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This paper discusses the generation of thermal donor centers in silicon by oxygen ion
implantation in the temperature range 350 to 550 °C. These donors are distributed almost uniformly
over the entire thickness of the silicon crystals and well outside the region of direct
penetration of the ions. It is established that implantation of Czochralski-grown silicon with
oxygen ions followed by annealing accelerates the introduction of these donors into the silicon, and
that application of hydrostatic pressure further accelerates the process of donor-center
formation. The data indicate that this accelerated introduction of donors is associated with diffusion
of radiation-induced defects from the implanted layer into the crystal bulk, and that the
diffusion coefficients of these defects are 131027 cm2/s or larger. ©1999 American Institute
of Physics.@S1063-7826~99!00110-6#
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INTRODUCTION

Ion implantation is one of the basic methods used
introduce impurities into silicon in a controllable way. Th
incorporation of ions into these crystals is accompanied
the generation of a considerable number of radiation-indu
defects, most notably point defects, i.e., vacancies and in
stitial atoms, which possess high mobilities even at ro
temperature.1

One of the many processing steps used in the fabrica
of devices based on Si is thermal processing at tempera
of 350 to 550 °C. It is well known that processing
Czochralski-grown silicon (Cz-Si! at these temperature
leads to the introduction of donor centers~thermal donors!
into the material.2,3 When this occurs, the efficiency of the
mal donor generation is found to depend strongly on
oxygen content of the silicon. At this time, the exact stru
ture and mechanism for formation of these centers rem
unclear. The most widely accepted model postulates tha
thermal donors are made up of an intrinsic interstitial at
plus a chain of several interstitial oxygen atoms.4,5

Examination of the current literature reveals that there
no clarity regarding the question of how the processes
thermal defect formation are affected by prior irradiation.
their papers on the influence of neutron-induced doping
implantation of hydrogen ions on thermal defect formatio
for example, Pfluegeret al.6 and Popovet al.7 claimed that
irradiation accelerates the formation of thermal defec
1041063-7826/99/33(10)/5/$15.00
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Moreover, Hallberget al.8 observed that prior irradiation by
electrons accelerates the precipitation of oxygen. On
other hand, Markevichet al.9, Henry et al.10, and Litvinov
et al.11 investigated the effect of irradiation with electrons
g-rays, and found that the irradiation either had no effec
all on the kinetics of thermal donor formation or that it a
tually decreased their rate of formation. It is a matter of
small interest that these latter authors were investiga
cases where the radiation-induced defects are generated
formly throughout the crystal volume, whereas ion impla
tation of the sort used, for example, in Ref. 7 has the pecu
feature that the same radiation-induced defects are in
duced in a relatively shallow layer and accordingly con
tions are created for nonuniformity in their spatial distrib
tion. Hence, defects generated by ion implantation can af
the formation of thermal donors differently from defects ge
erated by prior irradiation, which distributes them uniform
throughout the crystal.

Popovet al.7 claimed that a variety of radiation-induce
defects other than hydrogen, i.e., vacancies, intrinsic inte
tial atoms, interstitial carbon atoms, or complexes of hyd
gen with these centers, can also participate in the proces
generating thermal donors. In this paper we will investig
how irradiating silicon with oxygen atoms affects the form
tion of donor centers in the temperature range 350 to 550
We used ion implantation to generate radiation-induced
fects in the material; our choice of oxygen atoms was m
9 © 1999 American Institute of Physics
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vated by the possibility that oxygen participates in the g
eration of thermal donors.

Another way to vary the concentration of intrinsic poi
defects in silicon crystals is to use hydrostatic pressure
ing thermal processing of the material. According to the d
of Ref. 12, application of high pressure during thermal p
cessing should increase the equilibrium concentration of
cancies in the crystal. This increase becomes importan
pressures on the order of 1 GPa or higher. Moreover, th
data12 also indicate that the diffusion coefficients of the i
trinsic defects change as well~an increase for vacancies an
a decrease for interstitial atoms!.

The task of this paper is to investigate the influence
irradiation by oxygen ions and the action of hydrostatic pr
sure on the generation of donor centers in silicon.

EXPERIMENTAL METHOD

The materials used in these studies were single crys
of n-type silicon grown by the Czochralski method (Cz-Si!
and the float-zone method (Fz-Si!. TheCz-Si had an oxygen
concentration of (7.528)31017cm23 and phosphorus con
centration of (527)31014cm23. In Fz-Si the oxygen con-
centration was less than 1016cm23, while the concentration
of phosphorus was;1013cm23. The oxygen concentration
were determined from infrared spectroscopic data based
the well-known absorption band at 1107 cm21, using the
calibration coefficient 2.4531017cm22. The thickness of the
samples was;450 mm for Cz-Si and;350 mm for Fz-Si.
Oxygen ions (O1) were implanted at room temperature wi
energies of 200 keV in the dose range from 1014 to 1017

cm22. The projected range of O1 ions was 0.4mm. The
thermal processing took place in air in the temperature ra
200 to 750 °C for periods of up to 10 hours. Several samp
were annealed under two hydrostatic pressures~0.01 and 1.2
GPa! in an argon atmosphere. The Hall effect a
capacitance-voltage measurements were used in these i
tigations. In order to obtain the distribution of implanted ce
ters with respect to depth into the sample, capacitan
voltage measurements were combined with etching in
1 : 100 solution of HF:HNO3, or in CP4a etch.

RESULTS

Figure 1 shows how the carrier concentration varies a
function of thermal processing time in samples ofCz-Si at
various implantation doses of O1 ~curves2–5! and in a con-
trol ~unirradiated! sample~curve 1!. The sizes of the data
points on these curves reflect the measurement errors.
clear from the figure that the electron concentrations of
ion-irradiated samples are increased by the thermal proc
ing. The figure also shows that increasing the irradiat
dose~to 131016cm22) increases the number of donors i
troduced. On this same figure we also plot the same de
dences for samples subjected to thermal processing u
high hydrostatic pressure~1.2 GPa!, both the control sample
~curve6! and a sample irradiated with oxygen ions~curve7!.
It is clear that application of hydrostatic pressure leads t
sizable increase in the electron concentration, both for
control and the ion-implanted samples. It is also notewor
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that the carrier concentration generated by implantation c
bined with pressure greatly exceeds the sum of the incre
due to implantation and pressure separately.

In Fig. 2 we plot the change in average concentration
electrons in the crystal bulk as a function of irradiation do
Annealing at atmospheric pressure~curve1! leads to an in-
crease in the concentration of donor centers that saturat
an irradiation dose of 1016cm22. Thermal processing at a
pressure of 0.01 GPa~curve2! leads to an analogous depe
dence. When pressures of 1.2 GPa are applied, donors
introduced in concentrations close to the saturation conc
tration for all the irradiation doses~curve3!.

Figure 3 shows typical distributions of donor-center co
centrations with respect to depth for samples implanted w
oxygen ions after thermal processing~450 °C, 10 hours! at
vairous pressures – atmospheric 1024 GPa, 0.01, and 1.2
Gpa. It is noteworthy that donor concentrations in the reg
of direct penetration of oxygen were considerably high
which agrees with data well known in the literature~for ex-
ample, Ref. 13!. In keeping with the goals of this paper, w

FIG. 1. Plots of the electron concentration (c) versus anneal time at 450 °C
deduced from the Hall effect measurements for crystals ofCz-Si implanted
with O1 at atmospheric pressure~1—5! and at a hydrostatic pressure of 1
GPa (6,7). Implantation doses, cm22: 1, 6 — 0 ~controls!; 2 — 131014;
3 — 131015; 4, 7 — 131016; 5 — 131017.

FIG. 2. Dependence of the average concentration ofC donor centers on
implantation dose of O1 after annealing~450 °C, 10 h! at atmospheric pres-
sure~1! and at hydrostatic pressures of 0.01~2! and 1.2 GPa~3!.
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focus our attention on those regions of the crystal loca
outside the region of direct ion penetration. As is clear fro
the figure, under these processing conditions we obtain p
tically uniform distributions of donor-center concentratio
throughout the entire crystal bulk. The same type of don
center distribution is observed for time-dependent annea
— the distribution of charge carriers is uniform with respe
to depth, with an average concentration of donor centers
increases when the anneal time is increased from 1 to
hours, both under hydrostatic pressure and at atmosph
pressure. It is clear from the figure that the distributions a
magnitudes of the bulk carrier concentrations practically
incide for low pressure~0.01 GPa! and atmospheric pressur

When we examined analogously irradiated samples
Fz-Si annealed~at 450 °C for 2 hours! both at atmospheric
pressure and under hydrostatic pressure, we found tha
carrier concentration did not change much during therm
processing . The only thing we observed was a slight
crease in the concentration of carriers in the surface regio
a depth of 2 to 3mm.

Figure 4 shows how the concentration of donor cent

FIG. 3. Typical distributions of donor-center concentration (C) with respect
to depth for samples implanted with oxygen ions at a dose of 1015 cm22

after thermal annealing~450 °C, 10 h! at various pressures—atmospher
~1!, 0.01 ~2!, and 1.2 GPa~3!.

FIG. 4. Plots of the concentration of donor centers (C) for samples im-
planted with O1 ions at a dose of 1016 cm22 versus anneal temperature (Ta)
at atmospheric pressure and for identical thermal processing times~30 min!.
n0 is the concentration of donors in the original material.
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varies for samples implanted with O1 ions at a dose of 1
31016cm22 as a function of anneal temperature at atm
spheric pressure and the same thermal processing time~30
min!. It is clear that the accelerated introduction of don
centers takes place in the temperature range from 35
550 °C with a maximum at;450 °C. Increasing the tempera
ture beyond this point leads to recovery of the original c
rier concentration. The slight increase in the concentration
donor centers at temperatures above 650 °C is most lik
associated with the creation of ‘‘new’’ thermal donors.

DISCUSSION

Our results can be summarized as follows.

1! We observed no generation of donor centers in io
implantedFz-Si outside the region of direct penetra
tion of ions.

2! Implantation of oxygen ions into crystals ofCz-Si
with subsequent annealing leads to accelerated in
duction of donor centers~compared to the origina
material! throughout the crystal volume.

3! Within the thermal processing times we used, don
centers were introduced uniformly throughout t
crystal volume.

4! Application of hydrostatic pressure led to an increa
in the rate of introduction of donor centers. In ion
implanted silicon the number of donor centers crea
greatly exceeded the sum of donor center concen
tions introduced when pressure or irradiation we
used alone.

5! At high pressures~1.2 GPa! the dependence of th
electron concentration on oxygen-ion irradiation do
saturates even for the smallest doses used.

The donor centers we observed are most likely therm
donors. This is confirmed both by the temperature range
which they exist, which is the thermal-donor range, and
lack of significant changes in the number of donor center
processedFz-Si. This latter fact also indicates participatio
of oxygen in the formation of the donor centers.

The dependence of the donor-center concentration on
O1-ion irradiation dose~Fig. 1! indicates that either incor
porated ions or radiation-induced defects take part in don
center formation. The change in the concentration of ther
donors at depths that greatly exceed the projected rang
the ions strongly implies that the defects participating in
formation of donor centers have a high diffusion coefficie
(D0) in silicon. Estimates we have made show that the d
fusion coefficient for the mobile component that accelera
the introduction of donor centers should be;131027

cm2/s. In Ref. 7 it was shown that implanting H2
1 ions into

Cz-Si leads to accelerated formation of thermal donors a
temperature of 450 °C. In this case, these authors claim
that the rate of formation of thermal donors can be increa
by participation of not only hydrogen atoms but radiatio
induced defects—vacancies (V), intrinsic interstitial atoms
(I ), interstitial carbon atoms (CI), or complexes of hydrogen
with V or I. The diffusion coefficients forV, I and CI can be
quite large: 531027 cm2/s ~Ref. 14!, 102821027 cm2/s
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~Ref. 15!, and 1027 cm2/s ~Ref. 16!, respectively.
In contrast, the diffusion coefficient of interstitial oxyge

in silicon at 450 °C is only;1310219cm2/s, according to
data from various references.17,18Even when accelerated dif
fusion of oxygen is taken into account,18,19 D0 does not ex-
ceed 1310214cm2/s. In Ref. 20, it was claimed that oxyge
molecules could have a high diffusion coefficientD0.2
31029 cm2/s in silicon crystals at 450 °C. In addition, it i
known21,22that the presence of hydrogen in the crystal latt
of silicon can affectD0 for oxygen, due to a decrease in th
activation energy for diffusion. However, the absence of
celerated formation of donor centers inFz-Si implies that
implanted oxygen probably does not play a direct role in
accelerated introduction of donor centers into the cry
bulk.

A review of the literature shows that the presence
hydrogen atoms in the starting silicon crystals can accele
the generation of thermal donors.23–25 The concentration of
hydrogen molecules present in silicon as an uncontrolled
purity can reach 1014 to 1015cm23.26 For the thermal pro-
cessing temperature range unde discussion here, activati
hydrogen is possible via decay of a molecule and the
ation of electrically active centers of donor type with rad
tion defects such as HI – SiI and HI –CI .27 The latter center
can have a larger diffusion coefficient than interstitial carb
alone. It should be noted that the observed concentration
donors exceed the initial hydrogen concentration, wh
rules out explaining accelerated introduction of thermal
nors solely in terms of the influence of hydrogen. Nevert
less, the presence of hydrogen can have an additional a
erating effect on the formation of donor centers. Intersti
carbon, which arises from the interaction of interstitial s
con atoms with carbon in a substitutional position, also c
accelerate the formation of donor centers in silicon.16 Davies
et al.16 have shown that this is due to an increase in nuc
ation centers for thermal donors.

As for the role of vacancies in generating thermal d
nors, published data in the literature are ambiguous. In s
papers,28–30 it is claimed that increasing the concentration
vacancies leads to a decrease in the rate of introductio
thermal donors. At the same time, other papers report
serving accelerated precipitation of oxygen when vacan
are introduced, and claim that the vacancies act as center
nucleation of precipitates~see, e.g., Ref. 31!. As for intrinsic
interstitial atoms, the most widely used model of therm
donors treats them as components of the latter.7,8 Therefore,
changing the concentration of intrinsic interstitials can pro
ably affect the rate of introduction of thermal donors as w

Thus, our studies of the effect of oxygen-ion irradiati
do not allow us to categorically exclude any of the cent
we have listed from an explanation of the accelerated in
duction of thermal donors, except for oxygen ions with a
celerated diffusion.

Application of pressure leads to an increase in the eq
librium concentration of vacancies and a decrease in the
centration of interstitial atoms in the crystal lattice, and a
to a change in the diffusion coefficients compared to th
values at atmospheric pressure.15 As shown in Ref. 15, the
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diffusion coefficient for interstitial atoms decreases, wh
the diffusion coefficient for vacancies increases. It is like
that both ion implantation and application of hydrosta
pressure saturate the bulk material with vacancy defe
which leads to an increase in the concentration of nuclea
centers for thermal donors. Thus, based on the data of
15, out of all the defects listed above the best candidate
explaining the accelerated introduction of thermal donors
the vacancy.

The sizable difference in the rates of introduction
thermal donors during annealing under pressure in i
implanted and unimplanted materials once more clea
shows that implantation creates an additional channel for
celerated formation of thermal donors. The lack of additiv
of the effects of pressure and implantation is most likely d
to suppression of the process of annihilation of vacanc
with interstitial atoms under high pressure. In this case,
concentration of surviving defects, and accordingly their fl
in the crystal, should increase. Annealing of ion-implant
silicon under pressure immediately provides a concentra
of thermal defects of;231016cm23, which corresponds to
the maximum observed concentration of thermal donors
silicon. As a result, we observed saturation even for the lo
est irradiation doses; i.e., increasing the dose further did
increase the concentration of thermal donors. The satura
by irradiation doses.1016cm22 ~Fig. 2! for samples an-
nealed at atmospheric pressure is probably related to cha
in the nature of the defect formation at high irradiation dos
As a result, the fraction of intrinsic defects diffusing from th
implanted region into the crystal bulk during anneali
changes.

In conclusion we note that these results allow us to as
that radiation-induced defects take part in the accelerated
mation of thermal donors. It is likely that intrinsic point de
fects @vacancies and~or! intrinsic interstitial atoms# are re-
sponsible for this process. This assertion finds
confirmation in the fact that we observed accelerated form
tion of thermal defects during annealing under hydrosta
pressure. Both for ion implantation and for hydrostatic pr
sure combined with annealing, the most important indicat
that radiation-induced defects are involved is the increas
the concentration of centers for nucleating thermal donor
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Distinctive features of molecular-beam epitaxial growth of silicon on Si „100… surfaces
in the presence of arsenic
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The authors of this paper discuss their studies of the influence of background arsenic pressure
on the properties of autoepitaxial layers of silicon grown on Si~100! surfaces by
molecular-beam epitaxy. In these investigations the following experimental techniques were
used: reflection high-energy electron diffraction~RHEED!, scanning tunneling microscopy,x-ray
photoelectron spectroscopy, and secondary ion mass spectrometry. ©1999 American
Institute of Physics.@S1063-7826~99!00210-0#
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INTRODUCTION

Silicon-based devices are the semiconductor compon
of choice in contemporary microelectronics markets. Th
are many reasons for this choice: the relatively low cost
single-crystal silicon films, the existence of well-tested te
nologies for obtaining high-quality epitaxial layers, and t
availability of post-growth processing steps to make dev
structures. Despite these advantages, silicon is rarely us
modern optoelectronic applications. This is because of
indirect structure of its energy bands, which prevents
emission of light during interband recombination unless
third particle participates~for example, a phonon!. Since the
probability of such a three-particle process is rather sm
the material is optically inert.

Various attempts have been made to increase the
ciency of radiative recombination in silicon. Among the
are: doping the silicon with erbium,1 introduction of quantum
dots directly into strained~Si,Ge,C!/Si heteroepitaxial sys
tems by molecular-beam epitaxy~MBE!,2 and use of porous
silicon as a medium for incorporating nanometer-siz
objects.3

Recently we proposed a new technique for obtaining
ficient luminescence from structures based on silicon.4,5 Our
approach is to create a layer of coherent nanometer-s
islands of InAs directly in a silicon matrix using MBE, usin
the fact that spontaneous generation of nanometer-size
jects takes place during the initial stages of heteroepita
growth involving two systems whose lattice constants
sufficiently mismatched~see, e.g., Ref. 6!.

At this time, photoluminescence~PL! has been obtained
from quantum dots in the semiconductor system InAs/S
temperatures up to room temperature. Because this PL
hibits a peak, whose exact position depends on the obse
tion temperature, in the wavelength range 1300–1600 nm7,8

this material system could be a promising source of dev
for use in low-loss fiber-optic communication lines. At th
same time, the PL intensity from similar structures in t
1051063-7826/99/33(10)/5/$15.00
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InAs/GaAs system is still rather low. One reason for this
an inability to grow sufficiently high-quality samples, ass
ciated with the lack of a processing technology for maki
the collection of InAs quantum dots and obtaining hig
quality heterojunctions during their subsequent overgrow

An approach that could lead to further progress in cre
ing light-emitting structures involves the use of so-call
‘‘stacked’’ quantum dots, i.e., multilayer systems with qua
tum dots electrically coupled in the vertical direction. Terso
et al.9 discussed model representations that describe the
mation of ordered collections of nanometer-size inclusio
during multilayer heteroepitaxy of two materials with a lar
lattice-constant mismatch. In that paper the authors prese
experimental data showing ‘‘effective’’ self-organization
Si12xGex/Si ~100! during MBE, which confirmed the physi
cal model proposed.

