity of short-channel tr
sistors under conditions of a strong fluctuation potent
Confirmation of this conclusion is provided, in particular,
the absence of a dependence of the conductance of
weakly opened inversion channel of Si-MNOS transistors
the built-in charge concentration~Fig. 7!, whereas in the
classical regime the conductanceG is proportional to the
electron mobility, which, because of scattering by surfa
charge centers, decreases with increasingnt ~Ref. 19!. In
other words, in this regime one should expect a decreas
the slope of the corresponding dependences in the w
inversion region.

Let us consider the experimental data pertaining to
Si-MNOS transistor~Figs. 5 and 6!, in which, due to the high
concentration of built-in charge, the detected effects
manifested even at room temperature. The dependenc
Nss on the left side of the peak varies withG according to a
power law with an exponenta'1 ~i.e., G}Vg1const),
which is characteristic of strong inversion, when the fluctu
tion potential is almost completely screened~7!. In other
words, the left side of the peak is, as it were, the depende
Nss(G) in the strong-inversion region (G>1024 V21) rig-
idly shifted into the weak-inversion region (G<1025V21).
Such a situation can be observed if two transistors with id
tical gate lengths are switched on in parallel, where the fi
transistor has a lower threshold voltageVt1 ~Fig. 7! and a
roughly 200 times narrower channel, according to the dat
Figs. 5 and 6. The appearance of this additional channel
depressed threshold voltage is, in fact, responsible for
characteristic feature in the effective density of states, wh
becomes more distinct with increasing separation of
thresholds of these two channels.

The physical picture of the formation of the addition
conductivity channel, in our view, looks as follows. In th
presence of a strong fluctuation potential (D@kT) the sub-
gate surface of the semiconductor consists of a set of mi
scopic regions with dimensions on the order of the screen
radius of the potential fluctuations,Rs'min$d;(nt /p)1/2ns%
~Refs. 5–7!. Each of the regions is characterized by so
value of the local potential, which fluctuates from region
region within the limits of the amplitude of the fluctuatio
potential, an estimate of which is given by the rms deviat
of the potential from its mean value:

dw5~D/q!@ ln~11Rs
2z2!#1/2, ~8!

1266 Semiconductors 31 (12), December 1997
ith
l

-
es
re
s-
-
of

o-
e

f
-

l.

the
n

e

in
k-

e

e
of

-

ce

-
st

in
th
e
h
e

o-
g

e

n

plane and the built-in charge plane; for an MNOS syst
z'30 Å ~the thickness of the SiO2 layer!. In practice, for
example, for smallns , Rs'd and exceeds the electro
wavelength by several orders of magnitude; therefore, th
regions can be characterized by the local conductivitys,
which has exponentially strong spread over the channel
face: d(ln s)'qdw/kT@1. Under these conditions the con
ductivity is percolational,3 i.e., stationary trajectories of elec
tron transport exist, which, in systems of unbound
dimensions, form the so-called infinite percolation cluster
our case a two-dimensional network, whose characteri
cell size is determined by the correlation length

Lc'Rs~qdw/kT!@R. ~9!

Obviously, the sample can be considered to be unboun
only when its dimensions are much greater thanLc . As es-
timate shows, the magnitude ofLc for MNOS structures ap-
proaches units of microns, which is commensurate with
gate length of transistors (5mm!. Consequently, their con
ductivity can manifest mesoscopic effects.

It is especially noteworthy that the width of the objec
under consideration is much greater than their length.
cording to the results of studies which have addressed m
scopic phenomena in semiconductor structures of sm
length,1! in this situation the dominant role in the conducti
ity is played by relatively rare, random, low-resistance c
cuits formed by neighboring regions with conductance s
stantially exceeding that of the unbounded sample. Th
low-resistance circuits short out the intermediate region
tween the current-delivering electrodes~the source and sink!.

We believe that it is precisely this mechanism in o
case that drives the conductivity of transistors under con
tions of a strong fluctuation potential, in particular, the fo
mation of an additional channel with low threshold voltag
It seems that the statistical fluctuations of the density
built-in charges form regions in the channels of transist
having depressed local potential which join together to fo
a low-resistance circuit—a potential trough. The nodes
this circuit are joined by passes located much lower in
ergy ~in units of kT) than the level of the mean surfac
potential which determined the percolation level in an u
bounded sample. In the early stages of formation of the
version channel, when the electron concentration at the
ergy level corresponding to the mean surface potentia
exponentially small, the conductance of such a trough
ceeds that of the infinite percolation cluster by an order
magnitude. The electrons filling the deepest potential w
in the weakest possible inversion regime, including tho
that form the given trough, naturally increase its condu
tance, which is limited by the energy position of the highe
region of the bottom of the trough. If the dimensions of th
region are commensurate with the electron wavelength, t
in the presence of degeneracy its conductanceG* 52q2/h
~Ref. 21!, and in the absence of degeneracy its conducta
is determined by the probability of population of the corr
sponding level and consequently has an activation chara
G'G* exp(2«/kT), where « is the energy separation be
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the dependenceG(Vg) is obviously in a certain sense un
versal.

With increase ofVg , the conductance of the troug
grows, tending asymptotically toG* , which is reached un-
der conditions of degeneracy. In this situation, however,
cause of the growth of the electron concentration nonlin
screening effects come into play, causing an abrupt decr
of the screening radiusRs and amplitude of the fluctuation
potential ~8!, which is accompanied by a decrease of t
correlation length~9!. As a result, the system gradually tran
forms from a percolation system into an effective syst
whose conductivity is determined by the electron concen
tion at the level of the mean surface potential,5 which under
the conditions of the experiments corresponds to the tra
tion from the left growing branch ofNss(G) to the analogous
right branch. In our opinion, this constitutes the main rea
for the fact that the detected feature is observed in differ
samples in the same rangeG'G* , regardless of their ge
ometry, temperature, or the value ofnt .

We note in conclusion that the identical feature of t
field-effect curves for the weakly opened channels~Fig. 7!,
i.e., the lack of any dependence of the functionG(Vg) on the
built-in charge concentration, leads to the conclusion tha
is possible, in principle, to create a new class of reprod
ible, radiation-hardened, short-channel transistors base
electron systems of diminished dimensionality with e
tremely strong fluctuation potential.
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Kinetics of ion depolarization of Si–MOS structures in the linear voltage sweep regime

ar-
A. G. Zhdan, E. I. Goldman, and G. V. Chucheva

Institute of Radio Engineering and Electronics, Russian Academy of Sciences, 141120 Fryazino,
Moscow Region, Russia
~Submitted February 17, 1997; accepted for publication May 15, 1997!
Fiz. Tekh. Poluprovodn.31, 1468–1473~December 1997!

A new approach is developed to describe isothermal ion depolarization of Si–MOS structures in
the regime of linear variation of the gate electrode potentialVg . The approach is based on
the experimentally proven fact of the substantially nonequilibrium nature of ion transport in such
structures, with the ions initially localized on the SiO2 /Si interface in shallow bulk traps.
Dynamic current–voltage characteristics of the depolarization are calculated on the basis of the
thermal-emission mechanism of ion transport through the barrier formed by the polarizing
voltage (Vg.0). The calculated results afford a good description of the experimental data: narrow
current peaks with half-width;kT localized nearVg50, their temperature dependence, and
the sweep rate and initial ion density at the SiO2 /Si interface. On this basis, the effective ion
mobility mu5(2.5211)31028cm2/(V•s) (u is the sticking coefficient!, activation energy
m (Em>0.6 eV! and depth of the bulk traps~trap energy! in SiO2 (Et>0.2 eV! have been found
in the temperature range 423–453 K. According to the available data, the valuesEm>0.6 eV
are characteristic of mobile Na1 ions. © 1997 American Institute of Physics.
@S1063-7826~97!01312-4#