In creating this kind of three-dimensional structure
MBE, the quality of the intermediate layers that make up
crystalline matrix of the system is extremely importan
Layer quality directly impacts such parameters of quant
dot formation as the scatter in lateral dimensions, the deg
of ordering, and the maximum number of vertical
‘‘stacked’’ layers achievable. The problem of immediate i
terest to us here–expitaxial growth of silicon in the prese
of an increased background of arsenic pressure–unavoid
arises during growth of multilayer structures with quantu
dots in systems of type~In,Ga,Al!As/Si.

In this paper we discuss our investigations of ho
growth conditions and background arsenic pressure affec
properties of autoepitaxial silicon layers grown on a Si~100!
surface by molecular-beam epitaxy.

EXPERIMENTAL METHOD

All of our growth experiments were carried out using
Supra MBE machine~ISA Riber, France! consisting of fab-
rication, analysis, and annealing modules connected b
high-vacuum transport system. In all the modules of the
4 © 1999 American Institute of Physics
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paratus, excluding the loading section, the base did not
ceed 5310210 Torr. An electron-beam evaporator was us
to deposit the Si. The necessary arsenic pressure was cr
by thermal evaporation of arsenic from an effusion sourc

In order to obtain a silicon substrate with an atomical
clean structurally-ordered surface, we implemented the
growth preparation method described in Refs. 10 and
This method of chemically processing the substrate invol
the following sequence of operations:

1! Washing away of organic contaminants from the s
face using CCl4 and acetone;

2! Oxidation of the top layer of silicon in boiling nitric
acid and etching away the SiO2 that forms in HF;

3! Boiling the substrate in a peroxide-ammonium so
tion with subsequent removal of remaining contaminants
gether with the oxide of silicon, again using hydrofluor
acid;

4! Creation of a thin capping layer of oxide at the su
face of the freshly-cleaned silicon film by boiling in
peroxide-acid HCl:H2O2:H2O solution;

5! A final washing of the film with deionized water an
drying with ethyl alcohol on a centrifuge.

The prepared substrates were loaded into the MBE
chine with minimum exposure time in air.

Vacuum pre-growth preparation consisted of a regime
two-step thermal annealing. At the first step, the samp
were held in the growth chamber at a temperature of 400
for 40 min, resulting in a large portion of adsorbed contam
nants leaving the surface of the capping layer. This outg
sing process was monitored by vacuum-meter readings.
step was followed by a high-temperature~750 °C! 30-min
anneal in a weak flux of silicon atoms (;1013cm22

•s21),
which causes the oxide layer to sublime. Remaining carb
containing compounds are removed from the surface al
with the oxide. The process of removing the silicon oxi
layer is monitored by examining RHEED patterns.

RHEED data reveal that substrates prepared in this
exhibit (232) and (737) surface reconstructions, whic
are characteristic of the Si~100! and ~111! orientations, re-
spectively. Monitoring the composition of the surface
x-ray photoelectron spectroscopy reveals that the conce
tions of carbon and oxygen remaining on the surface
below the lowest levels the spectrometer can detect.

The basic parameters that determine the growth co
tions during MBE are the following: the temperature~350 to
800 °C! to which the substrate is heated, the highest pres
in the fabrication chamber during deposition of Si from t
electron-beam evaporator (1028 Torr!, rates of Si deposition
~0.2 and 1.0 Å/s!, and background As pressures at the s
strate surface of 1.331028 Torr ~for an As source tempera
ture of 20 °C! and 1.331027 Torr ~for an As source tempera
ture of 300 °C!. The substrates we used weren-type KEF-
4.5 ~100! silicon films, which were mechanically attached
an indium-free molybdenum substrate holder. The sam
holder was continuously rotated during the growth. T
structure of the surface during growth was monitored by
automated system for recording and processing RHE
patterns.12 Post-growth investigations of the samples o
tained involved the following measurements: analysis of
x-
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surface composition usingx-ray photoelectron spectroscop
in the Surface Science Center~Riber! analysis module; study
of the morphology of the sample surface at atmospheric p
sure using a scanning tunneling microscope~STM! accord-
ing to the methods described in Ref. 13; and profiling t
element composition of the as-grown layers by second
ion mass spectroscopy using a CAMECA ims4f setup.

Investigations byx-ray photoelectron spectroscopy we
carried outin situ in the analysis chamber of the apparatu
with x-ray excitation supplied by unmonochromatize
MgKa radiation~energy\n51253.6 eV, linewidth 0.8 eV!.
In order to record the electronic spectra, a MAC-2~Riber!
energy analyzer was used in the constant-pass energy re
(Epass510 eV!, with a resolution of 0.8 eV. The pressure
residual gases in the analysis chamber during the meas
ment was measured to be at a level of 2310210Torr.

EXPERIMENTAL RESULTS

The effect of the As atmosphere on the composition
the Si surface layers was investigated by obtainingx-ray
photoelectron spectra for the following group of sampl
samples with a clean Si surface, i.e., either immediately a
removal of the oxide or after growth of an epitaxial Si lay
in the absence of As vapor; samples with an initially clean
surface that had been left for several days in the anal
chamber and subjected to long-term exposure to the resi
atmosphere; and Si structures grown in an As atmosphe

Figure 1 shows the spectra of C 1s ~285 eV!, O 1s
~531 eV!, and As 3d ~42 eV! lines we obtained.

For pure Si, the intensities of the 1s-lines of carbon and
oxygen in thex-ray photoelectron spectra were below t
noise level of the spectrometer. After these samples w
held under ultra-high vacuum in the analysis chamber~with a
residual pressure ofPres52310210Torr! for several days,
the peaks C 1s and O 1s appeared~Fig. 1, spectra a!. The
source of this contamination of the initially-clean silicon su
face by carbon- and hydrogen-containing compounds is
residual atmosphere.

For silicon samples grown in the presence of arse
vapor in the growth chamber, the measurement results ha
number of distinctive features. Thex-ray photoelectron spec
tra of these structures exhibit no trace of the peaks C 1s and
O 1s, either for just-grown samples of Si layers or for su
strates placed in the analysis chamber for a week or lon
The As 3d line in the spectrum indicates adsorption of As
the surface of the single-crystal Si~Fig. 1, spectra b!. It is
noteworthy that heating these samples to 600 °C has no
fect on the spectra. Thermal desorption of As from the
surface begins at temperatures of 650 °C or higher, as i
cated by the considerable decrease in intensity of the Asd
peak. The departure of some of the As is accompanied by
appearance of traces of carbon and oxygen-containing
taminants on the Si surface~Fig. 1, spectrac).

In order to determine how As vapor affects the
growth, we carried out a series of growth experiments
which we changed the growth temperature while keeping
rate of deposition of Si and the background As press
fixed.
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FIG. 1. X-ray-electronic spectra of the O 1s, C 1s, and As 3d lines from silicon samples~a! kept for several days in the analysis chamber after cleaning
the surface by thermal removal of the capping oxide,~b! kept for several days in the analysis chamber after deposition of a Si layer in an arsenic atmos
and ~c! after annealing the layers at a temperature of 650 °C.
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In our first series of experiments, we decreased the t
perature in a stepwise manner from 800 to 350 °C. We fo
that layer-by-layer epitaxial growth of Si occurs over a wi
range of temperatures when the As pressure
;1.031028 Torr. Thus, we observed (232) diffraction pat-
terns for both deposition rates, 0.2 and 1.0 Å/c, and subs
temperatures (Ts) ranging from 350 to 800 °C, indicating
that the surface was atomically smooth and that the depos
Si had an ordered crystal structure~Fig. 2a!. Increasing the
background pressure of As to;1.031027 Torr increased the
lowest temperature at which epitaxial growth of Si occurr
and the (232) surface reconstruction was observed at te
peratures above 600 °C. In the range of 600 to 500 °C, po
like reflections appear on the fundamental lines. At 400
the lines disappear, and only the point reflections remain
this case the brightness of the diffuse background incre
~Fig. 2b!. Decreasing the temperature further leads to disr
tion of the epitaxial growth, evidence for which is the a
sence of diffraction from the surface and a strong diffu
background that is characteristic of an amorphous laye
should be noted that these changes are not irreversible:
ing the surface to 650 °C leads to recovery of the origi
(232) surface structure of the growing layer.

From our studies of the formation of quantum-well InA
clusters on Si~100! surfaces we established that the ma
mum substrate temperature at which crystalline islands f
on the surface wasTs5450 °C.5 Below this temperature
stable formation of quantum dots takes place. For this r
son, we conducted another growth series in which we inv
tigated the conditions for crystallization of amorphous
-
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layers deposited onto a relatively cold substrate~100 to
120 °C! at various As pressures. We found that at these te
peratures increasing the background As pressure affecte
observed diffraction pattern. The superstructural reflecti
decreased in brightness, while the primary lines beca
shorter. The presence of a direct molecular As flux led t
reconstruction of the Si surface from (232) to (131).
Opening the lid of the silicon source changed the diffract
pattern considerably: the diffraction reflections disappear
and a strong diffuse background appeared. The amorphou
crystallized when the substrate was heated. Monitoring of
state of the surface based on diffraction patterns showed
the process of oriented crystallization of amorphous Si a
silicon surface with orientation~100! does not depend on th
thickness of the deposited layer~in our case 50, 100, and
500 Å!, but rather is determined by the anneal temperatu
In films deposited against the background As pressure
;1.031028 Torr, the (232) diffraction pattern appeare
when the substrate was heated above 500 °C. Amorphou
deposited at an As pressure of;1.031028 Torr crystallized
at higher temperatures, 6202650 °C.

Figures 3a and 3b show STM images of portions of
Si ~100! surface obtained~a! at Ts5350 °C in an arsenic flux
of 1.331028 Torr ~with a cold arsenic source! and ~b! at
Ts5450 °C in an arsenic flux of 1.331027 Torr ~with an As
source heated to 300 °C!. The surfaces shown in Fig. 3a a
characterized by the presence of indentations of pyram
form with a crystalline structure in predominantly smoo
regions. The lateral dimensions of the indentations are;100
nm, their depth is 15 nm, and their average density is;1
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3108 cm22, with their sides parallel to@001# and@010#. Be-
cause the density of indentations is not large, they do
have much effect on the diffraction pattern~Fig. 2a!. These
morphological peculiarities are most likely associated w
defects in the crystal lattice, and appear during chem
preparation of the films. When the arsenic background p
sure was increased, we observed a very different picture
saw a collection of equidistant, wire-shaped nano-obje
whose characteristic cross-sectional dimensions were 25
and a height of 15 nm~Fig. 3b!. These objects were oriente
in the @031# and @03̄1# directions, which agrees with th
RHEED data shown in Fig. 2b.

In Fig. 4 we show data from our studies of silicon laye
grown at various growth rates and background arsenic p
sures using secondary-ion mass spectroscopy. The fi
shows that increasing the background arsenic pressure
to a considerably higher probability of attachment of arse

FIG. 2. RHEED patterns measured during autoepitaxial growth of silico
a substrate temperatureTs5400 °C in a residual pressure of 1.331028 Torr
~a! and in an arsenic flux at a pressure of 1.331027 Torr ~b!.
ot
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atoms to the growing layer. Increasing the partial pressure
an order of magnitude, for example, increases the numbe
incorporated As atoms by approximately two orders of m
nitude, regardless of the rate of silicon deposition. Decre
ing the substrate temperature also increases the probabili
incorporation of arsenic into the growing layer. Changing t
growth rate has a smaller effect on the concentration of
atoms in silicon. Obviously this is a consequence of the li
ited solubility of arsenic in a silicon host. We note th
analysis of the diffraction patterns~Figs. 2a and 2b! leads to
results that are in qualitative agreement with the second
ion mass spectroscopy data.

Thus, we have investigated several features of MBE
toepitaxial growth of silicon in an arsenic atmosphere. W
have established that the temperature of crystallization
amorphous silicon deposited on a cold substrate depend
the background arsenic pressure and lies in the range 50
650 °C. Increasing the background arsenic pressure lead
incorporation of a larger number of As atoms into the silic
host, which is also observed when the substrate tempera

t

FIG. 3. STM images of portions of the surface of autoepitaxial Si~100!
grown atTs5350 °C and a residual pressure of 1.331028 Torr ~a!, and at
Ts5450 °C in an arsenic flux at a pressure of 1.331027 Torr ~b!. The edges

of the image are parallel to crystallographic directions@011# and @01̄1#.
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is decreased. Our results indicate the need to choose tec
ogy conditions, in particular, substrate temperature and r
of fluxes of group-III, group-IV and group-V elements,
order to address the problem of obtaining high-quality int
faces in the InAs / Si system.
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in the growth experiments. We also thank N. N. Ledents
and N. D. Zakharov for useful discussions.
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FIG. 4. Secondary-ion mass spectroscopy data on the temperature d
dence of the number of As atoms incorporated into the silicon layer (CAs

inc)
normalized by the background concentration in the substrate (CAs

bkg). Arsenic
pressure, Torr/growth rate of Si, Å/s:1 — 1.331028/0.2; 2 — 1.3
31028/1.0; 3 —1.331027/0.2; 4 — 1.331027/1.0.
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Detection of paramagnetic recombination centers in proton-irradiated silicon
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The method of spin-dependent recombination was used to record electron spin resonance~ESR!
spectra of recombination centers in a thin (;1mm) surface layer ofp-type silicon grown
by the Czochralski method and irradiated by protons with energies of;100 keV. Spectra of
excited triplet states of the oxygen1 vacancy complex (A-centers! were observed along
with complexes consisting of two carbon atoms and an interstitial silicon atom (CS– SiI – CS

complexes!. The intensity of the ESR spectra of these radiation-induced defects was
found to be largest at irradiation doses of;1013cm22, and decreased with increasing dose,
which is probably attributable to passivation of the radiation-induced defects by hydrogen.
© 1999 American Institute of Physics.@S1063-7826~99!00310-5#
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Irradiation of silicon with protons leads to the appea
ance of point defects analogous to defects that appear w
silicon is irradiated with electrons,g-rays, and neutrons.1–6

Because of their high mobility and chemical activity, hydr
gen atoms can enter into the composition of radiati
induced defects, and also can compensate for unpaired
trons at defect dangling bonds. The presence of hydro
atoms in radiation-induced defects was established by
method of electron spin resonance~ESR! using the hyperfine
structure of spectra from the hydrogen nucleus.6 Defects in
which the hydrogen atoms compensate for unpaired elect
are nonparamagnetic, and cannot be observed by ESR.

The protons used to irradiate the silicon samples use
the ESR investigations of radiation-induced defects were
marily high-energy protons~3–30 MeV!, with ion currents
corresponding to irradiation doses of 101421016cm22. At
these proton energies and irradiation doses, the radia
induced defects are distributed in a silicon layer whose th
ness ranges from 100mm to several millimeters. The numbe
of radiation defects induced is large enough to be recor
by ESR.4–6

At this time, implantation of low-energy protons~less
than 150 keV! at rather low doses on the order of 1012

21014cm22 is a widely used processing technique in sem
conductor electronics. For this reason there is interes
studying the composition and microstructure of the defe
that form in a thin surface layer of silicon during this irr
diation. However, because of the small number of param
netic centers, the sensitivity to the ordinary ESR meth
turns out to be insufficient to record their spectra. It is, ho
ever, possible to achieve this goal by detecting the ESR s
trum via spin-dependent recombination~SDR! effects,7–9

which have a sensitivity that is four orders of magnitu
1051063-7826/99/33(10)/3/$15.00
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higher than traditional ESR methods. The possibility of us
these methods to record ESR spectra of surface recomb
tion centers and defects that form on a silicon surface du
x-ray irradiation was demonstrated in Ref. 6.

In this paper we present the results of experiments
which we detected ESR spectra of radiation defects in sili
created in a thin layer near the surface irradiated by prot
with energies of;100 keV, using spin-dependent recomb
nation.

1. EXPERIMENTAL PROCEDURE

These experiments were conducted usingp-type
Czochralski-grown silicon doped with boron, and having
resistivity r>40V•cm. Samples in the form of films with
dimensions 103333 mm were irradiated at room temper
ture with protons having energies of;100 keV at doses
ranging from 1012 to 1017cm22. The surface of the sample
was processed in a polishing etch before irradiation.

The ESR spectra of paramagnetic centers was reco
using a three-centimeter band ESR spectrometer at temp
tures of 4–80 K, using the spin-dependent recombinat
~SDR! effect.7–9 The samples were illuminated through
window in the spectrometer resonator by a 100-W incand
cent lamp. The change in sample photoconductivity as
transitions between magnetic sublevels of the recombina
centers were saturated was recorded as changes in
Q-factor of the resonator of the ESR spectrometer cause
absorption of the electric contribution of the microwave fie
by the photoexcited carriers. In these experiments, the po
of the microwave field used was as high as 400 mW.

In detecting the signals we used double modulation
the magnetic field at frequencies of 100 kHz and 100 Hz a
9 © 1999 American Institute of Physics
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synchronous detection. This allowed us to record signals
portional to the second derivative of the absorption with
spect to magnetic field and to significantly suppress
broad cyclotron resonance lines and changes in the zero
of output voltage of the synchronous detector, associa
with changes in the sample resistance as the magnetic
was scanned over wide limits.

2. RESULTS AND DISCUSSION

Figure 1 shows SDR–ESR spectra of defects recorde
proton-irradiated silicon samples. Examination of the angu
dependences of the positions of lines in these spectra rev
that the two groups of lines at values of the magnetic fi
B>305 and 340 mT correspond to the Si–SL1 spectrum10

which arises from excited triplet states of a neutralA-center
~an oxygen1 vacancy complex!. The two lines atB>278
and 364 mT belong to the Si–PT1 spectrum,7,8 which arises
from excitation of a triplet state of a complex consisting
two carbon atoms located on neighboring lattice sites of
silicon and an interstitial silicon atom which forms bon
with these carbon atoms. Figure 1 also shows a spectral
at B>323 mT, arising from centers with spinS51/2 and a
g-factor close tog'2. This spectrum consists of poorly re
solved lines and was not identified. We observed no pa
magnetic recombination centers that incorporated hydro
atoms into their composition, which would lead to hyperfi
splitting of the lines caused by the hyperfine interaction w
the hydrogen nuclei.

All the spectra observed in proton-irradiated silicon d
appear when a surface layer of thickness;1.5mm is re-
moved by etching. This indicates that the paramagnetic
combination centers under study are localized in a thin la
near the irradiated surface.

We found that the samples that exhibited the most
tense spectra were those irradiated with protons at a dos
F;1013cm22. As an example, in Fig. 2 we plot the depe
dence of the intensity of the Si–SL1 spectrum on irradiat
dose. The intensity of the Si–SL1 and Si–PT1 spectra fr

FIG. 1. SDR–ESR spectrum recorded atT517 K in silicon irradiated by
100-keV protons at a dose of 1013 cm22.
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samples irradiated by a proton dose ofF;1013cm22 is the
same order as the intensity of these spectra from
same silicon samples irradiated byg-rays at a dose
Fg;1014cm22. This allows us to make an order of magn
tude estimate of the number of defects responsible for
appearance of the Si–SL1 and Si–PT1 spectra. The rat
introduction of radiation-induced defectsk during
g-irradiation does not exceed 1023 cm21 ~Ref. 1!, while the
number of defects in the bulk sampleV;1022 cm23 is
N5kFV;108. The ESR spectra from this number of d
fects is easily recorded by SDR. Increasing the irradiat
dose ofg-rays to 101721018cm22 increases the number o
defects. This decreases the intensity of the SDR–ESR s
tra, and the usual EPR spectrum appears.7,8

In proton-irradiated silicon, the decrease in intensity
the SDR–ESR spectra as the irradiation dose is increase
found to be more abrupt than forg-irradiated silicon, and the
usual ESR spectra ofA-centers and carbon complexe
CS– SiI – CS is not observed. In samples irradiated with pr
ton doses of order 1017cm22, isotropic ESR lines appea
with g-factors of 2.0055, corresponding to disordered regio
and dangling bonds at the silicon surface. In this case
change in the state of the irradiated surface can be obse
visually as blistering of the surface, i.e., the peeling off
silicon flakes after high-dose implantation.