Isothermal studies of mobile-ion transport processes inwith the Si wafer. Therefore, in the analysis of the depol
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the silicon-based metal–oxide–semiconductor~MOS! struc-
ture in the dynamic regime should yield extensive and va
able information about the kinetics of ion transport, whi
substantially influences the stability and duty cycle of MO
devices and integrated circuits.1,2 Polarization~depolariza-
tion! of the insulator caused by varying the field electro
potentialVg at a constant ratebv5dVg /dt5const (t is time!
manifests itself in the dynamic current–voltage characte
tics in a very suitable form for identification—as narrow cu
rent peaks, localized nearVg50 ~Ref. 3!. The small half-
width of the peaks (;kT, where k is the Boltzmann
constant,T is absolute temperature! was previously inter-
preted solely within the context of the assumption of a qua
equilibrium ~Boltzmann! distribution of the ions in the
insulator.4,5 However, such an interpretation flies in the fa
of the known experimental results. Second, at intermed
temperatures (T<500 K! narrow peaks arise only in the de
polarization current–voltage characteristics, while in the
larization regime for the same values ofbv the current de-
scribes relatively low, broad maxima, shifted somewhat
the direction of the polarizing voltages3–5 ~Fig. 1!. This does
not agree with the assumption of quasi-equilibrium, wh
requires rough equality of the ion fluxes from the Si/SiO2

interface to the field electrode and in the opposite directi
Second, under quasi-equilibrium conditions the ion den
at the Si/SiO2 interface depends only onVg , and therefore
the current~time derivative of the surface charge! should be
directly proportional tobv , which is not observed in experi
ment ~Fig. 1!. The differences in the shape of the polariz
tion and depolarization current–voltage characteristics
indicative not only of the absence of quasi-equilibrium in t
ionic subsystem of the insulator, but also localization of
ions at the interface with the metal in states energetic
deeper than in the bulk of the SiO2 layer or in its contact
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ization kinetics we can ignore the presence of free ions in
metal electrode.

In this light, we developed, on the basis of the results
detailed experiments on the dynamic ion polarization of S
MOS structures, develops new ideas about its mechan
based on the substantially nonequilibrium nature of
transport in such structures.

The measurements were performed under atmosph
conditions on Al structures~field electrode of area
S52.431022 cm2), SiO2 ~thermal oxide of thickness
h51700 Å, formed in dry oxygen at 1100 °C!, and~100!Si
~free electron concentrationn5131013 cm23 at T5300 K!.
Care was taken not to introduce mobile ions into the Si2

layer, and the samples chosen for study had positive
band voltages (VFB>1 V!. The sample was placed in th
hermetically sealed chamber on a massive~diameter
110 mm, thickness 6 mm! copper washer with polished
chrome-plated surface, which was mounted in a ring bush
of alundum ceramic to the housing of the measurement c
The washer was heated by a 500-watt halogen lamp pla
underneath it with a thyristor-regulated power source. T
temperature of the sample was monitored by a copp
constantan thermocouple with an accuracy of60.2 °C. The
field electrode was in contact with a spring-loaded probe
electrolytically tapered, gold-plated, tungsten wire of dia
eter 0.5 mm, ensuring electrical contact of the metallized r
face of the silicon wafer with the surface of the wash
which was coated with a thin layer of In–Ga alloy. A spec
waveform generator was used to produce triangular volt
pulses, which made it possible to assignbv over a wide
range of values. The chamber was hermetically sealed b
metal hood, which also served as an electrostatic screen
diation reflectors were placed inside it to ensure a unifo
temperature of the working space. The sample was heate

126821268-05$10.00 © 1997 American Institute of Physics
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a prescribed temperatureT0>150 °C at a moderate depola
izing voltageVg>1 V to eliminate any effects of residual o
random polarization. The initial ion densityNso at the
Si/SiO2 interface was varied by varying the polarization tim
(t<5 min! and voltage (Vg<15 V! for T05const. The val-
ues ofNso were determined from the area of the depolari
tion current peaks. The quasi-constant component of the
rent I 5CSiO2

•bv (CSiO2
is the capacitance of th

intermediate insulating layer of the MIS structure!, which
was distinctly manifested in the initial stage of variation
Vg , was subtracted from the total current.

Figures 1 and 2 show typical families of depolarizati
current–voltage characteristics atT5423 K for different val-
ues ofbv andNso . It can be seen that for smallb,0.06 V/s
the peaks are nearly symmetric; the region of initial curr
growth coincides for all the curves; asbv is increased, the

FIG. 1. Dependence of the depolarization currentI on the sweep ratebv for
T5423 K for Nso>131012 cm22; bv grows from curve1 to curve6 in the
sequence 0.02, 0.03, 0.04, 0.06, 0.1, 0.2 V/s. Curve7 plots the polarization
current@ I •(2131010), A# for bv50.02 V/s andT5423 K. The values ofI
are measured from the level of the quasi-constant capacitance current
inset illustrates the substantial qualitative differences in the course of
depolarization ~upper curve! and polarization processes~lower curve!,
bv>0.02 V/s,T5423 K ~compare with the experimental data in Ref. 3.

FIG. 2. Dependence of the depolarization currentI for bv50.02 V/s on the
initial ion densityNso at the Si/SiO2 interface forT5423 K.Nso grows with
curve number in the sequence~2.8, 4.0, 6.2, 7.0, 8.0)31011cm22.
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is shifted toward depolarizing voltages (Vg,0). As Nso is
increased~Fig. 2!, the shape of the peaks remains essentia
fixed, their half-width grows somewhat, and the curre
maximum is shifted towardVg.0.

Disregarding the reverse ion flux from the field electro
to the semiconductor on the basis of the above-indica
facts, and noting that in the region of sufficiently large p
larizing fields ion depolarization is hindered by a barrier
heightU85qVg8 (q is the elementary charge!,1! based on the
thermal-emission mechanism of transport, we have

I 5qSmN0«he2qVg8/kT, ~1!

whereI is the ion current,S is the area of the structure,m is
the ion mobility, N0 is the three-dimensional concentratio
of free ions on the Si/SiO2 interface, and«h is the electric
field at the field electrode. Expression~1! remains valid in
the presence of ion traps in the insulator or at its interfa
with the semiconductor, where these traps are at equilibr
with the free charge carriers. The variation of the ion dens
Ns with time at the Si/SiO2 interface is governed by the
kinetic equation

dNs

dt
52

I

qS
. ~2!

We assume that ion traps are absent. Then, for inter
diate electric fields«h in the oxide and at its interface with
the metal («h!2pqNs /¸, where¸ is the dielectric constan
of the oxide! N0>2pq2NS

2/¸kT, and it follows from Eqs.
~1! and ~2! that

I 5
q2Sbv

kT
NsoF S 2pqm«hNso

¸bv
D 1/2

e2
qVg8
2kT

1S 2pqm«hNso

¸bv
D 21/2

e
qVg8
2kTG22

. ~3!

It is obvious that expression~3! describes a narrow, sym
metric peakI (Vg) with half-width D1/25(4kT/q)ln(11A2).

Expression~3! coincides with the expression obtained
Refs. 4 and 5 in the equilibrium approximation to with
reassignment of the constants. It would appear that this
the basis for the erroneous interpretation of the depolar
tion kinetics in the context of the quasi-equilibrium mode

At the current maximum (I 5I m , Vg85Vgm8 ) we have

e
qVgm8

kT 5
2pqm«hmNso

¸bv
, I m5

q2SbvNso

4kT
, ~4!

where«hm is the electric field forVg85Vgm8 ; «hm>Vgm8 /h. As
in the case of quasi-equilibrium,4,5 the current at the maxi-
mum grows with increase ofbv and Nso ; however, in the
situation under consideration the position of the peak,Vgm8 ,
begins to depend on the sweep ratebv and the initial polar-
ization levelNso : asbv is increased,Vgm8 shifts toward de-
polarizing voltages, and asNso is increased, it shifts in the
opposite direction. In the region of initial growt
Vg82Vgm8 @kT/q the current is described by expression~1!
with N053pq2Nso

2 /¸kT and does not depend onbv .

he
e
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As can be seen from Figs. 1–3, all the indicated con
quences are distinctly manifested in experiment. Figur
plots the observed dependence ofVgm8 on bv and onNso ,
which, in agreement with Eq.~4!, are linear when plotted on
the scalesVgm8 2 logbv andVgm8 2 logNso . According to Eq.
~4!, their slopes should be equal~in absolute value! to
kT/0.43q. The actual values of these slopes are nearly eq
but approximately two times smaller than the calcula
value~2.2 times smaller for curve1 and 2.1 times smaller fo
curve2, Fig. 3!. Correspondingly, the logI 2Vg8 curves in the
region of initial current growth,Vg82Vgm8 @kT/q, are straight
lines whose slopes are less than the theoretical value@see Eq.
~1!# by a factor ofn52.05 ~423 K! and n51.82 ~453 K!,
respectively~see Fig. 4!. The appearance of a nonideali
factor n.1, decreasing with increase ofT, is characteristic
of thermal-emission phenomena at contacts.7 It is important
to emphasize the closeness of the values ofn found by inde-
pendent measurements at identical temperatures.

The good agreement between theory and experimen
lows us to estimate the ion mobility and its activation ene
Em . Introducing the coefficientn into the argument of the
exponential in Eq.~4!, we obtain

m[m0e2Em /kT5
¸bvh

2pqVgmNso
e

qVgm8
nkT .

Substituting the experimental data in this express
@bv50.02 V/s, h51.731025 cm, Nso5131012 cm22,
VK50.64 V, Vgm8 50.7 V ~423 K!; Nso50.831012 cm22,
VK50.67 V,Vgm8 50.765 V ~453 K!#, and also the most reli
able values forn, found from the slopes of the current
voltage characteristics~Fig. 4! n52.05 ~423 K! andn51.82
~453 K!, we find for ¸SiO2

53.9: m(423 K)>2.531028,
m(453 K)>1.131027 cm2/(V•s), andEm>0.8 eV.

FIG. 3. Dependence of the positions of the maxima of the dynamic curre
voltage characteristicsVgm8 5VK1Vgm on the sweep ratebv ~V/s! for
Nso>131012 cm22 ~1! and on the initial ion densityNso ~cm22) for
bv50.02 V/s ~2! and T5423 K. For curve1 the Vgm8 axis is on the right,
and for curve2, it is on the left.
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The situation under consideration is realized only
small bv (bv,0.06 V/s, T5423 K, Figs. 1–4!. As bv is
increased, the nature of the peaks changes radically:
become increasingly more asymmetric, and following t
maxima strongly shifted in the direction ofVg,0, ‘‘tails’’ of
a slowly decaying current appear on the curves, and fin
the current in the tails generally ceases to depend onVg ,
becoming only a function of timet ~Fig. 5!. The I (Vg8)
curves in the region of current growth and the dependenc
the voltage positions of their maximaVgm8 (bv) ceases to
obey relations~1! and ~4!. These facts point unambiguous
to the presence in the SiO2 layer of ion traps which do no
have enough time, for large sweep ratesbv , to empty them-
selves during the thermal-emission times of free ions thro
the barrierUg8 and are the reason for the appearance of
classical exponential relaxation lawI;e2t/t t in the tails of
the depolarization curves,t t is the lifetime of the ions in the
traps~see the insets to Figs. 5 and 6!. In this case it is nec-
essary to assume that at the start of the experiment~for large
polarizing voltages! essentially all of the ionic charge is con
centrated in the traps since for the very fastest sweep r
(bv.0.2 V/s! the main contribution to the area of the dep
larization peak comes specifically from the exponential
of the relaxation curves.2! This state of affairs is manifeste
~clearly observed! in the increase with increasing sweep ra
bv of the half-width of the falling branch of the current. Th
filling of the traps cannot be assumed to have reached

t–

FIG. 4. Dynamic current–voltage characteristics logI 2Vg in the initial
growth region of the depolarization at 423 K~1! and 453 K ~2! for
bv50.02 V/s andNso>131012 cm22. The inset shows the qualitative de
pendence of the potential energy of the ionsU in the insulator intermediate
layer in the absence~1! and presence~2! of a built-in barrier created by
filling of the bulk ion traps in the SiO2 surface layer at its interface with the
silicon layer. The insulating layer occupies the region 0<z<h, z50 corre-
sponds to the Si/SiO2 interface andz5h, to the boundary of the field elec
trode.
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maximum value, at least not for the values ofNso achieved
in our experiments:Nso<231012 cm22. Otherwise, for
large bv the thermal-emission law of the depolarization k
netics of the free ions~1! should be obeyed on the growin
branch of the current for values ofN0 corresponding to the
initial polarization state, which contradicts the results of e
periment~Fig. 5!. Thus, for largeUg8 , as long as the charac
teristic thermal-emission timete;exp(2Ug8/kT) exceedst t ,
the traps are able to come into equilibrium with the free io
and depolarization of SiO2 is governed by ion transpor
through a barrier of heightUg8 ~the inset in Fig. 4!. As Ug8 is
decreased, the relationship betweente andt t inverts, depo-
larization ceases to be limited by the barrier, and asbv is
increased, a continually shrinking part of the polarizati
charge runs off via the thermal-emission mechanism.

The linearity of the logI 2t curves~Fig. 6! testifies to the
single-energy character of the ion traps. This allows us
find the values oft t[t0eEt /kT and from their temperature
dependence to determine the trap activation energyEt . On
the basis of the data~Fig. 6! we havet t>2 s ~423 K!, 1.4 s
~453 K!, andEt>0.2 eV.

Two important questions arise: where are these traps
cated~on the SiO2 surface of the interface or in the bulk o
the SiO2) and how does the fact of their existence affect
results obtained above within the context of a purely f
state of the ions on the SiO2 /Si interface? By analogy with
equilibrium electron phenomena in semi-insulators8 we have
for surface traps with concentrationNst the result
N05N1/2(Ns /Nst), whereN1/2 is the characteristic concen
tration of free ions at which the traps are half-filled. The
fore, for smallbv relations~1! and~2! describe an asymmet
ric peak, which is characteristic of relaxation spectrosco
with half-width of the growing branch approximately 1
times greater than the half-width of the falling branch.9 Since
experiment shows the peaks to be symmetric~Figs. 1 and 2!,
the traps should be assumed to be distributed in the bul

FIG. 5. Dynamic current–voltage characteristics at high sweep ratesI (Vg)
for T5423 K andNso>7.431011 cm22. bv grows with curve number in the
sequence 0.06, 0.2, 0.5, 1.0, 2.0 V/s. The inset plots the time dependen
the current in the tails of the depolarization curves forbv50.5 ~a!, 1.0
~b! and 2.0 V/s~c!.
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the SiO2 boundary layer adjoining the Si/SiO2 interface. As-
suming that this distribution is uniform, the volume conce
tration of the traps is equal toNt , the free and localized ions
are at equilibrium, and the potential incursion into the lay
of filled traps (2pq2Ns

2/¸Nt)<kT,3! we have
N05u•(2pq2Ns

2/¸kT), where u5N1/2/Nt is the sticking
coefficient. Consequently, for small enoughNs and bv or
large enoughNt ~in the situation under consideratio
Nt>631018 cm23 is sufficient!, as in the case of purely fre
ions, depolarization should take place as prescribed by E
~1!–~4!, but with a renormalized value of the mobility, an
the values ofm and Em obtained previously should b
changed to reflect the actual values ofu and the trap activa-
tion energy; i.e.,m→u•m andEm→Em1Et . This gives the
true valueEm>0.6 eV, which is very close to the activatio
energy of mobility of Na1 ions determined by the collision
time method for very highNso(>531013cm22), i.e., for
what appears to be maximum filling of the traps~Refs. 1 and
11.4! This fact, like the dependence of the shape of the
polarization current peaks onbv ~which are symmetric for
small bv and which exhibits an exponential tail for larg
bv), confirms the concept of bulk traps. The maximu
sweep rate at which the growing branch of the current
still be described by the ‘‘stationary’’ relation~1! is bounded
by the rate at which the diffusion-drift equilibrium is set u
the Maxwellian time tM;qh2/mkT. At 423 K
@m52.531028cm2/(V•s)# this time is ;0.3 s and for
bv.0.05 V/s is of the order of the characteristic depolariz
tion current growth time. Precisely such a signal delay
observed experimentally, as clearly shown in Fig. 3~curve1!
in the form of an abrupt departure of the dependen
logbv2Vgm8 from the linear law of Eq.~4!. The experimental
values of Vgm8 at large values ofbv become noticeably
smaller than the theoretical values. Here the delay increa

of

FIG. 6. Semilog plot of the time dependence of the current in the tails of
depolarization curves forbv50.5 V/s: 1! T5423 K, 2! T5453 K. Curve2
lies near curve1 since the relative contribution of the exponential tail to th
area of the depolarization peak decreases with increasing temperature

inset graph plots the ion densityÑso , calculated from the amount of charg
passed through the insulator intermediate layer during ‘‘exponential’’ rel
ation at T5423 K, as a function of the sweep ratebv (Nso>7.431011

cm22).
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rent maximum shifts in the direction ofVg,0 increases. As
bv→`, a progressively increasing fraction of the ions m
grates toward the SiO2/metal interface in an increasingl
stronger depolarizing field forVg8,0. Under such conditions
one should see evidence of the well-known effects of spa
charge-limited currents, the front fly-by effect,8,12 dispersive
transport,13,14 etc. It is natural to attempt to observe su
effects not in the dynamic sweep regime, but with stepp
voltage signals, i.e., forUg85const, both in the isotherma
and thermally stimulated relaxation regimes.