When the silicon is irradiated with;100-keV protons,
radiation-induced defects form in a layer about;1 mm thick
near the irradiated surface. For our samples this correspo
to a volumeV;331025 cm23. The number of paramag
netic recombination centers in a sample irradiated with
doseF;1013cm22, estimated above by comparing the i
tensity of spectra for samples irradiated with protons a
g-rays, is on the order of;108, which is considerably less
than the number of implanted hydrogen atomsN(H5FS
;331012) ~here S'0.3 cm2 is the area of the irradiated
sample surface!. This allows us to argue that most of th
radiation-induced defects are passivated by hydrogen,
that they are not paramagnetic. There are two phenom

FIG. 2. Dependence of the intensity of the Si–SL1 spectrum on the pro
irradiation doseF.
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that limit the increase in the number of defects contain
oxygen and carbon as the irradiation dose increases. Fir
all, the number of these defects cannot exceed the numb
impurity oxygen and carbon atoms, whose concentration
Czochralski-grown silicon is on the order of 1018 and
1017cm23, respectively. The number of such atoms in
layer irradiated by protons is;3310122331011, which is
comparable to the number of implanted hydrogen ato
when the irradiation doses are on the order of 1013cm22.
The second reason why the number of, e.g.,A-centers or
carbon complexes CS– SiI – CS , cannot increase indefinitel
is that they can convert into more complicated defec1

Thus, it is found that the maximum number ofA-centers and
CS– SiI – CS complexes in a layer irradiated by protons do
not exceed a value of;1012. However, the number of hy
drogen atoms increases proportional to the irradiation d
F, and for F;101521017cm22 it can exceed by severa
orders of magnitude the number ofA-centers and CS– SiI – CS

complexes. We can thus conclude that the abrupt decrea
the intensity of the Si–SL1 spectrum~see Fig. 2! and the
same decrease in the intensity of the Si–PT1 spectrum
increasing irradiation dose whenF.1013cm22 is associated
with the capture of hydrogen atoms byA-centers and
CS– SiI – CS complexes, which leads to passivation and d
appearance of the paramagnetism of these defects.

In silicon irradiated by protons, SDR– ESR spectra
observed in the temperature range 4–35 K, and have
same temperature dependence of the line intensity. The
perature dependence of the Si–SL1 spectral intensity, w
is shown in Fig. 3, is at a maximum at temperatures of 12
18 K. This behavior of the spectra as the temperature
varied differs significantly from the temperature depe
dences of Si–SL1 and Si–PT1 spectra detected by S
when the same silicon is irradiated by 1-MeV electrons or
g-rays. In these latter cases, the radiation-induced defect
created throughout the volume of the crystal. In this case

FIG. 3. Dependence of the intensity of the Si–SL1 spectrum on tempera
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Si–SL1 and Si–PT1 spectra are observed in the tempera
range 4–140 K; the decrease in intensity of the Si–PT1 sp
trum with increasing temperature in the range 30–140 K
nonmonotonic in character and has several peaks. This
ference in the temperature dependences of the ESR spe
intensity could indicate that conditions for spin-depend
recombination of photoexcited carriers generated by ligh
the crystal bulk are different, depending on whether the
fects are uniformly distributed throughout the volume or
calized near the proton-irradiated surface. In the latter c
the temperature dependence of the diffusion length for p
toexcited carriers and the difference in positions of the Fe
level in the bulk of the crystal and in the skin layer, whic
contains the radiation-induced defects, should probably p
an important role in SDR. These problems will be addres
in a separate publication.

Thus, in the course of these investigations we have
corded ESR spectra of excited triplet states ofA-centers and
carbon-containing complexes for the first time, using t
method of spin-dependent recombination in a thin skin la
of silicon irradiated by protons with energies;100 keV. Op-
timal conditions were established for recording SDR–E
spectra inp-type Czochralski-grown silicon, correspondin
to irradiation doses ofF;1013cm23 and an observation
temperatureT;12– 18 K. The abrupt decrease observed
the intensity of the spectra with increasing irradiation do
by protons above 1013cm22 could be due to passivation o
the A-centers and carbon complexes with hydrogen.
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Luminescence properties of InAs layers and p 2n structures grown by metallorganic
chemical vapor deposition
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The luminescence properties ofp- andn-type InAs layers grown by gas-phase epitaxy from
metallorganic compounds at atmospheric pressure are investigated. Acceptor levels in InAs are
identified with energies 350, 372, 387, and 397 meV. Optimal conditions are determined
for the growth of InAs layers in a reactor of planetary type. At a growth temperature of 565 °C,
InAs structures were obtained with abruptp2n junctions. The structures grown were used
to make light-emitting diodes operating at wavelengths of 3.1mm (T5 77 K! and 3.7mm
(T5 300 K!. © 1999 American Institute of Physics.@S1063-7826~99!00410-X#
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INTRODUCTION

The growth of indium arsenide layers by metallorgan
vapor-phase epitaxy~MOVPE! has been discussed in seve
papers, whose authors are primarily interested in investi
ing the electrical properties of their samples.1–12 Iwamura
et al. 13 investigated the process of thermal diffusion of zi
into an InAs substrate in a MOVPE reactor at low pressu
The diffusion takes place in an atmosphere of hydrogen c
taining tributylarsine~TBAs!, with diethyl zinc~DeZn! used
as a source of zinc. It was established that the dependen
the diffusion depth of Zinc on substrate temperature ha
complex character, with a minimum atT5530 °C. Fang
et al.14 investigated the effect of growth temperature on
photoluminescence~PL! of InAs grown by MOVPE at atmo-
spheric pressure. The PL was measured atT 5 10 K. For
growth temperatures above 400 °C the authors observ
single peak at 415 meV@recombination of electrons at th
bottom of the conduction band (E0) with holes at the top of
the valence band (EV), or of bound excitons#. For samples
grown at temperatures below 400 °C additional peaks w
observed at wavelengths of 3.08 and 3.25mm. Lacroix
et al.15 presented PL measurements of the properties of h
purity InAs grown at low pressure using trimethyl indiu
~TMI ! and TBAs as sources. These authors observed in
PL spectra~380–420 meV, 1.4 K! of films grown at 540 °C
intense emission peaks at 397 meV~donor-acceptor pairs!, at
413 meV ~excitons bound to acceptors! and at 415 meV
~excitons bound to donors!. Another topic of interest is the
thermodynamics of layered growth. The diverse constr
tions of MOVPE reactors and the number of sources u
lead to various results, so that at this time there is m
disagreement in the literature regarding the nature of
mechanisms of InAs layer growth.

In this paper we investigate the PL properties of lay
of n- and p-type InAs grown by MOVPE at atmospher
pressure in a reactor of planetary type, and also electrolu
nescence spectra measured from light-emitting diodes b
on abrupt InAsp2n junctions, with the goal of determining
mechanisms for radiative transitions.
1061063-7826/99/33(10)/5/$15.00
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EXPERIMENT

InAs layers were grown by MOVPE at atmospher
pressure in a reactor of planetary type with a diameter of
cm. The graphite substrate holders were heated by a th
zone resistive heater separated from the inner volume of
chamber by a quartz bell. The gas-vapor mixture was fed
from the periphery of the bell towards the center. In order
achieve uniform growth on the surface of the substrate,
substrate holder was rotated around the central axis of
reactor and around its own axis. The sources of arsenic
indium were respectively arsine (AsH3), diluted to 20% in
hydrogen, and TMI. The temperature of the TMI evapora
was 118 °C. In all these experiments the hydrogen fl
through the TMI evaporator was 600 cm3/min. The rate of
additional hydrogen flux was 25 liters/min. The experime
were carried out in the range of substrate temperatures 3
600 °C. The mole fraction ratios of group–III and group–
elements in the gas phase were in the range V/III5 1–40. In
order to obtainp-type conductivity in the InAs, the layer
were doped with zinc. The source of zinc was DeZn. T
DeZn evaporator was held at a temperature of 5 °C. In th
experiments we used InAs substrates oriented along
~100!, ~111!A, and ~111!B axes. The properties of the struc
tures grown were investigated by studying the PL excited
a GaAs diode laser~wavelengthl50.8mm, emitted power
P510 W in pulse regime,t55ms, f 5 500 Hz!, whose light
was directed onto the grown InAs layers in a ‘‘reflection
geometry. The test sample was held atT5 77 K. The grown
structures were used to make light-emitting diodes. T
light-emitting structures were made by standard photolith
raphy in the form of mesa-diodes. The diameter of the me
was 300mm. A continuous ohmic contact was created at t
substrate. The diameter of the point contact above the
taxial structure was 50mm. Ohmic contacts were made b
depositing gold with tellurium~for an n-type conductivity
layer! and gold with zinc~for a p-type conductivity layer!.
For the structures obtained we measured the PL spect
and also the current-voltage~IV ! and capacitance-voltag
characteristics of the light-emitting diode structures at te
2 © 1999 American Institute of Physics
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1063Semiconductors 33 (10), October 1999 Voronina et al.
peratures of 77 and 300 K. The capacitance was measure
standard bridge methods at a frequency of 1 MHz. Us
secondary-ion mass spectroscopy, we determined the d
bution of impurities with respect to depth into the sample

RESULTS AND DISCUSSION

InAs layers

Using the results of these experiments, we establis
that the rate of growth of the layers is a strong function of
V/III molar ratio in the gas phase. Figure 1 shows the dep
dence of the growth rate on the V/III ratio for layers grown
T5565 °C on InAs substrates with~100! orientation. Similar
dependences were observed at other growth tempera
and on InAs substrates with~111! orientation. In Fig. 2 we
plot the growth rate of the layers versus substrate temp
ture. Thermal decomposition of TMI is incomplete in th
temperature range 350–400 °C~Ref. 16! and the growth is
determined by kinetic processes at the substrate surface
effect of surface kinetics is confirmed by the increase
growth rate with increasing substrate temperature. In
temperature range 400–570 °C the growth is determined
marily by diffusion of reagents through the boundary layer

FIG. 1. Dependence of growth rate on V/III ratio for InAs layers grown
T5565 °C on an InAs~100! substrate.

FIG. 2. Dependence of growth rate on substrate temperature for InAs la
grown with a V/III ratio of 7.5 on InAs~111!B substrates.
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the substrate surface. At substrate temperatures above 57
the growth rate begins to fall off abruptly. In our view, th
reason for this decrease is the almost complete decomp
tion of TMI just in front of the substrate, which decreases t
group-III element flux through the boundary layer at the su
strate surface, thereby causing the growth rate to fall off
should be noted that surface kinetics is found to aff
growth over the entire temperature range. Evidence for
behavior is the influence of InAs substrate orientation on
growth rate and how it varies with increasing growth te
perature. At 565 °C and a V/III ratio of 7.5 for layers grow
on InAs substrates with orientation~111!B, the growth rate is
1.5 mm/h. On substrates with different orientation the lay
growth occurs more slowly@~111!A — 0.8m/h, ~100! —
0.5m/h#.

From galvanomagnetic measurements we establis
that conductivity wasn-type in all the intentionally undoped
layers. Depending on the growth regime, we observed dif
ent positions for the peaks in the PL spectrum. Figure
shows a PL spectrum from one of the purest InAs lay
(n;531015cm23), grown at 565 °C on a substrate of InA
with orientation ~111!B. The layers have a mirror-smoot
surface. The energy of the single peak is 408 meV, wh
corresponds to the width of the bandgapEg in InAs ~Ref.
17!, i.e., interband radiative transitions are occurring.

The width of the PL spectrum at half-height is 11 me
which is close tokT at 77 K. This result shows that th
grown layers are structurally perfect. Secondary-ion m
spectroscopy measurements show that the concentratio
background impurity atoms such as carbon and oxygen
these layers is below the threshold for detection by our m
surement equipment (;531015cm23).

Allaberenovet al.17 showed that in InAs with increasing
electron densuity the emission peak, which tracks the Fe
levels

F1/2~m* !5
1

4p
nS h2

2m* kT
D 3/2

,

moves toward higher energies. We found that the concen
tion of electrons increases with decreasing growth temp
ture, and that the emission peak shifts toward shorter wa

t

rs

FIG. 3. PL spectra of InAs layers grown on InAs~111!B substrates at
various growth temperatures, °C:1 — 565,2 — 350.



b-

1064 Semiconductors 33 (10), October 1999 Voronina et al.
FIG. 4. Distribution of background impurities
versus thickness for a sample grown at a su
strate temperature of 350 °C.
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lengths. The PL spectrum of a sample grown at 350°
shown in Fig. 3. The energy of the peak athnm5 430 meV
and the width of the spectrum at half-height for the peak
78 meV corresponds to an electron concentrationn54
31017cm23 ~Ref. 17!.

Using the method of secondary-ion mass spectrosco
we established that decreasing the growth temperature l
to an increase in the concentration of background impuri
in the layer. The distribution of background impurities ov
the thickness of the sample is shown in Fig. 4. As we h
already noted, at temperatures below 400 °C TMI deco
poses only partially, and carbon atoms can be incorpora
into the lattice instead of indium atoms. Itoet al.18 investi-
gated the behavior of carbon in Ga12xInxAs layers grown by
molecular beam epitaxy. As soon as the In content in
layer exceeded 60%, the conductivity switched fromp- type
to n-type. It is likely that the strength of the chemical bon
between carbon and the group-III element determines
conductivity type in the layer. In GaAs, the carbon is inco
porated into the sublattice of the group-V element, and he
is an acceptor impurity. The In–C bond is weaker than
Ga–C bond; therefore, in contrast to GaAs, in InAs carbo
incorporated into the group-III sublattice and is a bac
ground donor impurity.

From Fig. 4 it is clear that oxygen is present in the lay
Huanget al.19 studied controlled introduction of oxygen int
InxGa12xAs films, and established that in InAs all the ener
levels connected with oxygen are located in the conduc
band. In our work, oxygen behaves as a neutral impurity
its presence in the InAs layer is most likely associated w
the low growth temperature, since oxygen is found to app
in GaAs layers during low-temperature MBE growth.20 It is
obvious that increasing the growth temperature decrease
embedding level of of oxygen. Evidence for this behavior
found in secondary-ion mass spectroscopy measuremen
InAs layers grown at a temperature of 565 °C.

The PL spectra of layers grown on InAs substrates w
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orientation~100! exhibit both interband radiative recombina
tion and radiative transitions with the participation of acce
tor levels located roughly 10 meV above the top of the v
lence band.

Our studies show that it is desirable to avoid the use
p-type substrates doped with zinc when investigating
properties. It is clear from Fig. 4 that even at 350 °C diff
sion of zinc atoms takes place from the substrate into
layer. Diffusion and the formation ofn2p junctions lower
the PL efficiency of the grown layer.

Measurements of PL spectra ofp-type InAs~100! sub-
strates (p5631015cm23) show that there is only one pea
present at an energy of 350 meV, which corresponds t
recombination transition from the bottom of the conducti
band to a deep acceptor level.

InAs p 2n structures

In our initial attempts to make light-emitting diodes, w
used structures consisting ofp-InAs ~100! substrates (p56
31015cm23, T577 K! doped with zinc andn-type InAs lay-
ers which were not doped intentionally. The photoelect
properties of these structures were discussed in Ref. 21.
ure 5 shows the electroluminescence~EL! spectrum of an
SS-100 diode at 77 K. The dominant peak corresponds
recombination transition from the bottom of the conducti
band to a deep acceptor level located approximately 35 m
above the top of the valence band. The peak with low
intensity corresponds to interband recombination. At ro
temperature the EL intensity is weak.

In order to obtain light-emitting diodes operating
room temperature, we grew fully epitaxial structures cons
ing of a n-InAs ~111!B substrate (n;331015cm23), an
n-type layer with thickness 1mm which was not doped in-
tentionally, and ap-type layer with the same thickness. A
we have already mentioned,p-type conductivity in InAs is
obtained by doping the layers with zinc. The structures w
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grown at a temperature of 565 °C and a V/III molar ratio
7.5. The choice of growth temperature was made on the b
of optimal conditions for growing InAs layers and our des
to obtain abruptp2n junctions. The concentration of hole
in the p-type layer was estimated from PL spectra. It i
creased linearly with increasing DeZn partial pressure De
(PDeZn). PDeZn5 0.35 Pa was sufficient to achieve a conce
tration p5131018cm23. The maximum of the PL spectrum
for a layer doped with zinc with a carrier concentrati
p5131018cm23 corresponds to an energy of 387 meV; i.
recombination takes place from the bottom of the conduc
band to an acceptor level (Ea) located roughly 20 meV
above the top of the valence band.

The I–V and capacitance–voltage characteristics w
measured for diodes consisting of fully epitaxial structu
with carrier concentrations atT 5 77 K. They were
131018cm23 in the p-layer and 531015cm23 in the
n-layer. The cutoff voltage for the forward branch of the I–
characteristic at 77 K was 0.4 V. The voltage dependenc
the capacitance follows the law 1/C2;V, indicating the pres-
ence of an abruptp2n junction. The value of the capac
tance lay in the interval 100–200 pF for diodes with an a
of 0.1 mm2. From capacitance-voltage characteristics we
timated the carrier concentrations in the layer to ben54
31016cm23 (T5 300 K! and the width of the space-charg
region to be 331025 cm (V50).

Figure 6 shows the EL spectrum of an SS–161 dio
measured in the pulse regime~t55ms, f 5 500 Hz! at tem-
peratures 77 and 300 K. AtT 5 77 K the peak with high
intensity at 408 meV corresponds to interband recomb
tion. The two peaks with lower intensity at energies 397 a
387 meV correspond to conduction band–acceptor tra
tions. At room temperature the width of the EL spectrum
half-height was 35 meV. Using for the coefficient of tem
perature variation ofEg a valueDEg /DT52.331024 eV/K,
we can compute that the maximum in the spectrum w
energy 336 meV atT5 300 K corresponds to a transitio
with hn5 387 meV atT 5 77 K.

FIG. 5. EL spectrum of an SS—100 InAs diode at a temperature of 77
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Data on the power characteristics of an SS–161 di
operated in the cw regime are listed in Table I.

CONCLUSIONS

In this paper we have investigated the thermodynam
of growth of InAs layers in an MOVPE reactor of planeta
type. At substrate temperatures below 400 °C the growt
limited by surface kinetics. In the temperature range 40
570 °C , the growth is determined by diffusion of reagen
At substrate temperatures above 570 °C , the growth
falls off due to nearly complete decomposition of TMI
front of the substrate. We investigated the luminesce
properties of InAs layers withp- and n-type conductivity.
We identified acceptor levels in InAs with energies of 35
372, 387, and 397 meV relative to the bottom of the cond
tion band. We established that low growth temperatures l
to an increase in the concentration of background impuri
in the layer. We determined optimal conditions for growth
InAs layers in a reactor of planetary type at atmosphe
pressure using trimethyl indium and arsine as sources
InAs substrate with orientation~111!B, growth temperature
565 °C, and a V/III ratio of 7.5. Fully epitaxial structure
were grown with abruptp2n junctions, and these structure
were used along with standard photolithographic method
make light-emitting diodes operating at wavelengt
l53.1mm (T5 77 K! and l53.7mm (T5 300 K!. The re-
sults which we obtained are a basis for making infrared lig
emitting diodes that operate at room temperature.