In summary, the qualitative picture of the kinetics of io
depolarization in thebv5const regime is extremely simple
In the dielectric interlayer at the silicon surface the ions
localized in shallow bulk traps, where the width of the loc
ization region is less than its maximum corresponding
potential incursion into the layer of filled traps, on the ord
of Et /q. For intermediate values ofbv , the depolarization
rate is determined by two characteristic times: the time
thermal emissionte through the natural barrier created b
the polarizing charge (Vg8.0), and the lifetime of the ionst t

in the bulk traps. Therefore, either the quasi-stationary
gime of ion transport through a barrier of heightUg8 ~small
bv) or the classical kinetics of trap emptying~large bv) is
realized, depending on the value ofbv .

The good agreement between the experimental d
which we obtained and the results of independent exp
mental studies testifies not only to the possibilities of inf
ring the presence of mobile ions in the insulator from t
dynamic current–voltage characteristics, and estimating t
density, but also to the possibility of determining the lead
parameters of ion transport by applying extraordinar
simple methods.

We are grateful to N. F. Kukharskaya and N. I. Tuly
kova for constructive assistance on many levels.

1!Here and below, the quantityVg8 should be understood as the su
of the applied voltageVg and VK , the Al–Si contact potential
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the conduction band of Si at the temperatureT for n51013 cm23. For the
data plotted in Figs. 1 and 2,VK50.64 V.

2!This is clear from the dependence onbv of the ion densityÑso5 Ĩ •t t /qS
( Ĩ is the current at the timet corresponding to the transition to the expo
nential relaxation law!. The given dependence has a distinct tendency
saturate at a level near the original value ofNso ~the inset in Fig. 6!.

3!If the concentration Nt of the bulk traps is not too large
(2pq2Ns

2)/¸Nt@kT, then a built-in barrier of heightU
*
8 ~curve 2 in the

inset in Fig. 4! can arise in the surface layer of the insulator adjoining t
semiconductor. In this case, the depolarization kinetics becomes diffe
and emptying of the traps is delayed since delocalization of the ions
their migration to the SiO2/metal interface become possible only in th
regionz.z* ~Fig. 4!. Such a delay should lead to a non-exponential tim
dependence of the depolarization current.10

4!Determination of the trap concentrationNt and, consequentlyu, is possible
only for values ofNso ensuring maximum filling,8 which we were not able
to achieve in our experiments.

1J. F. Verwey, E. A. Amerasekera, and J. Bisschop, Rep. Prog. Phys53,
1297 ~1990!.

2G. S. Horner, M. Kleefstra, T. G. Miller, and M. A. Peters, Solid Sta
Technol.79, ~June, 1995!.

3M. Kuhn and D. J. Silversmith, J. Electrochem. Soc.: Solid State Scie
118, 966 ~1971!.

4A. G. Tangena, J. Middelhoek, and N. F. de Rooij, J. Appl. Phys.49, 2876
~1978!.

5A. G. Tangena, N. F. de Rooij, and J. Middelhoek, J. Appl. Phys.49, 5576
~1978!.

6S. M. Sze,Physics of Semiconductor Devices~Wiley, New York, 1969!.
7M. Shur,GaAs Devices and Circuits~Plenum Press, New York, 1987!.
8M. Lampert and P. Mark,Current Injection in Solids~Academic Press,
New York, 1970!.

9E. I. Goldman and A. G. Zhdan, Semicond. Sci. Technol.5, 675 ~1990!.
10E. I. Gol’dman, Fiz. Tekh. Poluprovodn.31 ~in press! ~1997!.
11R. J. Krieger and T. F. Devenyi, Thin Solid Films36, 435 ~1976!.
12K. C. Kao and W. Hwang,Electrical Transport in Solids~Pergamon

Press, Oxford, 1981!.
13E. W. Montroll and G. Weiss, J. Math. Phys.6, 167 ~1965!.
14I. P. Zvyagin,Kinetic Phenomena in Disordered Semiconductors@in Rus-

sian# ~Moscow State Univ. Press, Moscow, 1984!.

Translated by Paul F. Schippnick
1272Zhdan et al.



Characteristics of a far-infrared germanium hot-hole laser in the Voigt and Faraday field

t-
configurations
L. E. Vorob’ev, S. N. Danilov, Yu. V. Kochegarov, and D. A. Firsov

St. Petersburg State Technical University, 195251 St. Petersburg, Russia

V. N. Tulupenko

Donbass State Mechanical Engineering Academy, 343916 Kramatorsk, Ukraine
~Submitted November 18, 1996; accepted for publication February 25, 1997!
Fiz. Tekh. Poluprovodn.31, 1474–1481~December 1997!

A far-infrared laser utilizing intersubband transitions of hot holes in germanium with a hole
density of 2.531014 cm23 is investigated in the Voigt and Faraday field configurations. New
comparative data for both configurations are given on the field ranges in which lasing takes
place, the emission intensity and spectra, and their dependence on the temperature of the crystal.
The Voigt configuration is shown to be preferable, having a broader lasing field range, a
higher working temperature, a richer emission spectrum, and a higher intensity. Prominent details
of the laser characteristics are discussed, and a comparison is made with calculations.
© 1997 American Institute of Physics.@S1063-7826~97!02711-7#
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Hole population inversion and lasing in the presence
direct transitions of hot holes between the subbands of l
holes~LH! and heavy holes~HH! are possible in Ge by vir-
tue of the different dynamics governing the motion of hea
and light holes in momentum space in crossed electric~E!
and magnetic~B! fields (E'B) ~by virtue of stronger heating
of heavy holes compared with light holes inE'B fields!
~Ref. 1; Fig. 1a!.

Many studies of lasers operating on hot holes
germanium1 and their applications in scientific research ha
appeared since the 1982 discovery of the stimulated emis
of far-infrared radiation from germanium in fieldsE'B, and
the number of papers continues to grow both in Russia an
other countries. By far the majority of investigations ha
been conducted in the Faraday field configuration (x i B,
wherex is the light wave vector; Fig. 1b! at liquid-helium
temperature. However, it has been remarked, first in Re
and subsequently in Refs. 3 and 4 that the Voigt configu
tion (x'B, Fig. 1b! is more efficient.

An important problem governing the domain of practic
application of a laser is how to raise the operating tempe
ture of the crystal. The maximum laser operating tempera
in the Faraday field configuration has been estimated on
basis of investigations of the dependence of the emis
intensity on the duration of the current pulse:T520 K–30K
~Ref. 5!. In the Voigt field configuration, however, lasing
liquid-nitrogen temperature has been observed.2,6,7

In the present study our objective is to carry out a co
parative investigation of the characteristics of a laser uti
ing hot holes in germanium in the Voigt and Faraday co
figurations and to discuss the results in relation to the lat

1. SAMPLES AND EXPERIMENTAL PROCEDURE

The samep-type germanium sample with a hole dens
Np.2.531014 cm23 ~see Fig. 1b! was investigated in the
Voigt and Faraday geometries using a semiconfocal res
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put. A mesh of criss-cross grooves was formed on the s
faces of the crystal (3536 mm2) to exclude total-internal-
reflection modes.

The electric field was measured with point probes in
Voigt configuration~Fig. 1b!. The field E was found to be
approximately 1.6 times smaller thanEappl5V/h in strong
magnetic fields~Fig. 1b!. For the given sample in the Voig
configuration, in contrast with the Faraday version, the H
field is zero essentially throughout the entire sample, beca
it is shorted out by the contacts. In the Faraday configura
the two fieldsE andV/h almost coincide. The duration of th
field pulse was equal to 2ms.

In the Voigt geometry the sample and heater were pla
in a vacuum cavity with a templen~poly-4-methyl-pentene-1
plastic, a counterpart of TPX! window immersed in liquid
helium. The sample temperature was measured with a ca
resistor.