This work was supported in part by the InCo
Copernicus contract 1C15-CT97-0802~DG12-CDPF!.

.FIG. 6. EL spectra of a SS—161 diode in the pulse regime at vari
temperatures.1—T5 300 K, current I 51.5 A. 2—T577 K, current
I 50.5 A.

TABLE I.

Power,mW

Current, mA T5300 K T577 K

50 5 93
70 5.8 105

100 7 140
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Optical properties of gallium nitride bulk crystals grown by chloride vapor phase
epitaxy

A. S. Zubrilov, Yu. V. Melnik, A. E. Nikolaev, M. A. Jacobson, D. K. Nelson,
and V. A. Dmitriev

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
~Submitted October 5, 1998; accepted for publication April 5, 1999!
Fiz. Tekh. Poluprovodn.33, 1173–1178~October 1999!

The optical properties of bulk crystals of gallium nitride grown by chloride vapor-phase epitaxy
are investigated. It is shown that these crystals exhibit exciton luminescence bands.
Analysis of the energy positions of the band maxima imply certain conclusions about the
presence or absence of mechanical stresses in the bulk crystals of GaN obtained. Analysis of the
luminescence spectra also reveals that the temperature dependence of the width of the GaN
band gapEg in the temperature rangeT562600 K is well described by the expression
Eg(T)53.5127.431024 T2(T1600)21 eV. It is estimated that values of the free electron
concentration in these crystals do not exceed 1018cm23 . The optical characteristics of
the bulk GaN crystals are compared analytically with literature data on bulk crystals and epitaxial
layers of GaN grown by various methods. ©1999 American Institute of Physics.
@S1063-7826~99!00510-4#
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1. INTRODUCTION

The creation of high-efficiency blue and green ligh
emitting diodes based on gallium nitride1 and the fabrication
of a violet injection laser2 have advanced this material to th
ranks of the most intensely studied semiconductors. At
time, an important factor that retards progress in develop
this material is the lack of an ideal substrate material,
though single crystals of GaAs, ZnO, MgO, MgAl2O4, and
especially Al2O3 and SiC are actively used as substrates
heteroepitaxial growth of GaN.3 The cardinal solution to the
mismatch problem~with regard to crystal lattice paramete
and thermal expansion coefficient! between the epitaxia
layer of GaN and the substrate is obviously to use homo
taxial methods to make device structures based on GaN.
this reason, methods for obtaining GaN substrates have
intensely pursued.3 However, until now only a few publica
tions have addressed the problem of obtaining and chara
izing bulk single crystals of GaN,4–10 a problem which, it
must be asserted, is accompanied by serious technolo
difficulties.

In this paper we discuss the optical properties of b
GaN crystals obtained by the chloride version of hal
vapor-phase epitaxy~HVPE!. We compare the properties o
bulk GaN crystals grown in this way with structurally perfe
epitaxial layers of GaN grown by the same method on s
strates of 6H-SiC, and also published data on gallium n
tride.

2. TEST SAMPLES AND MEASUREMENT PROCEDURE

Samples of GaN were obtained at atmospheric pres
in a horizontal reactor placed in a multizone furnace w
resistive heating. As substrates we used crystals of sili
carbide in its 6H polytype. Growth temperatures were in th
rangeTg595021050 °C. The growth rate, depending on t
1061063-7826/99/33(10)/5/$15.00
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fabrication regime, was varied from 1 to 60mm/h. A descrip-
tion of the distinctive features of this technology can
found in Refs. 6–11. In order to investigate optical propert
we used single crystals of GaN with thicknesses 1002200
mm separated from the substrate by plasma-chemical etc
of the latter,12 and also epitaxial layers of GaN with thick
nesses of 1–3mm. Prior investigations of structural prope
ties of bulk GaN crystals usingx-ray diffraction6 showed that
the samples obtained consist of block single crystals of
wurtzite polytype (2H). Half-widths of rocking curves from
the N-facet @i.e., from the ~0002! plane# obtained in the
v-scanning regime were less than 130 arc-sec. Detailed s
ies of the structural properties of GaN/SiC layers obtained
chloride HVPE and published by us previously13 also
showed that they consist of bulk single crystals.

Photoluminescence~PL! of the samples was investigate
in the temperature rangeT56 – 600 K. At low temperatures
~6–50 K! the PL was excited by a DRSh-250 mercury lam
~with UFS2 and ZhS3 filters!. Comparatively low intensities
were used in order to exclude the effect of concentrat
saturation of the optical transitions with participation of im
purities and defects. The samples were placed in a hel
cryostat, which allowed us to obtain a minimum sample te
perature of 4.2 K. In the high-temperature range we exc
the photoluminescence with a nitrogen laser for convenie
~wavelength 337.1 nm!, and the samples were placed in
nitrogen cryostat, where the sample temperature could
regulated from 77 to 900 K. By defocusing the laser be
we were able to decrease the excitation pulse power den
to 100 W/cm2 ~corresponding to an average pump pow
density of 1024 W/cm2), which also ensured a low level o
excitation. The spectrum of the luminescence was recor
using an MDR-23 monochromator with a dispersion of 1
nm/mm. The spectral resolution of the apparatus was 0.1
or better. In order to obtain absorption spectra in the ult
7 © 1999 American Institute of Physics
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1068 Semiconductors 33 (10), October 1999 Zubrilov et al.
violet range we used the MDR-23 monochromator and
DDS-30 deuterium lamp. Room-temperature infrared refl
tion spectra in the range 2.5–25mm were measured using a
IKS-29 two-beam IR spectrometer and two IPO-22 reflect
attachments. As a reflection reference we used a mirror la
made of aluminum deposited on glass.

3. EXPERIMENTAL RESULTS AND DISCUSSION

During photoexcitation the GaN crystals luminesced
tensely, with a luminescence that was distributed uniform
over the sample area. The luminescence spectrum of
GaN crystals, like that of epitaxial GaN layers, is domina
by the exciton luminescence band~Fig. 1!. In the low-
temperature region, the dominant band of luminesce
arises from excitons bound at a neutral donor, while at h
temperatures the dominant band is from recombination

FIG. 1. Photoluminescence spectra of a bulk GaN crystal~a! and a thin~1.5
mm! epitaxial layer of GaN~b! at a temperature of 77 K~dashed curve! and
300 K ~solid curve!. The excitation light comes from a nitrogen laser.
a
-

n
er

-
y
lk

d

e
h
f

free excitons.14,15 The ratio of intensities of the ‘‘yellow’’
band caused by defects, with a maximum at an energy\v
.2.2 eV, to the intensity of the exciton peak was less th
0.01. It is important to note that for our very best Ga
samples the value of the full widths at half-maximu
~FWHM! of the exciton bands agreed closely with valu
quoted in the literature for structurally perfect epitaxial Ga
layers~see, e.g., Ref. 16!, which in turn indicates the rathe
high structural perfection of our bulk crystals. This also fo
lows from Figs. 1a and 1b, where we compare PL spe
from our best bulk GaN crystal with that of a structural
perfect epitaxial GaN layer, also grown by us, at two te
peratures 77 and 300 K. As for the positions of the exci
band maxima, it is obvious from Figs. 1a and 1b that
peaks of the bulk crystal spectra are shifted by; 0.01 eV
towards higher energies compared to those of the epita
GaN layer~for different samples of epitaxial GaN layers o
SiC substrates with different thicknesses and technolog
growth regimes, this shift can have values from 0.01 to 0
eV!. A similar shift in the PL spectra of GaN/SiC layer
compared to bulk GaN crystals was reported previously
Buyanovaet al.,15 where it was explained by residual tensi
mechanical stresses that arise along the axis of the epita
layer ~i.e., along a plane perpendicular to the principal cry
tallographic axisc! when the samples are cooled after e
taxial growth, primarily due to differences in values of th
thermal expansion coefficients of GaN and SiC.3 The GaN
layers used in Ref. 15 were obtained by metallorga
chemical vapor deposition~MOCVD! with a buffer layer, in
contrast to the layers investigated by us, which may exp
the somewhat lower values of residual mechanical stresse
them, and consequently the lower values of the energy s
observed in that study,15 in the position of the exciton lines
within the layer compared to bulk material~;0.008 eV!.
Using the average value of the energy shift of exciton lin
obtained in Ref. 17 for a biaxial mechanical stress of 1 G
in the plane of the GaN epitaxial layer~;24 meV/GPa!, we
can estimate a value of;0.5 GPa for the average tensi
mechanical stress in the best epitaxial layers obtained by

We observed the presence of both free and bound e
tonic states in the low-temperature luminescence shifts. F
ure 2 shows an example of low-temperature photolumin
cence spectra containing the largest number of features
one of our samples of bulk GaN in the temperature ran
6–45 K. AtT 5 6 K this sample exhibits a peak correspon
ing to an exciton bound to a neutral donor~DBE! with an
energy maximum\v5 3.472 eV. In addition, it is easy to
see two other exciton peaks, which we assume are from
exciton bound to an acceptor~ABE! with energies\v
53.449 and 3.421 eV. On the long-wavelength side we
the first two donor-acceptor recombination peaks—a ze
phonon peak~3.263 eV! and its LO-phonon ~energy;92
meV! replica ~3.171 eV!. On the short-wavelength side, i
the region 3.48–3.49 eV we see a weakly expressed shou
whose energy position corresponds to the free excitonA (n
51).14,15It is clear from Fig. 2 that the donor-bound excito
line at 3.472 eV, which corresponds to the lowest bind
energy~; 4 meV!, quenches most rapidly with increasin
temperature. The two emission lines of the acceptor-bo
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exciton at \v5 3.449 and 3.421 eV quench much mo
slowly, so that atT545 K the predominant line for this
sample is still the emission line at 3.449 eV, the most inte
line in the spectrum. The emission peaks due to don
acceptor pairs shift towards shorter wavelengths as the
perature increases, which corresponds to the decay of p
with the lowest binding energy~i.e., the most distant pairs!.
The transition from donor-acceptor emission to emission
band-acceptor transitions occurs at a temperatureT.80 K,
since atT.80 K the observed emission is no longer d
scribed by the donor-acceptor mechanism. The energy p
tion of an exciton bound to a neutral donor is in rather go
agreement with the energy position of the donor-bound
citon published in Refs. 14 and 15 for bulk GaN witho
mechanical stresses~Table I!. On the other hand, the dono
bound exciton appears at an energy position that is; 10
meV lower in the PL spectra of thin~;1mm! epitaxial layers
of GaN grown by the same method in our apparatus, and
detached from a SiC substrate.18 The energy positions o
excitons bound at an acceptor~Fig. 2! are likewise close to
the numbers published in Ref. 19 for mechanically u

FIG. 2. Low-temperature photoluminescence spectra of a sample of
GaN crystal at temperatures~from top to bottom! of 6, 10, 15, 20, 30, and 45
K. Excitation light comes from a DRSh- 250 lamp.
e
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-
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stressed bulk GaN crystals. In our view, all these res
point to the absence, or at least weakness, of mechan
stresses in our samples after their removal from the subst
At the same time, the ratio of intensities of lines from bou
excitons for our samples differ somewhat from those
ported in Ref. 19, e.g., for the sample in Fig. 2, the accep
bound exciton lines are rather intense and broad. A poss
explanation for this could be stoichiometric nonuniformity
our sample, and also local electric fields which cause fl
tuations in charged impurities leading to Stark shifts. W
note that the more structually perfect the samples of G
are, the weaker are the inhomogeneous broadening
acceptor-bound exciton lines and the narrower the exc
spectrum~for example, even at high temperatures the valu
of the FWHM for the bulk sample of GaN shown in Fig. 1
are considerably smaller— 0.033 eV at 77 K and 0.068 eV
300 K— than for the sample shown in Fig. 2, i.e., 0.086
at 6 K!. The temperature broadening of the exciton spectr
we obtained for the highest-quality samples of bulk GaN
well described by a linear law with a slope of 1.831024

eV/K in the temperature range 77–600 K.
When we increased the temperature to 300 K, we

served an additional temperature- induced quenching of
luminescence spectrum for all the bands, with the bou
exciton bands decaying more rapidly than the free-exci
bands due to the considerably larger binding energy of
latter~;30 meV for the ground state of theA-exciton14,20,21!.
At higher temperatures (T5 500– 600K) the temperature-
induced quenching of the exciton luminescence bands oc
more rapidly than we would expect, starting from values
the binding energy for freeA-excitons mentioned above
therefore, we assume that nonradiative recombination p
cesses play a dominant role.

Figure 3 shows the temperature dependence of the w
of the bandgapEg obtained by analyzing the position of th
free-exciton luminescence band for bulk crystals of GaN a
epitaxial GaN layers.22 There we plot data from Ref. 23 o
the temperature dependence of the band gap calculated
the optical absorption spectra of bulk crystals of GaN o
tained at high pressure~Fig. 3, curve2!. Using the standard
empirical expression for the temperature dependence of
band gap of semiconductors to approximate the experime
data shown in Fig. 3~Ref. 24!.

Eg5Eg~0!2gT2~T1b!21, ~1!

whereEg(0) is the band gap at 0 K, andb and g are em-

lk
TABLE I. Parameters of low-temperature exciton luminescence from epitaxial layers and bulk single crystals of GaN.

Thickness, FE DBE ABE Mechanical
mm Substrate Tg ,°C Method \v, eV ~T, K! \v, eV (T, K) \v, eV (T, K) stress Literature

1002200 None ;1000 HVPE 3.4823.49~6! 3.472~6! 3.449~6! None Data from Refs.
3.421~6!

.500 None ;1000 HVPE 3.47923.480~2! 3.47323.474~2! None 14,15,19
2 6H-SiC ;1000 HVPE 3.472~6! 3.464~6! Tension 18

along layer
,10 6H- SiC ;1000 MOCVD 3.472~2! 3.466~2! Tension 14 and 15

along layer
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pirical constants~here the parameterb is often connected
with the Debye temperature!, we obtain the following values
for the coefficients in Eq.~1! that give us the best agreeme
with the experimental data~Fig. 3, curve1!: Eg(0)53.51
eV, g57.431024 eV/K, andb5600 K. It is clear from Fig.
3 that, ignoring the effect of residual mechanical stresses
agreement between the curves for our bulk crystals and
taxial layers of GaN is good. On the other hand, the b
crystals of GaN grown in Ref. 23 at high pressure~Fig. 3,
curve2! exhibit a considerably larger value for the band g
compared to our samples of GaN. This is most likely due
the Burstein–Moss effect,25 given the high concentration o
free electrons in these crystals@on the order of 1020cm23

~Ref. 23!#. In contrast, the concentration of free electrons
relatively low in the samples of GaN we investigated; in fa
it never exceeds the Mott limit26 ~this is confirmed by the
existence of an excitonic luminescence band!, an estimate for
which is nM5(0.26/aB)35731017cm23 ~here aB52.9 nm
is the Bohr radius of an exciton!. The values reported abov
for the nonlinear coefficients in the temperature depende
of Eg are in satisfactory agreement with those obtained p
viously for epitaxial GaN layers22 ~Table II!. The difference
in values of the nonlinear coefficientsb andg for bulk crys-
tals of GaN obtained at high pressure~Table II! can be quali-
tatively explained23 by the temperature dependence of t
Burstein-Moss effect.

The most structurally perfect of all the GaN crystals o
tained by us was visually colorless and in the visible reg
possessed a rather high optical transparency~around 60% for
a thickness of 100mm!. The value of the band gap obtaine
by measuring the optical absorption edge atT5 300 K ~as-

FIG. 3. Temperature dependence of the width of the optical band gapEg(T)
for bulk crystals of GaN grown by chloride HVPE~1!. For comparison we
show the dependence of the energy position of the optical absorption
for bulk crystals of GaN obtained at high pressure~Ref. 23! ~2! and the
function Eg(T) obtained from the exciton luminescence data of Ref. 22
thin ~;1mm! epitaxial layers of GaN grown by MOCVD on a 6 H-SiC
substrate~3!.
he
i-

k
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s
,

ce
-

-
n

suming a classical parabolic band and ignoring exciton
fects! lies in the range 3.31–3.32 eV for various samples
GaN, which is roughly 0.13 eV lower in energy than th
value expected from the photoluminescence results@as indi-
cated by the data shown in Fig. 1a, the value of the band
at T5 300 K should beEg(300 K)5 3.436 eV#.

In the infrared reflection spectrum, the lattice resonan
~reststrahl band!, which extends from 13.7 to 18.9mm and
whose boundaries correspond to energies for the transv
(TO) and longitudinal (LO) optical phonons,3 is quite in-
tense, which also attests to the relatively high structural qu
ity of the crystals obtained~Fig. 4!. In Fig. 4 we show for
comparison the reflection spectrum of a structurally perf
epitaxial GaN layer on a SiC substrate~dashed curve!. We
note the good agreement between the two spectra in Fig.
the lattice resonance~reststrahl band! of GaN, and also the
appearance in the spectrum of the epitaxial layer of an a
tional resonance in the region 10.3212.8 mm, which corre-
sponds to the silicon carbide substrate.27 Estimates of the
values of theTO- and LO-phonon frequencies~560 and
730–749 cm21, respectively! from the IR reflection spectra
of the bulk GaN crystals are in good agreement with res
obtained previously by Raman spectroscopy,6 and for the

ge

r

TABLE II. Nonlinear coefficients of the temperature dependenceEg(T)
obtained for bulk crystals and epitaxial layers of gallium nitride.

Sample type Experimental methodg, 1024 eV/K b, K Literature

Layer GaN/Al2O3 Luminescence 7.2 600 ~Ref. 30!
Layer GaN/Al2O3 Optical absorption 9.39 772 ~Ref. 23!
Layer GaN/SiC Luminescence 7.7 600~Ref. 22!
Bulk GaN crystal Optical absorption 10.8 745~Ref. 23!
Bulk GaN crystal Luminescence 7.4 600 This wo

FIG. 4. IR reflection spectra for a bulk crystal of GaN~solid curve! and an
epitaxial layer of GaN with thickness 3.3mm on a SiC substrate~dashed
curve!. T 5 300 K.
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1071Semiconductors 33 (10), October 1999 Zubrilov et al.
LO-phonon there is good agreement with the photolumin
cence data~see the text above and Fig. 2!. The location of the
minimum in the reflection near the resonance, which is s
sitive to the concentration of free carriers,28 corresponds to a
relatively low concentration of free electrons~less than
1018cm23; see Ref. 29!, which again agrees with lumines
cence data.

Thus, we have investigated several features of the o
cal properties of bulk GaN crystals obtained by using
chloride version of HVPE. We have established that th
crystals have a bright excitonic luminescence, and that t
spectra are similar to those of structurally perfect thin e
taxial layers of GaN. What differences there are primar
involve exact energy positions of excitonic bands, which
the case of bulk crystals correspond to mechanically
stressed states of gallium nitride. We have shown that
temperature dependence of the band gap for these GaN
tals in the temperature range 6–600 K can be described
the expressionEg(T)53.5127.431024 T2(T1600)21, eV.
Using photoluminescence and IR reflection, we have es
lished that, in contrast with bulk crystals of GaN grown
high pressure, the concentration of free electrons in the b
crystals is no more than 1018cm23, i.e., far from degeneracy
We found that the band gap determined from the opt
absorption edge for our bulk crystals is shifted~by about 0.1
eV towards lower energies! relative to the value obtaine
from photoluminescence measurements.

This work was financed in part by the Russian Fund
Fundamental Research~Project 97-02-18057!, INTAS
~Projects 96-2131 and 96-1031!, and the University of Ari-
zona, USA.

We wish to thank N. V. Seredova for technical help
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Single-crystal and hot-pressed samples of PbSe : O1 were used to investigate the thermoelectric
power and optical reflection spectrum and absorption of this material at 300 K. A quasilocal
level associated with oxygen was identified in the valence band of PbSe : O1. © 1999 American
Institute of Physics.@S1063-7826~99!00610-9#
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It is known1–3 that intergrain layers give rise to unusu
and often irreproducible behavior when polycrystalline film
of lead chalcogenides are grown on dielectric substrates~for
grain sizes&1mm) and annealed in an oxygen atmosph
or in air. Therefore, experimental study of the energy sp
trum of oxygen in lead chalcogenides requires the use
samples doped by ion implantation and annealed in vacu
In this case it turns out to be possible to use single cryst
thereby eliminating the influence of intergrain layers on
results of the measurements. When we performed sim
experiments on PbTe,4 we found that a quasilocal level lo
cated deep in the valence band could be associated with
gen impurities in PbTe. We observed no other features
we could assign to oxygen in the energy spectrum of Pb
including its band gap.

In this paper we continue the investigations started
Ref. 4. The object of our studies is lead selenide. The goa
this work is to identify localized states in the energy sp
trum of oxygen-implanted PbSe that are connected with
incorporated impurity, and to establish the types of defe
that generate these states. Such studies have not been
previously for PbSe : O1.

In order to achieve these goals, in this paper we inve
gated the optical reflection spectrumR and absorption coef
ficient a of PbSe : O1, as we did in Ref. 4. These exper
ments were supplemented by measurements of
thermoelectric powerS made by placing a probe directly o
the thin samples. All the experiments were carried out a
temperatureT5300 K.

In these experiments we used single crystals grown
the Bridgman–Stockbarger method and polycrystall
samples prepared by hot pressing. The optical propertie
the hot-pressed samples, as a multitude of experiments
shown, do not differ in any important way from the prope
ties of single crystals. For average grain sizes of 100mm and
sample thicknesses of;10 mm, the regions near grain
boundaries occupy a small fraction of the surface and bul
these samples, and therefore do not contribute to the
served optical properties. With regard to PbSe, evidence
this comes from the results of an experimental study5 in
which we conducted similar investigations and analyzed
properties of the ‘‘original’’ ~i.e., unimplanted! samples
~both single crystals and hot-pressed samples! that are im-
planted and investigated in this study.
1071063-7826/99/33(10)/4/$15.00
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In some of these original samples we varied the conc
tration of anion vacanciesVch. To increase the vacancy con
centration, in accordance with Refs. 5–7 we introduced
~2 at. %!, sodium via molecular impurities~up to 0.2 mole%
NaSe!, and superstoichiometric lead into the growth batch
All the initial samples were subjected to a homogenizi
anneal in vacuum quartz cells for 100 hours at a tempera
Ta5650 °C, and hadp-type conductivity. Values of the Hal
concentrations of holespH in these samples were 123
31018cm23.

As in Ref. 4, oxygen ions were implanted into the Pb
through the previously prepared optical surface by an ILU
implanter ~ion energies of 100 keV, ion curren
0.5mA/cm2). The dose (D) of implanted ions was varied in
the range 100024250 mC/cm2. The samples were subjecte
to a post-implantation anneal in vacuum for 1 or 2 hours
Ta5300 °C. After ion implantation and annealing, the e
perimental samples were thinned to 3214 mm by mechani-
cal grinding and polishing their back sides~i.e., the side not
used for implantation!.

Some of the experimental results we obtained in t
work are shown in Fig. 1, where we compare them with d
taken from Ref. 5 for the original samples. Comparison
the results as shown in Fig. 1 with the data of Ref. 4 sho
that the changes observed in the spectra of the absorp
coefficienta(\v) caused by ion implantation and annealin
are similar for PbSe and PbTe. As in PbTe~Ref. 4!, implan-
tation of oxygen impurities into PbSe inverts its conductiv
type p→n and leads to the appearance in thea spectrum of
components connected with singlet (a1) and doublet (a2)
terms in the chalcogenide vacancy and with comple
(a3).8 The energy scheme for unannealed PbSe : O1 is
shown in Fig. 2.

Annealing the samples in vacuum is accompanied
reconversion of the conductivity type from electronic back
hole-like. The results of our studies of the thermoelect
power confirm this change, in that the sign ofS once more
becomes positive in all the samples. An important chan
arises in the optical absorption spectra as well. As is cl
from Fig. 1, two bell-shaped featuresa4 and a5 appear in
these spectra, indicating that two quasilocal levelsE4 andE5

have appeared deep in the valence band of PbSe : O1 an-
nealed in vacuum~see the energy scheme shown in Fig.!.
Although the first of these features (a4), which was ob-
2 © 1999 American Institute of Physics
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served previously in lead selenide,5,7 has been assigned t
anion vacancies, the second (a5) has no analog in the litera
ture data. This allows us to associate its presence with
action of implanted oxygen.

The energy positions of these quasilocal levels
PbSe : O1 were determined from calculations of the fr
quency dependence of the additional absorption coeffic
aad. The required values of the Fermi energy in the
samples were estimated by studying the thermoelec
power and reflection spectraR(\v). Our analysis of these

FIG. 1. Spectral dependence of the absorption coefficienta ~1– 4! and
additional absorption coefficient aad ~5–7! in PbSe : O1 and
Pb0.98Sn0.02Se : O1 ~6, 7! at T5300 K. 1,7— original samples~Ref. 5!,
226— samples implanted with O1 ions, before (2) and after (326) an-
nealing in vacuum. Dose of implanted ionsD, mC/cm2: 1, 7 — 0; 2 —
1000; 3, 5, 6 — 2000; 4 — 4250. The Hall concentration of holes in th
initial statepH , 1018 cm23: ~1–5! — 2.8; ~6, 7! — 3.0. Sample thicknessd,
mm: 1 — 9.1; 2 — 3.6; 3, 5 — 5.0; 4 — 6.9; 6 — 10.0; 7 — 4.5. For
functions527 the value ofaad was increased by a factor of 50. The poin
are experiment, the curves calculations based on Eq.~1! of Ref. 8.
he

nt
e
ic

data showed that the magnitude ofpH in all samples im-
planted with oxygen impurities and annealed in vacuum w
in the range 2.222.831018cm23. Therefore, in calculating
the spectra ofaad we used expressions that were correct
a gas of free carriers with nondegenerate statistics.

The bands ofaad were extracted from the experiment
spectra and their frequency dependences calculated by u
a method similar to that described in Refs. 5, 7, and 9. So
of the results obtained are shown in Fig. 1. The dots den
the experimental spectraaad5a41a5 , the curves represen
the results of calculations based on Eq.~1! of Ref. 8. It
turned out that the optical charge-transfer energies of
various localized and quasilocal states in PbSe : O1 were:
E1

opt5(0.27060.015) eV, E2
opt5(0.19560.020) eV, E3

opt

52(0.05060.005) eV, E4
opt5(0.20060.015) eV, andE5

opt

5(0.14060.010) eV. Using these calculations, we also es
mated half-widths of the quasilocal bands based on 0.60
the maximum of the density functions for the resonan
states: G1.55(0.00960.005) eV, G25(0.01360.008) eV,
G350, andG45(0.01760.007) eV. Note that the values o
E4

opt, E5
opt, G4 , andG5 given above were obtained by ave

aging data for eight samples according to the method
scribed in Ref. 10, using the Student distribution with a co
fidence coefficientd50.95.

Comparison of the results obtained for PbSe : O1 with
known values of the optical charge-transfer energies of v

FIG. 2. Energy scheme of PbSe : O1 before~a! and after~b! annealing in
vacuum. The vertical arrows show electronic transitions between band
localized statesE12E5 , which lead the appearance of an additional abso
tion band in the optical spectra.
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ous centers in lead selenide shows that the quantitiesE1
opt

2E4
opt are in good agreement with data for chalcogen vac

cies and complexes.5,7,8 At the same time, the values ofE5
opt

in fact have no analogs in the literature data. This does
contradict our assertion that thea5 bands are related to oxy
gen, which we inferred from qualitative analysis of th
a(\v) spectra. Additional evidence for this is the increa
in intensity of thea5 bands as the dose of implanted io
increases.

Certain assertions can be made regarding the natur
the center responsible for the appearance of levelE5 in the
energy spectrum of PbSe:O1, based on analysis of how
the integrated absorption cross sectionS5 of the a5 bands
$S55*0

`a5(\v)d(\v)% depends on the dose of implante
ions. If levelE5 is associated with a point defect, the value
S5 should be proportional toD. For complexes a stronge
dependence ofS5 on D is characteristic.11 It is obvious that
these statements about the character of the functionS5(D)
are accurate only if the average value ofpH in the implanted
region remains constant as the dose of implanted ions va
As we mentioned above, this is the very situation that occ
in our samples. However, we must take into account
different thicknesses of our samples. In ion-implanted cr
tals the distribution of impurities with respect to depth
nonuniform; therefore, the intensity of thea5 bands~and
consequently the value of the cross sectionS5) should vary
not only with the dose of incorporated oxygen but also w
the thickness of the samples under study.

In Ref. 12 it was shown that when lead chalcogenid
are subjected to ion implantation and annealing, the distr
tion of impurities with respect to depth that results is close
Gaussian, differing from the latter only by the presence of
extensive ‘‘tail’’ that extends deep into the ion-implante
crystal. The concentration of impurities in the tail is cons
erably lower~by more than an order of magnitude! than it is
at the distribution maximum. This circumstance allows us
approximate the concentration profile of the oxygen distri
tion in annealed PbSe : O1 by a Gaussian. Within the frame
work of this assumption, we can show that the ratio of valu
of the experimentally measured absorption coefficient in
a5 bands to their values in a sample that is uniformly dop
with respect to depth with an oxygen concentration equa
the concentration of impurities at the maximum of t
Gaussian distribution is

k~d!5~dGxA2p!21E
0

d

expS 2
~x2x0!2

2Gx
2 D dx. ~1!

Herex0 is the depth at which the maximum of the distrib
tion is located,Gx is the half-width of the distribution base
on a level of 0.606 of the maximum, andd is the thickness of
the sample under study.

Note that ford@x0 ,Gx the quantityk(d) turns out to be
independent of eitherx0 or Gx . Because of this circum
stance, we are able to make a rather accurate comparis
the experimental data obtained from samples that are q
thick since, according to Refs. 12 and 13, the penetra
depth of impurities does not exceed 1mm in ion-implanted
and vacuum-annealed lead chalcogenides. It thus foll
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that in order to compare data obtained from samples of va
ing thickness using Eq.~1! it is enough to reference the da
to a single numberd* @x0 ,Gx „S5* 5S5k(d* )k21(d)…. In
this paper, we choose ford* a value of 5.0mm. The function
S5* (D) obtained in this way for samples that do not conta
sodium or tin impurities is shown in Fig. 3. These samp
were chosen for analysis because the concentration of c
cogen vacancies in them in their original state, based on
5, did not exceed 22331018cm23, i.e., it was not large.
Therefore, even if its value changed from sample to sam
the changes would not have any effect on the concentra
of centers that make up levelE5 . Figure 3 shows clearly tha
the functionS5* (D) can be approximated by a straight lin
passing through the origin. This allows us to assert that le
E5 is associated with a point defect.

In conclusion we note two features in the experimen
data that are common to PbTe and PbSe~Ref. 4! implanted
with oxygen. First of all, the intensity of thea5 bands, as is
clear from Fig. 1, increases with increasing concentration
anion vacancies in the original samples. This result can
viewed as sufficient confirmation of what was said abo
regarding the connection between levelE5 and a point de-
fect. It agrees with existing representations in which the o
gen impurities occupy positions in the chalcogen sublatt
thereby filling vacancies. Secondly, annealing of the
samples in vacuum cannot completely eliminate intrinsic
fects that arise during ion implantation. Evidence for the e
istence of such defects in annealed PbSe : O1 are thea4

bands associated withVch. Usually annealing of ion-
implanted lead chalcogenides in vacuum~for 25 min atTa

5250°C) leads to complete elimination of all the radiatio
induced defects, includingVch.12 Apparently this feature is
characteristic of all lead chalcogenides doped with oxyg
ions. It could be due to the acceptor-like behavior of t
impurity introduced, which is also compensated by an
vacancies.

The authors are grateful to I. O. Usov and I.
Zakharova who carried out the ion doping and sample
nealing.

FIG. 3. Plot of the integrated absorption cross sectionS* reduced by the
thicknessd* 55.0 mm in PbSe prepared from a batch not containing Na
Sn impurities, implanted with oxygen and annealed in vacuum, versus
doseD of incorporated ions.
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Results are presented of the experimental discovery and study of auto-oscillations in an
electron–hole plasma/excitons system in silicon under conditions of impact ionization of the
excitons in a constant electric field. It is shown that the current auto-oscillations are due to
disruption of the uniform density distribution of the electron–hole plasma and its
stratification, where the latter is caused by the formation of strongly nonequilibrium structures,
namely, autosolitons. The microplasma breakdown of the reverse-biased Schottky barrier
is the cause of the spontaneous excitation of autosolitons. ©1999 American Institute of Physics.
@S1063-7826~99!00710-3#
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Ashkinadze and Subashiev1 reported the discovery o
auto-oscillations of the density of nonequilibrium electro
hole plasma~EHP! in Si in the low-temperature regionT
.4.2215 K under conditions of photoexcitation o
electron–hole pairs in a microwave field. The appearanc
auto-oscillations of the EHP density is explained by imp
ionization of excitons by electrons heated in the microwa
field when the conditionvtp.1 is satisfied. The cause o
the instability is growth of the temperature of the electrons
the microwave field with increase of their concentration.
Refs. 1 and 2 it was shown that under conditions of elect
heating, whenvtp,1, ~equivalent to electron heating in
constant electric field! auto-oscillations do not arise.

Wemanet al.3 detected current auto-oscillations in ph
toexcitedp-Sî B& at 2 K in a constant electric field. Auto
oscillations were detected only inp-Sî B& samples with con-
centration of thermal donor complexesND*1016cm23

.NA , whereNA is the initial boron impurity concentration
in the silicon matrix. They link the physical mechanism
the auto-oscillations with critical equilibrium between im
pact ionization of the excitons and their degree of capture
the thermal donors.

In the present paper we report the experimental detec
and study of auto-oscillations in the nonequilibrium syst
EHP/excitons in silicon under conditions of impact ioniz
tion of excitons in a static electric field at liquid-helium tem
peratures. As the results of our experiments show, the
pearance of auto-oscillations is linked with a disruption
the uniformity of the plasma density distribution and stra
fication of the plasma caused by the appearance of a stro
nonequilibrium state—an autosoliton~AS!.

In Refs. 4 and 5 it was shown that an electron–hole p
is an example of an active system with diffusion; from t
general nonlinear theory of this diffusion it follows that
the region of a stable, homogeneous state of such system
external perturbation can excite~autosolitons can also aris
spontaneously near small inhomogeneities! stationary, iso-
lated states, which do not depend on the form of the ini
perturbation, but are determined by the parameters of
1071063-7826/99/33(10)/4/$15.00
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specific system. Such self-maintaining localized eige
states—autosolitons of nonequilibrium systems—were
tected experimentally and investigated in Refs. 6 and 7.

Our experiments were performed on samples ofp-Sî P&
with impurity concentrationND2NA.831012cm23, pre-
pared in the form of rectangular parallelepipeds with dime
sions 3.731.332.1 mm. The crystallographic orientation o
the sample and the configuration of the action of the elec
field and photoexcitation are shown in Fig. 1. The conta
were created by melting-in a Au~Sb! alloy in vacuum on
opposite faces with dimensions 3.731.3 mm. The face of the
sample with dimensions 3.732.1 mm was illuminated by
rectangular pulses from a monochromatic light source ba
on infrared GaAs diodes with photon energy\v.1.5 eV
.«G

Si . The duration of the photoexcitation pulses (40ms)
ensured the setting up of a steady-state concentration of
riers and excitons. The maximum photoexcitation intens
I pmax corresponded to a concentration of the genera
electron–hole pairs equal to 531014cm23. Synchronously
with the photoexcitation pulses, the sample was acted on
constant-electric-field pulses with a duration of 100ms,
which were delayed relative to the photoexcitation pulses
tE5021.0 ms. The pulse repetition rate of 3 Hz ensur
that the temperature of the sample recovered to 4.2 K at
beginning of each pulse. Current–voltage characteris

FIG. 1. Configuration of the action of an electric field and photoexcitat
relative to the crystallographic axes of the sample.
6 © 1999 American Institute of Physics
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1077Semiconductors 33 (10), October 1999 A. M. Musaev
~CVC! were recorded by feeding a sawtooth voltage with
duration of up to 20ms.

Figure 2 shows oscillograms of the current through
sample for different values of the photoexcitation intens
and the intensity of the applied electric field. As can be s
from the oscillograms, after feed of an electric field pu
with some delay, a conduction current pulses appears.
delay time of this pulse decreases as the electric field in
sity and the photoexcitation intensity are increased. A ch
acteristic feature of the time dependence of the conduc
for tEÞ0 is the appearance of an initial, solitary curre
spike followed by the following types of oscillations: iso
lated pulses, relaxation oscillations, and random oscillatio
With simultaneous application of the photoexcitation a
electric-field pulses, the time delay between the initial pe
and the subsequent peaks is absent. Figure 3 shows ty
dynamic CVC’s of the sample, recorded in the voltag
generator regime for various values of the delay of the s
tooth voltage pulses relative to the photoexcitation pul
(tE). The threshold breakdown fieldEB depends both on the
photoexcitation intensityI p and on the delay timetE . With
decrease of the photoexcitation intensity and increase of

FIG. 2. Oscillograms of the current for different values of the electric fi
strength and the photoexcitation intensity:I — E51.5 kV/cm, I p

50.05I pmax; II — E51.5 kV/cm, I p50.5 I pmax; III — E52.5 kV/cm,
I p50.05I pmax; IV — E52.5 kV/cm, I p50.5 I pmax.
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delay timetE , the threshold breakdown fieldEB increases.
Depending on the regime in which they were measured, b
S-shaped andN-shaped segments of negative differential
sistance are observed on the CVCs. The initial current p
is especially pronounced for large values of the delay ti
tE ~Fig. 3, curvesIII and IV!. Probe measurements for low
electric field intensity reveal the presence of a station
high-field domain on the cathode of the sample. As the fi
intensity is increased to its threshold value, the current os
lations arise abruptly in the sample. These phenomena w
detected by the author in previous experiments on silic
samples with a Schottky barrier.8

To explain this phenomenon it is necessary to consi
the physical processes taking place in the contact and
regions of the sample.