The emission spectra were recorded either by means
diffraction spectrometer or~at temperatures above 4.2 K
when the emission intensityJ was small! by means of a
novel miniature tunable interferometer with mirrors in th
form of floating metal meshes. The contrast w
Jmax/Jmin'8.

2. RESULTS AND DISCUSSION

A. Range of the Lasing Fields and Emission Intensity

The electric and magnetic field ranges wherein lasing
observed in a germanium sample withNp.2.531014 cm23

are shown in Fig. 2. In contrast with the results of Ref. 3,
which an investigation of a sample withNp.631013 cm23

only atT54.2 K is reported, the lasing range for our samp
at T54.2 K is shifted toward higher values ofE andB, ow-
ing to the higher impurity concentration. As the temperatu
is raised, the lasing range becomes narrower and shifts
ward higher fields. The maximum working temperature
tained 28 K for the Faraday configuration and 68 K for t

127321273-07$10.00 © 1997 American Institute of Physics
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Voigt configuration. Lasing in the Voigt configuration at
higher temperature is reported in Refs. 6,7, and 2. It sho
be noted, however, that both the working temperature
the emission intensity depend on the quality of the crys
~the presence of dislocations, doping homogeneity, and
degree of compensation!, the geometry of the sample, an
properties of the resonator, the directions of the field rela
to the crystallographic axes, and other factors.

The inset to Fig. 2 shows the dependence of the m
mum ~in the range of lasing fields at a certain temperatu!
laser emission intensity on the temperature of the crys
The absolute value of the emission intensity attained sev
watts. It will be evident below that the spectral range of t
emission in the vicinity of the intensity maximum varies on
slightly asT increases in the Voigt configuration, obviatin
the need to correct for the spectral sensitivity of the pho
detector.

FIG. 1. a! Diagram of direct intersubband hole transitions with the emiss
of a photon from the light-hole~LH! band 2 to the heavy-hole~HH! band 1.
b! Geometry of thep-type germanium sample, crystallographic direction
and relative orientations of the electric and magnetic fields; the graph sh
the ratio of the electric field measured between probes in the middle se
of the sample to the applied fieldEappl5V/h as a function of the magnetic
field.
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Two main causes are responsible for the decrease in
emission intensity as the temperature increases: a redu
in the amplification of light by free hot holes and an increa
in the absorption of radiation by lattice vibrations.

Below we carry out a simplified calculation of the coe
ficient of absorption of far-IR radiation by hot holes.

The coefficient of absorption~gain forg,0) of light by
hot holes is

g5a211a indir , ~1!

wherea21 is the absorption coefficient~values ofa21,0 can
lead to light amplification! for direct LH transitions into the
HH band (2→1), anda indir is the absorption coefficient fo
indirect intrasubband and intersubband hot-LH and HH tr
sitions involving optical~O! and acoustic~A! phonons and
impurities ~I !. According to Ref. 8,

a215
e2

pcm0
2nv

E
k
uev•p21u2@ f 1~k!2 f 2~k!#

3d@«2~k!2«~k!2\v#dk, ~2!

wherem0 is the free-electron mass,n is the refractive index,
f 2(k) and f 1(k) are the distribution functions of hot LH an
HH @if f 2(k). f 1(k), we havea21,0, and the amplification
of radiation is possible#, ev is the unit vector in the direction
of the electric field of the electromagnetic wave, andp21 is
the matrix element of the momentum operator. For sm
values of the quasimomentumk ~Ref. 9!

uevp21u2'
1

3
N2

m0
2

\2
k2sin2~evk̂!, ~3!

where N is a parameter determined by the band structu
The matrix element averaged over all directions can be w
ten in the form

^uevp21u2&5
2

9

m0
2

\2
N2k25\2k2A12

2 . ~4!

n

ws
on

FIG. 2. Field ranges in which far-IR lasing is observed in the Voigt~solid
curve! and Faraday~dashed curve! field configurations at various tempera
tures. Hole concentrationNp52.531014 cm23. Inset: emission intensity
measured by a Ge^Ga& photodetector versus crystal temperature for t
Voigt and Faraday configurations; the maximum absolute value of the
tensity is several watts.
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dispersion law

A12
2 5

1

8 S m0

m2
2

m0

m1
D 2

, ~5!

wherem2 andm1 are the effective masses of LH and HH
Equation ~2! is transformed as follows for isotropi

hot-LH and HH distribution functions:

a215
e2~m2

212m1
21!

2cn

k3@ f 1~«1!2 f 2~«2!#

v
, ~6!

where«2(k)5«1(k)1\v.
For indirect transitions involving phonons and impuriti

the resultant absorption probability is characterized by
difference in the probabilities of induced absorption a
emission of photons:

w5wa2we, ~7!

wa5
2p

\ (
k0

(
k f

(
i , j

uM f 0
i j u2f i~k0!

3@12 f j~k f !#d~« f2«0!,

« f2«05«~k0!2hn6«ph, i , j 51, 2. ~8!

Here k0 and k f are the electron wave vectors in the initi
and final states,«ph is the phonon energy, andM f 0 is a com-
posite matrix element incorporating the matrix elements
interaction of an electron with lattice vibrationsHs

a,e @with
the emission~e! and absorption~a! of phonons# or with im-
puritiesHs and with electromagnetic radiationHn ,

Hn5
ie

nA\

1

~nV!1/2S ev•

]«

]k D , ~9!

where V is the volume of the crystal. For HH transition
within the same band (1→1) and into the LH band (1→2),
taking into account intermediate states in bands 1 and 2
have

M f 0
1→152~Hs

a,e!1→1
e\1/2

2pnm1n3/2
ev•~k f2k0!, ~10!

M f 0
1→252~Hs

a,e!1→2
e\1/2

2pnn3/2
ev•S k f

m2
2

k0

m1
D . ~11!

To determine the interaction matrix elements for intraba
LH transitionsM f 0

2→2 and intersubband LH transitions int
the HH bandM f 0

2→2, it is sufficient to replacem1 by m2 in
Eqs. ~10! and ~11!. From now on, assuming that holes a
nondegenerate, we replace 12 f j (k f) by 1 in Eq.~8!.

The probability of induced photon emissionwe can be
calculated analogously. It can also be obtained by mak
the substitutionhn→2hn in Eq. ~8!. The absorption coeffi-
cient a indir5w/(c/n).

Calculations show that the main absorption contribut
at low temperatureskBT!«0 («0 is the optical phonon en
ergy, andkB is the Boltzmann constant! is from intraband
HH 1→1 transitions with the emission of optical phono
and with scattering by impurities.

1275 Semiconductors 31 (12), December 1997
e

f

e

d

g

n

and LH distribution functionsf 2(k) and f 1(k) with respect
to the momentap5\k in fields E'B are biased Boltzmann
distributions,

f i~p!5Aiexp
~p2pdr i !

2

2mikBTi
,Ai5

A2p3/2\3Ni

mi
3/2~kBTi !

3/2
, i 51, 2,

~12!

wherepdr i andTi are the drift momentum and temperature
hot HH (i 51) and LH (i 52). The representation of th
distribution functions in the form~12! is valid when hole-
hole collisions control the rate of dissipation of the ener
pulse in both the passive («,«0) and the active («.«0)
energy ranges. The frequency of hole-hole collisionsnhh in
germanium atT2'200 K for Np'1016 cm23 is approxi-
mately equal to the reciprocal time constant of optical ph
non emissiont0

21. Consequently, the representation of t
distribution functions in the biased Boltzmann form~12! for
np'2.531014 cm23 is not entirely correct. Nonetheless, th
final results of the calculations using the distribution fun
tions ~12! give results qualitatively and even quantitative
closer to those obtained using the exact hole distribut
function determined by the Monte Carlo method.

To determineTi andpdr i , we use the balance equation
for the momentum, power, and number of particles:

pdr i K 1

t i
L 5eE1

e

mic
@pdr i3B#; ~13!

Ni

e

mi
pdr iE5Ni K S d«

dt D
A1O

i→ i L 1Ni K S d«

dt D
A1O

i→ j L
2Nj K S d«

dt D
A1O

j→ i L ; ~14!

Ni K 1

t i→ j
L 5Nj K 1

t j→ i
L , ~15!

where the angle brackets signify averaging over the HH d
tribution function. In Eq.~13!

K 1

t i
L 5

4

3Ap
E e2xit i

21~xi !xi
3/2dxi ; xi5«/~kBTi !. ~16!