As is well known, almost all metals form a Schottk
barrier with n-type silicon, with a relatively large barrie
height ~more than 0.5 eV!. Therefore, to lower the contac
potential barrier and obtain an ohmic contact, a thin, hea
doped layer is created directly at the boundary with
metal. The depleted region in this case is so thin that fi
emission is important, and for small biases the contact h
small resistance.9 However, at low temperatures and mode
ate impurity concentrations the width of the depleted cont
layer is substantial. In this case, the tunneling componen
the current through the contact decreases and the curre

FIG. 3. Dynamic current–voltage characteristics of a sample for differ
values of the delay of electric field pulse relative to the photoexcitat
pulse (tE). I — CVC at the time of photoexcitation;II — tE51.0ms;
III — tE510ms; IV — tE530ms.
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mainly due to generation of electron–hole pairs in the
pleted region.9 This situation is characterized by nonunifor
breakdown over the area of the barrier due to the mic
plasma mechanism of breakdown and localization of the c
rent on separate segments with small cross section.10 Micro-
plasma breakdown of the space charge region~SCR! on the
cathode initiates spontaneous excitation of an autosolito
the sample. Carrier generation in the space charge re
leads to a redistribution of the voltage between the sp
charge region and the base of the sample, which in turn le
to impact ionization of excitons in the base region. To ma
tain breakdown of excitons, it is necessary that the exc
concentration exceed some critical value for the given fie
This condition is satisfied because of the radial diffusion
excitons from the peripheral regions of the sample. Howe
the exclusion of free carriers and the decrease in the exc
concentration in the breakdown region for bounded influx
excitons into this region can lead to cessation of ionization
excitons, and the system returns to its initial state. The in
current spike observed in the CVC’s and the temporal ch
acteristics is due precisely to ionization of a bounded num
of free excitons.

By absorbing the field energy the free carriers cause
temperature of the crystalline lattice to grow. This leads
thermal dissociation of bound excitons; i.e., when the latt
temperature reachesT>10 K, the excitons go mainly into
the free state. The lifetimes of the excitons in this case
greatly increased.11 During breakdown, growth of the con
centration of free carriers acquires an avalanche-like cha
ter. The exciton concentration in this region decreases co
spondingly, forming an isolated stable localized sta
Despite the abrupt growth of the concentration of free ca
ers in the localization region of the autosoliton, the prod
NexDex in it is nearly constant due to compensation of io
ized excitons by the exciton diffusion flux into this regio
Stratification of the EHP density is confirmed by band m
surements, and also by studies of the current density di
bution in the sample as a result of splitting of the ano
contact. Figure 4 shows oscillograms of the curre
(I 2IV) in regions of the sample when the anode contac
split into four equal parts. As can be seen from these figu
the autosoliton is localized in regionIII of the sample. An
important factor influencing the kinetic effects of excitons
liquid-helium temperatures in Si is the nonequilibrium ph
non flux.12 Heating of free carriers in an electric field give
rise to an intense generation of nonequilibrium phonons.
large mean free path of the long-wavelength phonons
liquid-helium temperatures in Si is comparable with the
mensions of the sample. This flux is intense enough to
train excitons with velocity close to the speed of sound,
ward the surface of the sample. The abrupt change in
conduction kinetics of the ionized excitons~slope change on
the curve with subsequent rapid falloff almost to zero ove
short time! can be explained by the action on the excitons
the nonequilibrium phonon flux. This factor is also co
nected with the pulsation of autosolitons observed in
atudy. The nonequilibrium localized region is created by
increasing dependence of the exciton ionization ratev i on
the free-carrier concentrationne , on the one hand, and b
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the decrease of the exciton flux into the ionization region
a consequence of the nonequilibrium phonon flux, on
other. The evolution of the electron densityne and the exci-
ton densityNex in a static electric field is governed by th
equations

]ne /]t52e21 div Je2g ne
22ne /te1b ne Nex, ~1!

]Nex/]t52div Jex1g ne
22Nex/tex2b ne Nex, ~2!

wherete5 l /ve is the electron drift time,tex is the exciton
lifetime, g is the exciton coupling coefficient,b is the impact
ionization coefficient of the excitons, andJe andJex are the
electron and exciton flux densities, respectively. The exci
flux is governed by diffusion and phonon entrainment,

Jex5Dex¹ Nex2lepg Nex, ~3!

whereDex is the exciton diffusion coefficient, andlep is the
electron–phonon interaction coefficient;

g;1/c r@ne e m E2 v/V2l/b~T2T0!#, ~4!

c is the specific heat,r is the density,m5mn.mp is the
carrier mobility,v/V is the volume fraction corresponding t
localization of the autosoliton,l is the thermal conductivity,
b is the thickness of the sample, andT0 is the temperature o
the surrounding medium.

In the given mechanism of stratification of the electron
hole pairs the role of activator is played by the free carr
concentration (ne), and the role of inhibitor is played by th

FIG. 4. Oscillograms of the current (I 2IV) of segments of the sample with
split anode contact forE52.2 kV/cm, tE510ms, andI p50.1 I pmax.
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exciton flux, which is a function of the interaction with th
phonon flux. Positive feedback via the activator is connec
with the increasing dependence of the exciton ionization
v i on the carrier concentrationne . The damping role of the
inhibitor is determined by the fact that an increase in the f
carrier concentration results in an increase in the flux of n
equilibrium phonons generated by the free carriers; th
nonequilibrium phonons entrain excitons and thereby res
their entry into the ionization region. Because of the stro
dependence of the ionization rate on the exciton concen
tion, this circumstance in turn leads to an abrupt decreas
the carrier concentration in the ionization region. The ex
tence of autosolitons in the given system is governed by
quantities

«5 l /L, a5te /tex,

where

l 5~De te!
1/2, L5~Dextex!

1/2

are the diffusion lengths, andDe and Dex are the diffusion
coefficients of the free carriers and excitons. The stability
the autosolitons is attributable to the fact that the autosol
wall has a small size:l !d!L, where the increment of the
free-carrier concentration is damped by a corresponding
crease in the exciton concentration. This damping is reali
only in a certain range of variation ofE: For E.Ec a static
autosoliton is converted, as a result of instability, into a p
sating autosoliton. The formation of pulsating autosolito
has to do with the fact thatte!tex. For te!tex, during a
fluctuation of the carrier concentration~activator! ne with
d
te

e
-
e

ct
g
a-
of
-
e

f
n

e-
d

-
s

frequency on the order of (te tex)
21/2 a fluctuation of the

exciton flux~inhibitor! ;NexDex does not have time to vary
therefore, fluctuations of the concentrationne grow. The sys-
tem under consideration is an active system with cross
fusion and self-generation of particles. According to the cl
sification of systems given in Ref. 4, the given mod
belongs to the class ofKV systems. TheKV phenomenon
realized in the system is consistent with the existence
pulsating autosolitons, whose number and form vary perio
cally in time.
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Influence of indium doping on the formation of silicon– „gallium vacancy … complexes in
gallium arsenide grown by molecular-beam epitaxy at low temperatures
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Low-temperature photoluminescence~PL! studies of gallium-arsenide layers grown by molecular-
beam epitaxy at low (200 °C) temperatures (LT GaAs! and doped with silicon or a
combination of silicon and indium have been performed. The PL spectra of as-grown samples
reveal a shallow acceptor-based line only. After annealing, an additional line at;1.2 eV
appears, which is attributable to SiGa–VGa complexes. The activation energy of complex formation
is found to be close to the activation energy of migration of gallium vacancies and is equal
to 1.960.3 eV forLT GaAs : Si. It is found that doping with a combination of silicon and indium
leads to an increase in the activation energy of formation of SiGa–VGa complexes to 2.5
60.3 eV. We believe that this increase in the activation energy is controlled by the gallium
vacancy–indium interaction through local lattice deformations. ©1999 American
Institute of Physics.@S1063-7826~99!00810-8#
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INTRODUCTION

Gallium vacancies exert a substantial influence on
properties of bulk crystals and epitaxial layers of GaA
When gallium arsenide is doped with shallow-donor impu
ties~e.g., Si!, the interaction of the donors with the vacanci
leads to the formation of stable complexes. Such comple
degrade the efficiency of doping and can have an effec
the lifetime of the charge carriers. To elucidate and inve
gate Si–VGa type complexes, one usually measures the p
toluminescence~PL! spectra, in which a characteristic ban
with energy near 1.2 eV is observed.1–3 Gallium vacancies
play an especially important role in GaAs layers grown
molecular-beam epitaxy~MBE! at low (,300 °C) tempera-
tures. The main peculiarity of this material (LT GaAs!,
which defines its unique properties, is the large arsenic
cess ~as high as 1.5 at.%! acquired by the layer during
growth. Although a large fraction of the excess arse
enters into the crystal in the form of antistructural defe
(AsGa), whose concentration reaches 1020cm23 ~Ref. 4!,
the gallium-vacancy concentration is also very larg
;1018cm23 ~Ref. 5!. It is believed6 that gallium vacancies
(VGa) are the dominant compensating acceptors inLT GaAs,
ensuring pinning of the Fermi level near the level of the de
donor AsGa. In addition, it is usually assumed7 that migra-
tion of gallium vacancies plays a key role in the transp
and precipitation of excess arsenic and the formation of
system of nanosize As clusters in theLT GaAs matrix during
annealing. It is also assumed8,9 that diffusion of gallium va-
cancies leads to enhanced interdiffusion~In–Ga, Al–Ga! and
1081063-7826/99/33(10)/4/$15.00
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smearing of the interface in isolated quantum wells and
superlattices ~AlAs/GaAs and InAs/GaAs! grown by
molecular-beam epitaxy at low temperatures.

We have performed a photoluminescence study of
formation of SiGa–VGa complexes inLT GaAs : Si layers an-
nealed at various temperatures. We have also investig
the influence of indium doping on the formation of the
complexes.

SAMPLES AND EXPERIMENTAL PROCEDURE

LT GaAs layers were grown on the molecular-beam
itaxy setup ‘‘Katun’’’ on substrates of polished gallium ar
enide 40 mm in diameter with~100! orientation. Growth oc-
curred at the temperature 200 °C at a rate of 1mm/h and an
arsenic pressure of 731024 Pa. The thickness of theLT
GaAs layer was 0.5mm. A layer of AlAs 50 nm in thickness
was also grown on the surface of the samples to prev
arsenic evaporation during annealing.

Two groups of layers were grown. The first group w
doped with only the shallow donor impurity, silicon~concen-
tration 731017cm23), and the second, with silicon
(731017cm23) and the isovalent impurity, indium
(231019cm23).

After the growth procedure the samples were divid
into several groups, one of which was held unannealed w
the remaining groups were subjected to annealing at diffe
temperatures. The samples were annealed in an atmosp
of pure hydrogen for 15 min. The annealing temperature w
varied in the limits 6002850 °C.

The photoluminescence~PL! studies were performed a
a temperature of 4.2 K in the spectral range 0.821.2mm. An
0 © 1999 American Institute of Physics
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Ar1 laser~the 514.5mm line! was used to excite emission
and the signal was recorded with a FE´U-62 cooled photo-
multiplier.

EXPERIMENTAL RESULTS

Both the unannealedLT GaAs samples doped and n
doped with indium were characterized by an extremely w
total photoluminescence intensity, which is due to the
tremely short lifetime of the charge carriers in this mater
A single line was observed in the spectra of unannealedLT
GaAs which is associated with recombination at shallow
ceptors~1.498 eV!. We did not observe lines associated w
recombination on free excitons, which is characteristic ofLT
GaAs ~Ref. 10!.

Figure 1 shows the photoluminescence spectra ofLT
GaAs samples doped and not doped with indium, anneale
710 °C. It can be seen that in addition to theA line associ-
ated with shallow acceptors, a weak wide band appears in
region of 1.2 eV, which is associated with deep cente
namely, ~gallium vacancy!–donor complexes~in this case
SiGa–VGa).

1–3 It can be seen that in the indium-dope
samples, the intensity of this band is much less than in
samples not doped with indium, which is evidence of a low
concentration of SiGa–VGa complexes.

As the annealing temperature is raised~Fig. 2 shows
photoluminescence spectra of samples ofLT GaAs doped
and not doped with indium, annealed at 800 °C), the to
photoluminescence intensity increases due to intensifica
of the edge photoluminescence lines and due to a signifi
growth of the intensity of the line associated with deep c
ters. The increase in the intensity of the edge luminesce
lines is apparently explained by an increase in the lifetime
the nonequilibrium charge carriers proportional to the ext
that native lattice defects are annealed out. The intensit
the line associated with the SiGa–VGa complexes, on the
other hand, grows by two or three orders of magnitu
which can be explained only by an increase in the numbe
these complexes.

The variation in the intensities of individual photolum
nescence lines in the spectra of the various samples ca
be used to judge the variation of the relative concentration

FIG. 1. Low-temperature photoluminescence spectra ofLT GaAs : Si and
LT GaAs : Si : In samples grown at 200 °C and annealed at 710 °C.
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the defects responsible for the appearance of these lines
the photoluminescence intensity depends not only on
concentration of recombination centers, but also on the l
time of the charge carriers in the investigated material. I
well known that during annealing significant changes ta
place in the structure of theLT GaAs samples associate
with the formation of arsenic clusters and a decrease in
number of point defects. Clearly, in the process of su
changes of the structure of the material the lifetime of
nonequilibrium charge carriers can vary over wide limi
Therefore, to determine the change in the concentration
the SiGa–VGa complexes, instead of the absolute value of t
intensity of the photoluminescence line associated with
defect we examined its ratio to the recombination line
shallow acceptors.

Figure 3 shows a semilog plot of the ratio of the inte
sity of the photoluminescence line associated with
SiGa–VGa complexes to the intensity of the edge lumine
cence line as functions of the annealing temperature
samples ofLT GaAs doped and not doped with indium.
can be seen that at low annealing temperatures the differ
in the concentrations of the SiGa–VGa complexes is quite

FIG. 2. Low-temperature photoluminescence spectra ofLT GaAs : Si and
LT GaAs : Si : In samples grown at 200 °C and annealed at 802 °C.

FIG. 3. Semilog plot of the temperature dependence of the ratio of the
intensity of recombination on a shallow acceptor to the intensity of the
associated with the SiGa–VGa complexes.
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significant while at high annealing temperatures their c
centrations are roughly the same. From the slope of the
obtained by statistical processing of the results, it is poss
to determine the activation energy of complex formation. F
the samples not doped with indium, it is equal to 1
60.3 eV. For the indium-doped samples the activation
ergy of formation of SiGa–VGa complexes is equal to 2.5
60.3 eV. The difference amounts to 0.6 eV, which exce
the measurement error.

DISCUSSION OF THE RESULTS

The formation of complexes consisting of the pa
gallium-vacancy and silicon in the gallium sublattice is typ
cal of single crystals and epitaxial layers of gallium arsen
prepared by various methods. It is usually assumed11 that the
formation of ~gallium vacancy!–~shallow donor! complexes
in epitaxial layers occurs during crystal growth. Our stud
show, however, that in the case of low-temperature mo
cular-beam epitaxy the concentration of SiGa–VGa complexes
formed during growth of the layers is small. Vigorous fo
mation of complexes takes place during annealing ofLT
GaAs layers and intensifies as the annealing temperatu
increased. This means that complex formation takes plac
a consequence of migration of defects and impurities, i.e.
the mechanism characteristic of bulk single crystals.

In general, for a sufficiently high concentration of SiGa

donors obtained as a result of doping, complex formation
the result of two consecutive processes: formation of a
vacancy and its migration to a lattice site at which a silic
atom is found. Motion of silicon atoms can be ignored sin
it is well known that the diffusion coefficient of vacancies
GaAs significantly exceeds the diffusion coefficient of su
stitution impurities. The activation energy of diffusio
of gallium vacancies in GaAs is 1.760.5 eV according to
the data of Ref. 12, and 1.760.3 eV according to the data o
Ref. 13.

The energy of formation of gallium vacancies in GaAs
very large, 4.060.5 eV ~Ref. 12!. A peculiarity of gallium
arsenide grown by molecular-beam epitaxy at low tempe
tures is that this material contains a high concentration
gallium vacancies;1018cm23 ~Ref. 5!; i.e., the concentra-
tion of gallium vacancies inLT GaAs layers is comparabl
with the silicon concentration, and for formation o
SiGa–VGa complexes additional vacancies are not require

Thus, in a layer of GaAs : Si grown by molecular-bea
epitaxy at low temperatures, the concentration of galli
vacancies (VGa) and of SiGa donors is high@under conditions
of a large arsenic excess, silicon atoms are embedded
the gallium sublattice~Ref. 14!#. The formation of SiGa–VGa

complexes, however, does not take place since the diffu
of defects and impurities at low temperatures is ‘‘frozen
During annealing the gallium vacancies present inLT GaAs
become mobile and as they diffuse they are captured by
con atoms with subsequent formation of complexes. The
tivation energy of complex formation should be equal to
activation energy of migration of vacancies. According
our data, this energy forLT GaAs : Si layers not doped with
indium is 1.960.3 eV. This quantity is indeed in good agre
-
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ment with the data for the activation energy of gallium
vacancy diffusion.12,13

The data plotted in Fig. 3 indicate that the activati
energy of formation of SiGa–VGa complexes differs signifi-
cantly in the samples doped with indium from those that
not doped. It can be seen that the activation energy of
mation of SiGa–VGa complexes in the indium-doped sampl
exceeds the activation energy of the complexes in the m
rial not doped with indium by;0.6 eV. Let us consider
probable reasons for this phenomenon.

Since the concentration of gallium vacancies in our e
periments was not measured, we can assume that an inc
in the energy of complex formation is associated with
insufficient concentration of gallium vacancies in th
indium-doped material, which leads to the necessity of g
eration of additional gallium vacancies (VGa) for complex
formation to proceed. This assumption, however, is at v
ance with the data obtained in our previous studies.15 Thus,
optical absorption measurements in the near-infrared s
that indium-dopedLT GaAs contains a large concentratio
of excess arsenic and a large concentration of antistruct
defects (AsGa) in comparison with the material not dope
with indium. It is well known16 that the concentration ratio
AsGa1 /AsGa0 remains roughly constant over a wide interv
of growth temperatures and flux ratios As/Ga. An increase
the number of positively charged defects in turn, should
viously be accompanied by an increase in the concentra
of gallium vacancies, which, as is suggested in Ref. 6,
the main compensating acceptors. It should also be no
that despite the high concentration of shallow Si don
(731017cm23), the unannealed layers were high-resistan
layers, i.e., the concentration of compensating accep
should be higher than the concentration of shallow donors
addition, earlier studies15 of LT GaAs by transmission elec
tron microscopy showed that during annealing the indiu
doped material contains a higher concentration of large
senic clusters in comparison withLT GaAs not doped with
indium. It is now assumed that the formation of arsenic cl
ters occurs as a result of diffusion of excess arsenic in
gallium vacancies. Thus, we can rightfully and confiden
conclude that doping ofLT GaAs with indium should not be
accompanied by a decrease in the gallium-vacancy con
tration.

A probable reason for the increase in the energy
SiGa–VGa complex formation in indium-doped samples is
interaction of the gallium vacancies with the indium atom
during diffusion of vacancies in the crystal. Indeed, in t
investigated samples the indium concentration exceeds
silicon concentration by more than an order of magnitu
and although indium is an isovalent impurity and electrica
inactive in gallium arsenide, the difference in the size of t
indium and gallium atoms leads to the appearance of lo
elastic deformations in the vicinity of the lattice sites occ
pied by indium atoms. In other words, a vacancy crea
local deformations of opposite sign in the material. It is cle
that such defects, which create local deformations oppo
in sign, have a tendency to come together and form co
plexes, lowering the free energy of the material. Such co
plexes can have a binding energy on the order of several
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of electron volts; however, they are less stable than de
complexes formed as a result of electrical interaction. As
annealing temperature is raised, these intermediate c
plexes decay, and the liberated gallium vacancy continue
diffuse about the crystal until it forms a more stable comp
with a silicon donor.

CONCLUSIONS

Studies of the photoluminescence spectra at 4.2 K
GaAs layers, which have grown by molecular-beam epita
at low temperatures and which are doped with silic
showed that in the unannealed samples the concentratio
SiGa–VGa complexes is extremely small and is not detec
experimentally; i.e., despite the high concentration of g
lium vacancies and silicon donors, these defects virtu
do not interact with one another during low-temperatu
molecular-beam epitaxy. Formation of SiGa–VGa complexes
takes place during annealing.

From the low-temperature photoluminescence data
determined the activation energy of formation of SiGa–VGa

complexes inLT GaAs layers doped with silicon. This en
ergy is 1.960.3 eV, which corresponds to the activation e
ergy of diffusion of gallium vacancies.

We found that combined doping ofLT GaAs by silicon
and indium increases the activation energy of formation
SiGa–VGa complexes to 2.560.3 eV. A possible reason fo
this increase is an interaction between the gallium vacan
with the isovalent indium impurities due to local lattice d
formations.

This work was carried out with the support of the Ru
sian Fund for Fundamental Research~Project No. 98-02-
17617! and the Russian Ministry of Science within th
framework of the program ‘‘Fullerenes and Atomic Clu
ters’’ and ‘‘Physics of Solid-State Nanostructures’’~Projects
No. 97-2044 and No. 97-1035!.
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Oxygen and Erbium related donor centers in Czochralski grown silicon implanted
with erbium
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The Hall effect measurements were conducted on Czochralski-grown silicon after implantation of
erbium and two-step annealing at 700 °C and 900 °C. After the first step the formation of
oxygen-related shallow donors was observed atEc in the range 20–40 meV and erbium-related
donor centers at'Ec270 meV and'Ec2120 meV. Along with the same oxygen-related
shallow thermal donors and donor centers at'Ec270 meV, other donor centers at
'Ec2150 meV are formed following the 900 °C anneal, instead of those at'Ec

2120 meV. The new donor states are of particular interest because of their possible involvement
in the photoluminescence process. The obtained results for erbium-implanted silicon are
compared with some fragmentary DLTS data found in the current literature on the donors with
ionization energies less than 0.2 eV. ©1999 American Institute of Physics.
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Studies of erbium impurity in silicon aim to produce th
impurity-related centers with a strong luminescence ban
1.54mm. This goal can be realized by investigating electri
and optical properties of Er-related centers. Implantation
Er is widely used for the doping of Si. Post-implantatio
annealing of Si:Er atT>600 °C is needed to remove th
radiation damage and activate the Er-related centers. I
implanted with Er, many deep centers with activation en
gies larger than'0.2 eV have been studied extensively
means of DLTS~see, for example, Refs. 1–3!. In contrast,
the information available in the current literature about sh
low donor centers is meager.1 The purpose of this commu
nication is to present electrical data on these centers, w
are responsible for the electron conductivity of Si:Er at cry
genic and room temperatures.

Wafers of carbon-lean Czochralski-grown silico
(Cz-Si) with high oxygen contents ('1018cm23) were
used; the conversion factor for the well-known absorpt
band of oxygen at 1108 cm21 was taken according to ASTM
F 121-83 (2.4531017cm22). The boron concentration in th
starting materials ofp-type was in the range from 3
31014cm23 to 231015cm23. Erbium ions at 1.2 MeV were
implanted in Si in dosesF~Er! ranging from 1011cm22 to
1013cm22, i.e., beyond the onset of amorphization of t
implanted layers. In some cases, the oxygen concentratio
the samples subjected to Er implantation was increased
coimplantation of oxygen ions at 0.17 MeV. The implan
tion dose of oxygen was always an order-of-magnitu
higher than that of the erbium, i.e.,F~O!510F~Er!. All
samples were then annealed in two successive step
700 °C and 900 °C for 30 min in a chlorine-containing a
bient atmosphere. Electrical measurements were taken
1081063-7826/99/33(10)/4/$15.00
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each annealing step. Most of the radiation damage due to
implantation is removed at the first step. The annealing
T5900 °C is used for the formation of the well-known ce
ters with light emission at'1.54mm; see, for instance, Ref
4. This two-step annealing can be used to observe the m
pronounced modifications of donor centers in the tempe
ture range of current interest. After the first annealing s
the Er-implanted layers of about 0.5mm becamen-type with
the exception of those atF(Er)51011cm22. Under our ex-
perimental conditions, the Er peak concentration was
31017cm23 at the largest dose ofF(Er)51013cm22. Elec-
trical measurements of the concentration of free electron
the implanted layers versus temperature,n(T), were con-
ducted by means of the van der Pauw technique in the t
perature range fromT520 K to T5300 K. Analysis of the
n(T) curves was carried out on the basis of the relev
electroneutrality equations.

ANNEALING OF Cz-Si: Er AT T5700 °C

At F(Er)51011cm22 the Er-implanted layers remai
p-type even for the nominally undopedCz-Si. It allows us to
estimate the total concentration of shallow donors, which
less than 331014cm23 at this low dose. Starting with
F(Er)5531011cm22 the donor concentration due to the E
implantation is well in excess to overcompensate the bo
acceptors available in the starting materials~see Fig. 1!.
Analysis of then(T) curves forF~Er! in the range from 5
31011cm22 to 1013cm22 allowed us to separate and ide
tify three kinds of donors with activation energies less th
0.2 eV.

The donor states of the first kind are shallow, with io
ization energies less than 50 meV. They are very simila
4 © 1999 American Institute of Physics
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the oxygen-related shallow donors formed inCz-Si ~Ref. 5!
and Cz-Si doped with Mg~Ref. 6! during heat treatment a
T>600 °C– 700 °C. In each case~Refs. 5 and 6! these small
oxygen aggregates inCz-Si are distributed over the ioniza
tion energy interval from'20 meV to'40 meV; the maxi-
mum of their distribution always is placed at about 40 me
It has been found that a simplified model of two donor lev
at E1<Ec230 meV andE2'Ec240 meV used in calcula
tions of n(T) curves can be a reasonable substitute for
real donor distribution. This is also the case forCz-Si:Er. For
all the samples studied by us the calculatedn(T) curves fit
the experimental curves atT<80 K using a similar two-level
model; see, for instance, Fig. 1. This leads us to concl

FIG. 1. Electron concentration vs reciprocal temperature forCz-Si im-
planted with Er and annealed atTann5700 °C. F(Er)5531011 cm22. The
points represent experimental values; the curves denote calculated v
The n(T) curve atT>70 K is shown on the expanded scale in Fig. 1
Contributions of the donor centers at the saturation plateau are denote
dashed lines.
.
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e
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that the nature of the shallow donors inCz-Si:Er is similar to
the nature of oxygen-related shallow donors inCz-Si, which
originate from oxygen aggregation at high temperatures5,6

However, there are some distinctions in their behavior in
implanted layers, because the formation of oxygen-rela
donors takes place in the presence of implantation-indu
native defects in sizable concentrations. These defects
serve as nucleation sites for oxygen atoms. In fact, the t
concentration of shallow donors turned out to be do
dependent~see Fig. 2!. The involvement of native defects i
oxygen aggregation appears to contribute to higher ther
stability of the shallow donors as well as to their larger p
duction rate as compared to those formed under the ‘‘pu
heat-treatment conditions~cf. Ref. 5 and our study!. The
question of whether a fraction of the Er atoms, perhaps
complex form, may be included in the electrically active co
of shallow donors atEc2(20240) meV is still open.

The donor centers of the second kind are well charac
ized by a single ionization energy of 7062 meV ~Fig. 1!.
Their concentration was found to be dependent on the
dose ~see Fig. 2!. Our claim that these donor centers a
Er-related has been substantiated by the observation tha
doping of the same material with Ho and Yb gives rise to
appearance of other donor centers at'Ec260 meV and
'Ec280 meV, respectively.7 As in the case ofCz-Si:Er, the
oxygen aggregation atT5700 °C also takes place in
Cz-Si:Dy, Ho, and Yb and the formation of oxygen-relate
shallow donor states with ionization energies less than
meV is observed.7

Besides the two kinds of donors given above, additio
donor centers atEc2(11865) meV have been found inCz-
Si:Er ~see Fig. 1!. Based on the Fermi level position mo
reliable estimates of their concentration can be made for
samples implanted atF(Er)<1012cm22. At larger doses

es.

by

FIG. 2. Donor concentrations vs ionization energies forCz-Si implanted
with Er and annealed atTann5700 °C. Implantation doseF(Er) 1011 cm22:
1—5; 2—10; 3—100. Implantation doseF~O!, cm22: 1, 2—0; 3—1014.
The dashed lines are shown to guide the eye only.
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such estimates are less accurate in energies and conce
tions. Again, the position of similar donor states inCz-Si:Ho
and Cz-Si:Yb differs by D>15 meV ~Ref. 7! from that in
Cz-Si:Er. Consequently, these donor centers appear to
impurity-related.

So far, DLTS measurements onCz-Si:Er have provided
some detailed information only for centers with activati
energies greater than 0.15 eV~Ref. 3!.

ANNEALING OF Cz-Si:Er AT T5900 °C

Some pronounced changes in the donor formation oc
at elevated temperatures of the postimplantation annea
~see Figs. 3 and 4!. First, although the formation of shallow
donor states atEc2(20240) meV has also been observe
they are formed in appreciable concentrations at hea
doses,F(Er)>1012cm22, as compared withCz-Si:Er after
the 700 °C anneal~cf. Figs. 1 and 3!. Second, we could no
detect the presence of donor states at'Ec2120 meV. In-
stead, new donor states atEc2(14565) meV are developed
in Cz-Si:Er annealed atT5900 °C ~Fig. 3!. As is seen from
Figs. 2 and 5, the concentration of these new donor state
comparable to that of donors at'Ec2120 meV formed at
T5700 °C. This is a marked characteristic of the erbium i
purity, because similar donor centers atEc2105 meV in
Cz-Si:Dy andCz-Si:Ho were found to be stable atT5700 °C
andT5900 °C ~Ref. 7!.

Unfortunately, some yet incomplete DLTS data on ce
ters with activation energies less than'0.15 eV are available
for Si:Er in Refs. 1–3. In Si:Er after implantation and a
nealing atT5900 °C the appearance of centers with an a
vation energy of about 0.15 eV has been observed by me
of DLTS; see, for example, Refs. 1–3. In general, this a
vation energy estimated on the basis of data recorded u

FIG. 3. Electron concentration vs reciprocal temperature forCz-Si im-
planted with Er and annealed atTann5900 °C. F(Er)5531011 cm22. The
points represent experimental values; the curves denote calculated v
The contribution of donor centers atE'Ec270 meV at the saturation pla
teau is shown by the dashed line.
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nonequilibrium conditions cannot be considered as the
ionization energy of these centers at equilibrium.1 Therefore,
it is still an open question whether one deals with the sa
centers while carrying out DLTS and Hall effect measu
ments. According to Refs. 2 and 3, the centers with an a
vation energy of 0.15 eV are formed in noticeable conc
trations only in Si subjected to coimplantation with erbiu
and oxygen. Reportedly, inCz-Si:Er without coimplantation
of oxygen they are not formed at all2 or are barely
observable.3 Under our experimental conditions, the form
tion of donor centers atEc2(14565) meV was readily de-
tectable in all cases, irrespective of whether coimplantat
of oxygen inCz-Si was used or not~see Fig. 5!.

In a recent paper8 the nonradiative decay of the excite

es.

FIG. 4. Electron concentration vs reciprocal temperature forCz-Si im-
planted with Er and annealed atTann5900 °C. F(Er)51012 cm22. The
points represent experimental values; the curves are calculated values
n(T) curve atT>70 K is shown on the expanded scale in Fig. 4b. Con
butions of the donor centers at the saturation plateau are given by the da
lines.
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Er31 ions in Cz-Si:P:Er at very low temperatures~at T
<30 K for the most part! is discussed in terms of the Auge
impurity process with the energy transfer to free electro
~see also Ref. 9!. In the temperature range of interest, fr
electrons are claimed to be released from shallow donor
ters at'Ec220 meV ~Ref. 8!. However, these donor state
were found to be present in a small fraction of the to
concentration of shallow donors~see Fig. 5!. Taking into
account a more realistic donor distribution, one can estim
that in the Cz-Si:P:Er studied in Ref. 8 the free electro
concentration atT<30 K may be much less than the critic
concentration, about 731014cm23. Therefore, there is a

FIG. 5. Donor concentrations vs ionization energies forCz-Si implanted
with Er and annealed atTann5900 °C. Implantation doseF~Er!, 1011 cm22:
1—5; 2—10; 3—100. Implantation doseF~O!, cm22: 1, 2—0; 3—1014.
The sample implanted atF(Er)51013 cm22 andF(O)51014 cm22 was cut
from another Cz-Si wafer with low oxygen concentrations~about 2
31017 cm22). The dashed lines are shown as an eye’s guide only.
s

n-

l

te

need to put this possible channel of Er de-excitation un
closer scrutiny.

In summary, three kinds of donor centers are formed
Cz-Si after implantation of erbium and subsequent annea
at T5700 °C and 900 °C. Shallow energy states atEc2(20
240) meV are attributable to oxygen-related donors. Do
centers at'Ec270 meV and'Ec2120 meV appear to be
Er-related. The latter ones are annealed out atT5900 °C.
Instead of them, new donor centers at'Ec2150 meV are
observed.

We wish to thank Dr. W. Zulehner~Wacker Siltronic,
Burghausen, Germany! for providing us with silicon
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~Grant 235! and the Russian Fund for Fundamental Resea
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Electronic properties of a GaAs surface treated with hydrochloric acid
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Processing in HCl is found to stabilize the system of surface electronic states of the~100!
surface ofn-GaAs in the temperature range 100–300 K. Distributions for the effective density of
surface electronic states in the band gap of GaAs, which are obtained from the electric-field
dependence of the surface photovoltage, depend on the measurement temperature. This is because
the electronic states that affect the electric-field measurements are located both at the
boundary between GaAs and the surface film and in the films themselves. Processing in HCl
decreases the density of electronic states of both types, and also decreases the
concentration of deep and shallow traps for nonequilibrium holes. These effects are even more
pronounced when the processing in HCl is followed by washing in water. ©1999
American Institute of Physics.@S1063-7826~99!01010-8#
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The large density of surface electronic states on the
surface of GaAs, which prevents more widespread use
GaAs in semiconductor electronics, arises from disorder
of the GaAs surface as it is oxidized in etching solutions a
held in air.1 A number of papers, notably Refs. 2–5, ha
shown that replacement of the oxide film on GaAs by a s
fide film leads to lowering of the density of surface ele
tronic states and passivation of the GaAs surface with res
to oxidation. Removal of the oxide layer and passivation
the GaAs surface are also observed when GaAs is proce
in a solution of HCl.6,7 In this case, experiments conducte
on the~111! surface of GaAs@Ref. 7# have shown that GaAs
samples processed in HCl exhibit increased values of
photoluminescence intensity and small-signal photovolta
which suggests that the density of surface electronic st
that take part in recombination of electron-hole pairs h
decreased.

In this paper we use the temperature and electric-fi
dependences of the surface photovoltage at high level
electron-hole pair generation to investigate the electro
properties of the~100! surface ofn-GaAs processed in HCl
We show that processing in HCl prevents the reconstruc
of the system of surface electronic states present on a
surface with an oxide layer as the temperature is lowere
the range 100–300 K.4,5 Moreover, processing in HCl, which
removes the oxide film, followed by washing in water, whi
removes the film of gallium oxychloride,6 decreases the con
centration of surface electronic states at the boundary
tween GaAs and surface films, and also the concentratio
electronic states in the films themselves. Processing in H
especially when followed by washing in water, also d
creases the concentration of traps that capture nonequ
rium holes, which creates the photomemory of the surf
potential.
1081063-7826/99/33(10)/5/$15.00
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EXPERIMENTAL METHOD

In this work we used samples ofn-GaAs with electron
concentrations of 1.231017cm23 and dimensions 1.530.5
30.05 cm. Large facets of the samples were cleaved,
ished, etched for 5 min in the mixture 4H2SO4 : H2O2 : H2O,
and washed with distilled water. At first, we studied face
with a so-called real surface, covered with a layer of ox
roughly 20 Å thick, consisting of a mixture of As2O3 and
Ga2O3.6 Then we investigated the effect of processing t
real surface in a solution of HCl~10%! for 5 min, and also
processing with subsequent short-time~10 sec! washing in
distilled water. Analysis of the results of synchrotron a
x-ray photoelectron spectroscopy show6,7 that when GaAs is
processed with HCl, the film of intrinsic oxide is remove
and gallium oxychloride GaClxOy forms at the surface. Sub
sequent washing with water, which removes the GaClxOy

film, leaves a chloride coating at the surface and crea
Ga–Cl bonds.

The surface potentialws of the GaAs surfaces unde
study was determined by measuring the surface~capacitor!
photovoltage for a high level of electron-hole pair generat
by light pulses.4,5 The temperature and electric-field depe
dences ofws were studied as the temperature varied in
range 100–300 K.

In the majority of cases, surface potentials exhibit a ph
tomemory effect even at room temperature.4,5 In essence, this
effect involves the following sequence of events. When
initial light pulse is used to measure the surface potentia
creates nonequilibrium holes, which are then captured at
face traps. This trapped charge then changesws , and the
change persists after the light pulse is gone. As a resu
second light pulse measures a changed valuews2, which dif-
fers from the valuews1 measured by the first pulse. Th
differenceuws12ws2u defines the photomemory of the su
8 © 1999 American Institute of Physics
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face potential. Studies with a train of light pulses at a f
quency of 1 Hz show that the trapped holes saturate the t
even after the first light pulse.

The value ofws1, which corresponds to the surface p
tential of a sample placed in the dark, can be obtained
given temperature only after the traps have been emptie
their captured holes. To do this, it is necessary to wait fo
certain time after the previous illumination of the sample,
heat the sample to a temperature at which the photomem
is not observed. At room temperature the time it takes
traps to capture holes is a few seconds; however, at lo
temperatures it increases considerably~to hours!. Therefore,
in order to correctly obtain the temperature dependence
ws1 andws2, after each measurement of these quantities
given temperature the sample must be heated toT> 300 K
and then cooled in the dark to the next measurement t
perature.

We measured the electric-field dependence of the
face potentialws at certain fixed temperatures in the ran
290–160 K. In measuringws , we first applied an externa
electric voltageV to the measurement capacitor, which va
ied in the range2400 to1400 V. In this case the measure
ments were made with the help of the second optical puls
a train, in order to exclude the influence of photomemo
effects when the first light pulse saturates the traps at
capacitor surface, and also to exclude nonequilibrium beh
ior of the electric voltages that deplete the GaAs
electrons.8 The functionsws(V) allow us to calculate the
density of surface electronic states at fixed temperatu
within the band gap near the position of the Fermi level
the surfaces under study.

EXPERIMENTAL RESULTS AND DISCUSSION

1. Figure 1 shows the temperature dependences of
surface potentialsws1 ~curves1, 2, and3! andws2 ~curves18,
28, and38! for ~100! n-GaAs surfaces that are real~curves1
and18), processed in HCl~curves2 and28), and both pro-
cessed in HCl and washed with water~curves3 and38). The
values ofws1 andws2 are negative, which indicates depletio
of the surface layers of electrons. The fact that the value
ws2 are smaller in absolute value than the corresponding

FIG. 1. Temperature dependences of the surface potential on~100! n-GaAs
real surfaces (1, 18), HCl-processed surfaces (2, 28), and HCl-processed
and water-washed surfaces3, 38) 1–3—ws1, 18–38—ws2.
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ues ofws1 is due to capture of holes at surface traps. Wh
for the real and HCl-processed surfaces capture of holes
curs at room temperature, for the surfaces washed in wat
begins to take place only atT, 230 K.