In Eqs. ~14! and ~15! the energy dissipation rate and th
frequency of intersubband hole transfers are averaged as
lows:

^w&5
2

Ap
E e2xiw~xi !xi

1/2dxi ;

xi5«/~kBTi !; w~«!5t i→ j
21 ~«! or d«/dt. ~17!

Solving Eq.~13!, we obtain

pdri5mi

m iE1m i
2@E3B#/c

11m i
2B2/c2

; m i5
e

mi
F K 1

t i
L G21

. ~18!

The left-hand side of Eq.~14!, which describes the buildup
rate of hole energy in crossed fieldsE andB, is now equal to
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It follows from Eq.~19! that in a certain interval ofE andB,
whereinm1B/c<1 andm2B/c.1, the HH energy buildup
rate is higher than the LH rate, andT1.T2, despite the
strong intersubband scattering of holes during the emis
of optical phonons and scattering by acoustic phonons
impurities. The more pronounced increase in intersubb
HH scattering in comparison with LH in a fieldE'B ~due to
the higher average HH energy! causes the LH densityN2 to
increase and, accordingly, the HH densityN1 to decrease.

To illustrate the foregoing, Fig. 3 shows calculat
curves ofT1, T2, andN2(E) /N2(0) @N2(0) is the LH den-
sity atE5B50# as functions ofE in crossed fieldsE andB.
Also shown for comparison are the HH temperatures and
ratio N2(E)/N2(0) obtained from experimentally determine
HH and LH distribution functions.11 Good agreement is
noted between the experimental and calculated results.

FIG. 3. Temperatures of hot holes~HH! and light holes~LH!, calculated
from the balance equations for the momentum, power, and number of
ticles, T54.2 K, Np52.531014 cm23, B52.2 T. The points represent ex
perimental values determined from the equation (3/2)kBTi5^« i&, where the
average HH (i 51) and LH (i 52) energies are obtained from experime
tally determined hole energy distribution functions.11 Upper inset: field
variation of the LH density; the points represent the density ratio obta
from the experimentally determined LH distribution function.11. Lower in-
set: temperature variation of the light absorption coefficientg ~gain for
g,0) at the maximum ofug(l,E)u for the range of lasing fields in the Voig
configuration ~Fig. 2!; parameters used in the calculation
Np52.531014 cm23, l'100–120mm, B52.2 T; also shown are the tem
perature dependences ofa21 anda indir .
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sponds to amplification! is also calculated by the above
described scheme. the lower inset in Fig. 3 shows a grap
g(T) for those values ofhn, E, andB from the lasing ranges
in the Voigt configuration~Fig. 2! at which ugu is a maxi-
mum. Clearly,ug(T)u decreases asT increases, owing to the
increase in scattering by acoustic phonons asT increases and
accordingly, to the decrease ina21 (a indir is almost totally
independent ofT!.

The experimentally determined emission intensity~see
the inset to Fig. 2! decays far more rapidly. Even thoughJn

is not directly proportional tog in the linear regime,12 it still
follows from a comparison of the data in the inset to Fig
and the lower inset to Fig. 3 that other factors influence
g(T) curve as well. One such factor might be the sharp
crease of the multiphonon light absorption coefficienta lat as
T increases.13 In this event we have in place of Eq.~1!

g5a211a indir1a lat . ~20!

The following two-phonon and three-phonon light abso
tion processes contributing toa lat are possible at wave
lengths l'100mm in germanium: TO–LA, LA–TA, TO
1 TA–LO ~Ref. 13!. For two-phonon processe
\v5\vq1

2\vq2
, and the temperature dependence is

pressed as a lat(T);nq2
2nq1

, where
nqi

5@exp(\vqi
/kBT)21#21. For the three-phonon process w

have \v5\vq1
1\vq2

2\vq3
and a lat(T);nq3

(11nq2

1nq1
)2nq1

nq3
. In all these cases the temperature dep

dencea lat(T) is fairly strong, as observed experimentally.14

Four-phonon and higher-order processes can also contri
significantly to light absorption by virtue of the large numb
of distinct combinations of phonons with various wave ve
tors qi near the boundary of the Brillouin zone.

Comparing the numerical values ofa211a indir and a lat

from Ref. 14, we conclude that the working temperature
the laser is restricted primarily by the sharp increase ina lat

with increasing temperatureT.

B. Emission Spectra

The emission spectra of the hot-hole laser has been
vestigated by various authors in the past.1 Almost all the
spectra have been obtained in the Faraday configuration
mainly for relatively pure germanium sample
(Np,1014 cm23). In such samples the details of the inve
sion mechanism and the principal characteristics of stim
lated emission near liquid-helium temperature can be
scribed qualitatively by analyzing the almost ballist
~collisionless! motion of heavy and light holes in the passiv
energy range«,«0 ~Ref. 15!. At high hole ~and impurity!
concentrations or at higher lattice temperatures it is m
practical to approach the qualitative description in t
diffusion-drift model,16 as reflected in the system of equ
tions ~13!–~16!.

The emission spectra of pure samples in the Fara
configuration have two lasing ranges, a short-wavelen
range l'70–120mm and a long-wavelength rang
l'170–210mm ~Ref. 1!. Lasing usually does not occur i
the interval between these ranges, possibly because lig

r-

d
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absorbed by impurities, some of which remain filled w
holes in a strong field.17,18 The long-wavelength range doe
not exist in more highly doped regions~Fig. 4!. Its absence is
probably attributable to the abrupt increase in the absorp
coefficient in the presence of indirect transitions involvi
impurities, which increases asa indir;NINplm (NI is the
concentration of ionized impurities, including acceptors a
donors:NI5NA1ND). A calculation shows thatm'3.5 in
the long-wavelength IR range (l'70–250mm!. For absorp-
tion involving optical phononsa indir;Nplm, andm'2 for
the same range. Theg(l) curves for samples with two dif
ferent hole densities~see the inset to Fig. 4! exhibit a sudden
drop in the gain in the long-wavelength spectral range fo
sample having a high impurity concentration.

As mentioned earlier~for pure samples!,1 the emission
spectrum shifts into the short-wavelength region when
electric and magnetic fields are increased~Fig. 4!. This be-
havior is consistent with the calculations~Fig. 5!. It is evi-
dent from Fig. 5 that the maximum gain shifts into the sho
wavelength range asE and B increase. The same figur
shows curves ofa21 and g5a211a indir , for which the ab-
sorption coefficient~gain! a21 associated with direct inter
subband transitions has been found from Eq.~5! using ex-

FIG. 4. Emission spectra of a Ge hot-hole laser in the Faraday geom
Here Jn denotes the signal recorded by the detector,T54.2 K,
Np52.531014 cm23. 1! B51.5 T, E52.4 kV/cm; 2! B51.8 T,
E52.9 kV/cm; 3! B52.1 T, E53.2 kV/cm. Inset: calculated spectral de
pendence of the light absorption coefficient for two samples with differ
hole and impurity concentrations,T54.2 K, B51.54 T, E52.4 kV/cm. 1!
Np5631013 cm23, NI51.231014 cm23; 2! Np54.831014 cm23,
NI59.631014 cm23.
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perimental values11 of f 2(«2) and f 1(«1), rather than the
Boltzmann distribution functions~12!. Clearly, qualitative
agreement prevails for theg(l) curves obtained using bot
the experimentally determined distribution functions a
those approximated by Boltzmann distributions~12! with the
calculated values ofTi andvdr i .

Figure 6 shows the emission spectra of the same sam
that had been investigated in the Faraday geometry~Fig. 4!,
but now for the Voigt configuration. As in the Faraday g
ometry, the spectra shift toward the short-wavelength end
E and B are increased. In addition to the higher emissi
intensity relative to the Faraday configuration~cf. Fig. 4!, we
also observe a flareup of the long-wavelength lasing ran
This range has not been observed before in samples
Np.1014 cm23. Its occurrence implies an increase in th
gain in the Voigt configuration over the Faraday configu
tion.

The emission intensity falls off abruptly as the tempe
ture of the crystal increases. The emission spectra w
therefore investigated by means of a high-transmission,
able Fabry-Perot interferometer. The inset to Fig. 6 sho
one of the interferograms, from which the emission spectr
is found by forming the inverse Fourier transform. Figure

ry,

t

FIG. 5. Spectral dependence of the absorption coefficient~gain for a21,0
andg,0) for various electric and magnetic fields. The dotted and das
curves represent the results of calculations using the Boltzmann energy
tribution functions of heavy and light holes~12!, T54.2 K,
Np52.531014 cm23, NI5531014 cm23. 1! B51.5 T, E52.4 kV/cm; 2!
B52.2 T,E53.3 kV/cm. The solid curves give the results of calculations
a21 and g using experimentally determined distribution functions11,
T54.2 K, Np52.531014 cm23, B52.2 T, E53.3 kV/cm.
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shows the resulting emission spectra. The electric and m
netic fields were chosen to maximize the emission inten
at a given temperature.

We see at once that the spectra obtained atT54.2 K for
the same fields, using the spectrometer and the tunable i
ferometer, are similar~Figs. 6 and 7!. Not only does the
emission intensity decrease with increasing temperature,
there is also a noticeable shift of the emission spectrum
the long-wavelength range. The inset to Fig. 7 shows
spectral dependence of the gaing, calculated for the same
values ofT, E, andB as those used in finding the emissio
spectra~Fig. 7!. It is evident that the maximum ofugu shifts
slightly toward longer wavelengths asT increases. Most
likely, however, a more important cause of the shift of t
emission spectrum is the decrease in the light absorp
coefficient by lattice vibrations at higher values ofl, a trend
that is especially conspicuous atT.30 K ~Ref. 14!. We also
note that lasing takes place in a narrow spectral interva
T.40 K in the Voigt configuration. In this case the lasin
frequency is equal to twice the light-hole cyclotron fr
quency. Lasing at twice the cyclotron frequency has b
observed previously in pure samples in the Fara
configuration.19 It was reasonable to assume that light amp
fication in hole transitions between the LH and HH ban
and between LH Landau levels produces the narrow em
sion line in the Voigt geometry atT.40 K. It follows from
calculations of the gain of polarized light in hole transitio
between the LH and HH subbands20 that the gain is a maxi-
mum in the short-wavelength range for light with polariz
tion eviB, which is impossible in the Faraday configuratio
It should be noted, however, that radiation with this pol
ization is not active in cyclotron resonance.

This work has received support from the Russian Fu
for Fundamental Research~RFFI Grant 96-02017404!, a
joint grant from RFFI and the International Association f

FIG. 6. Emission spectra of a Voigt-configured laser for the same samp
that investigated in the Faraday geometry~see Fig. 4!. HereJn denotes the
signal recorded by the detector,T54.2 K, Np52.531014 cm23. 1!
B51.54 T,E53 kV/cm; 2! B51.71 T,E54 kV/cm. Inset: intensity of la-
ser radiation transmitted through the interferometer versus distanced be-
tween the interferometer mirrors; the semitransparent mirrors are flat m
meshes with a reflection coefficientR'0.68; the temperature of the lase
crystal is T54.2 K, Np52.531014 cm23, B51.54 T, E53 kV/cm; Voigt
geometry.
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Amplification of radiation in the far infrared range by hot holes in germanium in

res,
crossed electric and magnetic fields
L. E. Vorob’ev, S. N. Danilov, Yu. V. Kochegarov, and D. A. Firsov

St. Petersburg State Technical University, 195251 St. Petersburg, Russia

V. N. Tulupenko

Donbass State Mechanical Engineering Academy, 343916 Kramatorsk, Ukraine
~Submitted January 13, 1997; accepted for publication February 25, 1997!
Fiz. Tekh. Poluprovodn.31, 1482–1486~December 1997!

The results of direct gain measurements are reported for the amplification of polarized and
unpolarized, long-wavelength, infrared radiation by hot holes in germanium in crossed electric and
magnetic fields in the Voigt and Faraday configurations. The experimental data are compared
with gain calculations. ©1997 American Institute of Physics.@S1063-7826~97!02811-1#
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Since 1982, when stimulated radiation in the far-infrar
range was observed for the first time, studies of far-IR las
utilizing intersubband transitions of hot holes in germaniu
have been reported in many papers~see Ref. 1!. Interest in
such lasers and their applications have not waned in re
times among scientists either in Russia or elsewhere in
world. To date, however, the optical gaing1! has not been
measured by direct means. Various authors’ calculationsg
for light wavelengths in the vicinity ofl5100mm in an
electric fieldE52 kV/cm and in a magnetic fieldB52 T at a
hole densityNp51014 cm23 and at a temperatureT520 K
give an approximate value of the amplification cross sec
samp5g/Np52(5 –6)310216 cm2 ~Ref. 1!. The calculated
value samp'22310215 cm2 is given in Ref. 2. Only one
experimental paper3 has been published.2! In this study3 the
gain has been determined experimentally in the Faraday
configuration (xiB, where x is the light wave vector! for
samples with hole densitiesNp'4.531013 cm23 and
1.731014 cm23 at T54.2 K, in this case from the transien
rise kinetics of the intensity of stimulated emission. Acco
ing to Ref. 3, the gain is g527.431023cm21 at
E51.2 kV/cm and B50.77T for the first density, and
g522.731022cm21 at E51.6 kV/cm andB51.14T for
the second density ~the corresponding amplificatio
cross sections are samp'21.64310216 cm2 and
21.59310216 cm2). These values are lower than the calc
lated results.

A high emission intensity and broadening of the lasi
range in the Voigt field configuration (x'B) relative to the
Faraday configuration has been reported in Refs. 5–7. H
ever, the optical gains have yet to be determined directly
either configuration.

The objective of the present study is to determine
direct means~from the amplification of radiation in the
far-IR range! the optical gains of hot holes in germanium
fields E'B for the Voigt and Faraday geometries.

A diagram of the hole transitions responsible for the a
plification of light is shown in Fig. 1. The population inve
sion of hot holes is possible in crossed electric and magn
fields within a bounded domain ofE andB ~Ref. 1!. Under
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when light absorption by lattice vibrations in multiphono
processes can be ignored, is

g5a211a indir , ~1!

wherea21 is the absorption~for a21.0) or gain~for a21,0)
of radiation in direct transitions between the light-hole~LH,
curve1! and heavy-hole~HH, curve2! subbands, anda indir

is the light absorption coefficient in indirect intrasubba
and intersubband hot-hole transitions involving acoustic a
optical phonons and impurities. The coefficientsa21 and
a indir are functions ofE andB.

SAMPLES AND EXPERIMENTAL PROCEDURE

Germanium samples with hole densitie
Np'2.531014 cm23 and 631013 cm23 were used. The
shape and dimensions of the samples are shown in Fig. 1
the Voigt geometry the electric field was determined fro
the voltage drop between probes in the middle of the sam
The spacing of the probes was equal to 2 mm. The field
the middle part of the sample, measured by this proced
was approximately 1.6 times lower than the ratioU/h, where
U is the voltage applied to the sample. The electric fie
pulse had a durationDt51.8ms.

The gain was measured as follows. The beam from
far-IR hot-hole laser emitting approximately at the wav
length l'92mm was transmitted through an iris with d
mensions smaller than the area of the face on which
beam was incident. This scheme prevented the measure
of g from being influenced by the geometrical dimensions
the crystal. To preclude the influence of multiple reflectio
and other undesirable effects, the faces through which
beam entered and exited the sample were out of paralle
as much as 3°. The intensityJ of the radiation transmitted
through the sample~of thicknessL! was compared with the
intensity J0 of radiation transmitted through a thin, high
resistance germanium wafer~of thicknessl !L). The inten-
sity ratio is

J/J0'exp~2gL!. ~2!

128021280-04$10.00 © 1997 American Institute of Physics
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RESULTS AND DISCUSSION

The experimental results in the form of the electric fie
dependence of the gain at a wavelength of 92mm in the
Faraday and Voigt geometries are shown in Figs. 2–4.

The most notable observation is that the ratio of
gains for two samples with different densities is appro
mately equal to the density ratio~Fig. 2!. For the Faraday
configuration withB52 T the amplification cross section a
tains valuessamp521.9310216 cm2 and 22310216 cm2

for samples having high and low densities, respectively. I
evident from a comparison of Figs. 2 and 3 that the gain
the maximum ofugu for the Voigt configuration is approxi
mately three times higher than for the Faraday configurat
At B52.3 T andE53.4 kV/cm in the Voigt configurationg
attains the value g520.12 cm21 ~or samp524.8
310216 cm2).

The ranges ofE andB in which lasing is possible hav
been determined previously8 for a sample with
Np'2.531014 cm23. If we assume that lasing occurs fo
ugu.0.02 cm21, the bounds of the functiong(E) for this
critical value ofg correlate with the lasing ranges~a direct
functional dependence does not exist, because the la
wavelength shifts slightly asE andB are varied!. The maxi-
mum of theug(E)u curve shifts toward higher values ofE as
B is increased, consistent with the calculated behavior.
ratio E/B is approximately equal to 1.5–1.7 kV/T•cm at the
maximum. This means that in fieldsE'B with m2B/c.1
(m2 is the LH mobility! the radius vector of the center of th
LH cyclotron pathspB25m2cE/B is 0.7–0.8 times the quan
tity p02/2 (p02 is the LH momentum corresponding to th
optical phonon energy«ph5p02

2 /2m2). Consequently, the

FIG. 1. a! Schematic diagram of hole transitions between subbands in
amplification; b! shape and dimensions of the sample plus crystallograp
directions and field orientations in the Voigt and Faraday configuration
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center of the LH paths lies inside the passive domain for L
(«2,«ph), whereas the center of the HH paths for the sa
ratio E/B51.5–1.7kV/T•cm is situated close to the bound
ary between the passive and active domains«15«ph).

Figure 5 shows the results of calculations of the funct
g(E) ~1!. According to Refs. 9–11,

a215
e2

pcm0
2nv

E
k
uevp21u2@ f 2~k!2 f 1~k!#

3d@«2~k!2«1~k!2\v#dk, ~3!

wherem0 is the free-electron mass,n is the refractive index,
f 2(k) and f 1(k) are the distribution functions of light hole
and heavy holes with respect to the momentap5\k @for
f 2(k). f 1(k) we havea21,0, and light amplification is also
possible#, which we assume to be biased Boltzmann dis
butions for simplification of the calculations,ev is the unit
vector in the direction of the electric field of the electroma
netic wave, andp21 is the matrix element of the momentum
operator. The drift velocities, temperatures, and densitie
heavy and light holes in the fieldsE'B can be determined
from the balance equations for the momentum, power,
number of particles~see Ref. 8 for a more detailed discu
sion!.

The absorption coefficienta indir for indirect transitions is
determined using the second approximation of perturba
theory. Scattering by acoustic and optical phonons and
purities is taken into account. The results of calculations og

ht
ic

FIG. 2. Gaing ~absorption coefficient forg.0) of unpolarized radiation
versus electric field for a sample with hole densityNp52.531014 cm23 at
T54.2 K in the Faraday configuration.1! B50.6T; 2! 1.5T; 3! 2 T. Inset:
the same, but for a sample with hole densityNp5631013 cm23.
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without anisotropy of the HH and LH distribution function
in an electric field are shown in Fig. 5. The points represe
the results of calculations according to Eq.~3!, with f 1(«)
and f 2(«) determined experimentally. We note good agre
ment between the values ofa21 determined using the pa
tently crude approximation by a biased Boltzmann distrib
tion function and the value obtained from the experimenta
determined LH and HH distribution functions.

The calculatedg(E) curve is similar in form to the ex-
perimentally determined plot. The decrease inugu for largeE
is attributable to the increase ina indir primarily due to intra-
band HH transitions with the emission of optical phono
For this kind of light absorption the coefficien
a indir;exp$2(«ph2hn)/kBT1% and increases rapidly with th
temperatureT1, sincekBT1!«ph in the pertinent ranges o
the fieldsE andB ~Ref. 8!. In the low-field rangeugu is small
by virtue of insufficient hole population inversion~i.e., a
small value ofua21u).

It follows from a comparison of the data in Figs. 3 and
that the gain depends on the light polarization. The proba
ity of direct 2→1 transitions isw21;sin2( k̂ •ev) ~Ref. 10!.
Consequently, if the HH and LH distribution functions a
anisotropic~the hole drift velocity is comparable with th
thermal velocity in a strong field at low temperatures!, then

FIG. 3. Gain g ~absorption coefficient forg.0) of polarized radiation
(eviB) versus electric field for a sample with hole dens
Np52.531014 cm23 at T54.2 K in the Voigt configuration.1! B50.6T;
2! 1.5T; 3! 2 T.
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w21 depends on the direction ofev relative to the directions
of E andB. An expression for the HH and LH drift moment
pdri is given in Ref. 8. Moreover, for light-absorption pro
cesses involving phonons and impurities the main contri
tion is from intraband HH transitions. In this cas
a indir;@ev•(k f2k0)#2, wherek0 and k f are the initial and
final hole states. After the emission of an optical phonon
have k f'0 and a indir;ev•k0, where\k0'p01 (p01 is the
HH momentum corresponding to the optical phonon energ!.
In the case of almost-collisionless motion of HHs in the p
sive domain in fieldsE'B the wave vectork0 is almost
parallel toE, so that the absorption must be acutely anis
tropic: for ev'k0 ~or in the Voigt geometryeviB) the coef-
ficient a indir must be smaller than forevik0 ~or eviE). Simi-
lar anisotropy of light absorption by heavy holes in indire
transitions has been mentioned previously.11 In our samples
with impurity concentrationsNI[NA1ND'531014 cm23

(NA and ND are the densities of donors and acceptors! the
motion of HHs in the passive domain is not collisionles
According to experimental data,12,13however, the anisotropy
of the HH distribution function is quite pronounced.

The results of calculations ofg(hn), with allowance for
the anisotropy of the LH and HH distribution functions, a
shown in Fig. 6. It is evident that the main factor contribu
ing to the anisotropy ofg in the long-wavelength range i
anisotropy of the light absorption coefficienta indir for indi-
rect transitions. Our calculations with simplified HH and L
distribution functions yield approximately the same results

FIG. 4. The same as Fig. 3, but for the light polarizationeviE. Inset:
intensity ratio of the laser beam versus magnetic field in the Voigt confi
ration for two polarizations:Ji (eviB) andJ' (eviE), E52.5 kV/cm.
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calculations using anisotropic distribution functions found
the Monte Carlo method.14

It follows from the experimental data~Figs. 3 and 4! and
from the calculations~Fig. 6! that the optical gaing for light
with a wavelength in the vicinity ofl5100mm in the Voigt
configuration with the polarizationeviB is higher than for
the polarizationeviE. Consequently, the intensity of emis
sion of light with the two polarizations should be expected
differ, as has indeed been confirmed experimentally~see the
inset to Fig. 4!. In contrast with Ref. 6, for our samples i
the Voigt configuration the intensity ratio between the tw
light polarization is greater than unity for all magnetic field

This work has received support from the Russian Fu
for Fundamental Research~RFFI Grant 96-02-17404!,
jointly from RFFI and the International Association for th
Promotion of Cooperation with Scientists from the Indepe
dent States of the Former Soviet Union~RFFI-INTAS Grant
00615!, and from the State Committee for Science and Te
nology of the Russian Federation~GKNT RF Grant 1-093/4!.

1!Actually the quantityg can be either negative or positive. We callg the
gain for g,0 and the absorption coefficient forg.0.

2!Gain measurements have also been reported in Ref. 4 for the amplific
of radiation having a wavelength in the vicinity of 300mm by hot holes in
germanium in crossed fieldsE and B in the Faraday geometry. There
however, amplification is associated with hot-hole transitions betw
Landau levels of light holes. This mechanism of amplification and las

FIG. 5. Gaing ~absorption coefficient forg.0) of unpolarized radiation
having a wavelengthl'100mm versus electric field. The solid curve i
calculated for T542. K, Np52.531014 cm23,
NI5NA1ND5531015 cm23, andB52.2 T. The dots represent the value
of g obtained using experimentally determined heavy-hole and light-h
distribution functions.
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has been investigated earlier1 and is not the object of the present inves
gation.
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le
FIG. 6. Gaina21 ~absorption coefficient fora21.0) of polarized light in
direct hole transitions, absorption coefficienta indir in indirect transitions,
and gaing5a211a indir ~absorption coefficient forg.0) versus photon en-
ergy. The calculations have been carried out forT54.2 K,
Np52.531014 cm23, NI5NA1ND5531014 cm23, B52.2 T, and
E53.3 kV/cm. The solid curves correspond toeviB, the dashed curves to
eviE, and the dot-dash curves toevi@E3B#.
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