The functionws1(T) for a real surface, as was observe
previously for~100! and~111! surfaces in several other etch
ing regimes,4,5 is N-shaped. TheN-shape disappears afte
processing in HCl and after processing in HCl followed
washing in water. An increase inuws1u observed as the tem
perature decreases for curves1, 2, and3, is caused by filling
of surface electron traps with electrons as the Fermi le
shifts into the conduction band. The decreasing segmen
uws1u observed as the temperature decreases in the r
200–230 K for the real surface~curve1! is connected with
the decrease in the negative charge held in the surface
tronic states, despite the shift of the Fermi level in the Ga
bulk into the conduction band. This can be explained only
assuming that as the temperature decreases, the syste
surface electronic states itself reconstructs on the real
face. This reconstruction can be related to reversible st
tural changes at the GaAs-oxide film boundary. The reve
ibility and reproducibility of the functionws1(T) are
confirmed by control measurements. TheN-shape of the
function ws1(T) observed at a real surface is due to comp
tition between the mechanism that charges the surface e
tronic states with electrons and reconstruction of the sys
of surface electronic states as the temperature drops.

Each specific value ofws1 corresponds to a chargeQsv
in the surface region, equal with opposite sign to the to
chargeQs in the surface electronic states.4,5 Figure 2 shows
the computed functionQs(T) ~in units of an electron charge
q) for the surfaces investigated. For a real surface, the fu
tion Qs(T), like the corresponding functionws1(T), is
N-shaped. The negative charge increases as the temper
decreases due to charging of the surface electronic s
with electrons, while it decreases because of the reconst
tion of the surface electronic state system, which disrupts
pinning of the Fermi level at the surface. Calculations sh
that for a real surface the position of the Fermi level varies
the range 0.06– 0.14 eV below the middle of the band g
Ei . Evidence for this reconstruction of the system of surfa
electronic states is the fact that as the temperature va

FIG. 2. Temperature dependences of the charge in the surface elect
states for real surfaces~1!, HCl-processed surfaces,~2!, and HCl-processed
and water-washed surfaces~3!.



he
he

ni
ea
th

de
e
o

p
a
n

i
w
k
ta
rg

n
aA

rm
er
r a

e

in
o

en

in
o

0,
ow
his
le
u

o

ea
e
f
h

ud
t
I
e
th
o

ng

e to

car-
of

b-

of

en-

1090 Semiconductors 33 (10), October 1999 Venger et al.
from 230 to 200 K, the amount the Fermi level shifts into t
conduction band in the GaAs bulk is 0.02 eV, while at t
surface it is 0.06 eV.

The reconstruction of the system of surface electro
states and disruption of pinning of the Fermi level at a r
surface can be understood by starting from the nature of
surface electronic states, which is connected with disor
The disorder can have various origins. In particular, one r
son for it could be variations in the lengths and angles
bonds between atoms in interphase cells.9,10 This gives rise
to mechanical stresses at the phase boundary as the tem
ture decreases, which change the degree of disorder and
lead to reconstruction of the system of surface electro
states and disruption of Fermi level pinning.

Another situation is realized for materials processed
HCl, and also those processed in HCl and washed with
ter. No reconstruction of the surface electronic states ta
place, and the negative charge in the surface electronic s
as the temperature decreases only increases due to cha
of the surface electronic states with electrons~Fig. 2, curves
2 and 3!. The stability of these surfaces obviously is co
nected with the formation at the boundaries between G
and the surface films of strong Ga–Cl bonds.6,7 The stability
of the system of surface states leads to pinning of the Fe
level at the surfaces. Calculations show that in the temp
ture range 100–300 K the position of the Fermi level fo
surface processed in HCl is pinned at an energy 0.076 0.02
eV belowEi , while surfaces processed in HCl and wash
with water pin the Fermi level at an energy 0.086 0.01 eV
below Ei .

2. The distribution of surface electronic state density
the band gap of GaAs at the surfaces under study was
tained at certain temperatures from electric-field dep
dences of the surface photovoltage. Calculations based
the ws(V) functions obtained were analogous to those
Refs. 4 and 5. The dependences of the surface electr
state concentration on the energy of the band gap~relative to
its centerEi) Ns(E) at fixed temperatures 290, 260, 24
210, 180, and 160 K for the surfaces investigated are sh
in Fig. 3. Here especially we note the primary result of t
paper —the dependence of the distribution of surface e
tronic state density on the temperature at which the meas
ment was made. All the functionsNs(E) obtained were
V-shaped, but their positions shifted along theE andNs axes
with changes in temperature. Analysis shows that minima
the functionNs(E) are found at energiesE that correspond to
the position of the Fermi level at the surface at a given m
surement temperature without an applied external voltagV.
When a voltageV is applied to an accumulation layer o
electrons in GaAs, we observe a steeper right-hand branc
the function Ns(E), while when a depleting voltageV is
applied the left-hand branch ofNs(E) has the larger slope.

All the facts presented above give us reason to concl
that the density of surface electronic states measured with
help of an external electric field is an effective density.
includes in itself not only states at the boundary betwe
GaAs and the surface film, but also electronic states of
film itself. The manifestation of this depends on the value
the electric field in the film which is capable of exchangi
c
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charge carriers between itself and the semiconductor du
the differing electric transport mechanisms.11 When an accu-
mulating voltageV is applied, the electric field in the film is
larger, which ensures more intense electrical transfer of
riers and accounts for the fact that the right-hand branch
the functionNs(E) is steeper than the left-hand branch, o
tained for a depletingV.

At each measurement temperature, minimum values

FIG. 3. Distribution of surface electronic state density with respect to
ergy E within the band gap of GaAs for a real surface~a!, a surface pro-
cessed in HCl~b!, and a surface processed in HCl and washed in water~c!
at temperatures, K:1 — 290,2 — 260,3 — 240,4 — 210,5 — 180, and
6 — 160.
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Ns were obtained at low depleting voltages. From this
may conclude that the density of surface electronic state
the GaAs-surface film boundary will not exceed these m
mum values ofNs at fixed values ofE. Such estimates of the
densities of surface electronic states for a real surface s
that at the boundary between GaAs and the oxide layer
density of surface electronic states in an energy range 0
0.3 eV aboveEi is 1.521.731012cm22

•eV21 ~Fig. 3a!. It is
somewhat lower at the GaAs– GaClxOy film boundary: 1.0
21.631012cm22

•eV21 in the range 0.1–0.4 eV aboveEi

~Fig. 3b!. The lowest density of surface electronic states is
the GaAs-chloride layer boundary, equal to 42531011

cm22
•eV21 in the range 0–0.3 eV aboveEi ~Fig. 3c!.

Thus, replacing the oxide film with a film of GaClxOy ,
especially one that is almost a monolayer chloride film,
creases the density of surface electronic states at the bo
ary of GaAs with the surface film. As we have already not
this is associated with the lower degree of disorder at
boundary due to the formation of strong Ga–Cl bonds. Co
paring Figs. 3a–3c also reveals that surfaces with GaCxOy

films, and especially chloride films, also have lower conc
trations of effective surface electronic states, because the
pendencesNs(E) at these surfaces are smoother than th
of a real surface. This can be explained by lower disor
and the fact that the films that form after being proces
with HCl, and especially after washing with water, are th
ner than oxide films, in which there is a high density
electronic states that exchange carriers with the semicon
tor via electrical transport mechanisms.11

3. Let us consider photomemory effects of the surfa
potential. Knowing the valuesws1 andws2 ~Fig. 1!, we can
compute4,5 the concentration of holesP captured by surface
traps at a given temperature. Figure 4 shows tempera
dependencesP(T) for real ~curve1!, HCl-processed~curve
2!, and HCl-processed and water-washed surfaces~curve3!.
It is clear that the number of captured holes increases w
decreasing temperature. For cases where the traps are
rated with holes by the first light pulse, an increase inP with
decreasingT indicates that the concentration of traps th

FIG. 4. Temperature dependences of the concentration of holes captu
traps for a realn-GaAs surface~1!, one processed in HCl~2!, and one
processed in HCl and washed in water~3!.
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capture holes increases as well. This is because the traps
participate in hole capture are located at various ener
above the valence band, and as the temperature decre
the captured holes begin to accumulate at traps that are c
and closer to the latter, due to the increasing time for reve
ejection of a hole into the band.

It is clear from Fig. 4 that all the functionsP(T) have a
tendency to saturate near 100 K, while curves1 and2 have
‘‘hollows’’ in the region 220– 230 K. This gives us ground
to conclude that on real and HCl-processed surfaces there
two groups of traps: deeper traps located close toEi , which
determine the capture of holes at higher temperatures,
shallower traps located close to the valence band, which
termine the capture of holes at lower temperatures. The c
centrations of deep traps on a real surface with an oxide
equals 1.831011cm22, while on a HCl-processed surfac
with a film of GaClxOy it is 1.331011cm22. On a HCl pro-
cessed surface washed with water with a chloride film, th
are no deep traps~curve 3!. The concentrations of shallow
traps on real, HCl-processed, and water-washed surf
amount to 2.931011, 1.931011, and 1.431011cm22, respec-
tively. Thus, as we go from a real to a chloridized surfa
upon removal of the oxide, the concentration of shallo
traps decreases, while the deep traps disappear.

CONCLUSIONS

1. Processing the~100! surface ofn-GaAs in a solution
of HCl, and also subsequent washing in water, block
reconstruction of the system of surface electron traps
served at real surfaces as the temperature decreases i
range 100–300 K, leading to pinning of the Fermi level
the surface at 0.07 eV aboveEi and 0.08 eV belowEi ,
respectively.

2. It was established that the distribution of the dens
of surface electronic statesNs(E) in energy within the band
gap of GaAs, which isV-shaped, depends strongly on th
measurement temperature. We conclude from electric-fi
studies of the surface potential that an effective surface e
tronic state density is being determined. The smaller par
these electronic states are at the boundary between GaAs
the surface film, while the larger part is in the film itself.

3. Using the minimum values ofNs for the functions
Ns(E) obtained at various temperatures, we determined
energy distribution of the density of surface electronic sta
at the boundary between GaAs and the film surface. W
the oxide layer of a real surface is replaced by a film
gallium oxychloride after processing in HCl, and also by
chloride film after additional washing in water, both the de
sity of surface electronic states at the boundary and the
fective density of surface electronic states as a whole
crease.

4. Processing the surface of GaAs in HCl decreases
concentration of deep and shallow traps for nonequilibri
holes that create photomemory of the surface potential. P
cessing in HCl with subsequent washing in water not o
decreases the concentration of shallow traps but also c
pletely eliminates the deep traps.
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Photoconversion in heterocontacts of CdTe and its analogs with protein
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Semiconductor/natural-protein photosensitive structures based on CdTe crystals and its ternary
analogs have been created. The photoelectric properties of these structures in natural and
linearly polarized light are examined. The wideband character of the photosensitivity of these
semiconductor/protein structures is established in the range between the width of the
semiconductor band gap and the energy'3.5 eV, where the latter is assumed to be the pseudogap
in the band spectrum of the protein. It is shown that the natural photopleochroism of the
semiconductor is reproduced in its contact with the protein. Potential applications of a new class
of photosensors are discussed. ©1999 American Institute of Physics.@S1063-7826~99!01110-2#
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1. INTRODUCTION

The properties of various classes of heterocontacts~HC!
are now being studied extensively, opening up entirely n
and, in the initial stages of study, unexpected possibilities
these unique objects.1 However, along with solid-state struc
tures of the kind semiconductor/semiconductor a
semiconductor/metal, an increasing amount of attention
being given to semiconductor contacts with electrolytes
substances of biological origin.2–4 In this paper we report the
results of the creation of a new class of converters consis
of contacts of cadmium telluride and its ternary analogs w
natural protein.

As the semiconductor materials for creation of the h
erocontacts we used crystals of CdTe and its ternary ana
from the group I–III–VI2, which can be formally repre
sented as the result of substitution of two atoms from
second group by atoms from the first and third groups of
periodic table~see Table I!.

TABLE I. Photoelectric properties of the contacts of CdTe and its tern
analogs I–III–VI2 with protein (T5300 K!.

Compound
Type of

conductivity
1/R•e,
cm23

\v1,
eV

S,
eV21

Su ,
V/W

Si ,
mA/W

d1/2 ,
eV

CdTe n 1016 1.51 38 103 45 1.82
108 1.48 90 104 •••

CuInSe2 p 331017 1.02 50 570 18 2.00
CuInS2 p 231016 1.53 60 13104 7 2.02
CuGaS2 p 107 2.48 40 33103 ••• 1.84
1091063-7826/99/33(10)/4/$15.00
w
f

d
is
d

g
h

-
gs

e
e

2. EXPERIMENTAL PART

CdTe crystals were grown by two methods. One w
zonal recrystallization of a melt with composition similar
stoichiometry to CdTe in the controlled vapor phase. T
method made it possible to obtain electrically uniform cry
tals withn-type conductivity in which the Hall mobility grew
as the temperature was lowered below 300 K, which is ch
acteristic of lattice scattering. Wafers were obtained fro
slabs of these newly grown crystals by cleavage and th
fore had specular~001! planes, which did not require furthe
processing. The second type of sample was grown by
gas-phase method, which led to doping of the resulting Cd
crystals with iodine. The crystals obtained in this way we
semi-insulating and also did not require further processin

Crystals of the ternary compounds I–III–VI2 were
grown from melt (CuInSe2, CuInS2, and AgInS2) or from
the gas phase (CuInS2 and CuGaS2). The surfaces of the
latter did not require processing and had orientation~112!,
whereas the samples obtained from melt, after being
were mechanically processed and then chemically polish

As a result of a multipart study, we developed the fo
lowing technique for creating a new class of photoconve
ers. On a glass substrate with a semitransparent metal l
~Mo, Ni, d>0.5m,! we placed a drop of natural protein. Th
semiconductor wafer was placed into contact with the s
face of the protein in such a way that the liquid protein w
‘‘compressed’’ between the metallized surface of the gl
and the semiconductor wafer, filling the gap between the

After completing the procedure of putting the semico
ductor in contact with the substrate through the layer of p

y

3 © 1999 American Institute of Physics
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1094 Semiconductors 33 (10), October 1999 Rud’ et al.
tein, the position of the wafer was fixed relative to the gla
with the help of a dielectric lacquer. The syste
semiconductor/protein/metal~Fig. 1! was outfitted with elec-
trical contacts making it possible to study photoelectric p
nomena in two different geometries of illumination.

3. DISCUSSION OF THE RESULTS

The steady-state current–voltage characteristic of on
the structures is shown in Fig. 2. For all of the investiga
heterocontacts in which we used crystals ofn- and p-type
conductivity for thicknesses of the protein layer>10
250mm the current–voltage characteristics manifest a d
tinct rectification effect, which for different semiconducto
varied in the limit 1.8–4.5 for voltages up to 5 V. The r
verse characteristic, as a rule, obeys a power law with ex
nent close to one. The residual resistance of the struct
depends strongly on the properties of the semiconductors
varies in the limits 103-1010V at 300 K. In the course of ou
studies the characteristics of the structures were essen
constant and showed good reproducibility.

When heterocontacts with different semiconductors~see
Table I! were illuminated, a photovoltaic effect was repr
ducibly observed; its sign remained unchanged for both
ometries of illumination, for different positions of the ligh
probe on the surface of the structures~diameter>0.2 mm!,
and variation of the energy of the incident radiation over
entire range of photosensitivity of each of the investiga
heteropairs. It is important to emphasize that the photose
tivity always predominates when the heterocontacts are
minated from the protein-layer side. The table shows
maximum values of the voltageSu and currentSi photosen-
sitivity. Comparison of these data with the data known
other classes of photoconverters on crystals of sim
quality2,5–7 gives reason to believe that the new heteroc
tacts while still in the first stage of their development are
least as good as photoconverters presently available.

Typical curves of the spectral dependence of the rela
quantum efficiency of photoconversionh for the obtained
heterocontacts are shown in Fig. 3. It can be seen from
figure that the photosensitivity of the heterocontacts base
CdTe and its ternary analogs with illumination from the pr
tein side has a wideband character, revealing a maxim

FIG. 1. Design and illumination scheme of a semiconductor/protein het
contact~1 — glass plate,2 — semitransparent metal layer,3 — layer of
natural protein,4 — semiconductor,5 — insulating lacquer!.
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value ofh in the interval between the width of the band g
of the semiconductorEG ~Ref. 8! and the short-wavelength
falloff of the photosensitivity near 3.5 eV. This is the ‘‘win
dow effect,’’ typical for ideal solid-state heterojunctions9

which in the given case does not require a careful choice
the semiconductor with definite lattice parameters, type
structure, etc. The appearance in all the heterocontacts
short-wavelength boundary near 3.5 eV allows us to take
energy as the pseudogap in the energy spectrum of the
tein. The long-wavelength boundary of photosensitivity
the investigated heterocontacts is movable and depend
the value ofEG in the semiconductor used in the heteroco
tact. The long-wavelength edge ofh is exponential and its

o-

FIG. 2. Steady-state current–voltage characteristic of ann-CdTe/protein
heterocontact atT5300 K. ~The transmitting direction corresponds to pos
tive polarity of the external bias on the protein.!

FIG. 3. Spectral dependence of the relative quantum efficiency of photo
version of semiconductor/protein heterocontacts in natural light
T5300 K. ~1 — CuInSe2, 2 — CdTe,3, 4 — CuInS2, 5 — AgInS2, 6 —
CuGaS2. Illumination from the protein side!.
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1095Semiconductors 33 (10), October 1999 Rud’ et al.
logarithmic slopeS5d(ln\v)/d(\v) is high, which corre-
sponds to direct interband transitions in these semicond
tors. The exponential growth ofh comes to an end at\v1,
which is close to the band gapEg of the semiconductor.8

Note that the energy\v1 also depends on the doping of th
semiconductor. In the case of CdTe crystals, where gro
from the gas phase is accompanied by the incorporatio
an iodine impurity, for example,\v1 is shifted to 1.47–
1.49 eV due to the participation in the photoconductivity
shallow-center levels. In the case of heterocontacts base
CuGaS2 with orientation of the contacting plane~112!, sev-
eral steps show up in the long-wavelength edge ofh upon
illumination by natural light, which are due to splitting of th
levels in the tetragonal field.6 In the case of heterocontac
based on CuInS2 ~Fig. 3!, we also see a pronounced sho
wavelength falloff ofh ~curve3!, which is characteristic of
surface recombination of charge carriers. This falloff sho
up in heterocontacts which are obtained using mechanic
processed semiconductor surfaces, whereas when usin
post-growth natural plane~112!, the short-wavelength falloff
disappears~Fig. 3, curve4!. This feature was also confirme
when using heterocontacts made from CdTe and CuInSe2.

As a result of changes inEG and the state of the sem
conductor surface, the FWHM~full-width at half-maximum!
of the h spectra,d1/2, changes. As follows from the table
the largest values ofd1/2 are obtained for heterocontac
made from CuInSe2 and CuInS2.

If the heterocontact is now illuminated on the semico
ductor side, theh spectra become narrowly selective with
maximum nearEG , which is a natural consequence of th
influence of strong absorption of radiation in direct-ba
crystals for\v>EG .

For the new class of heterocontacts based on orie
anisotropic semiconductors, one can also expect the app
ance of natural photopleochroism,10 which was obtained for
the CuGaS2/protein structures.

As can be seen from Fig. 4, when these structures
illuminated with linearly polarized light~LPL! along the nor-
mal to the ~112! plane, the polarization indicatrix of th
short-circuit photocurrenti w exhibits a periodic dependenc

FIG. 4. Polarization indicatrix of the short-circuit photocurrenti w of a
CuGaS2/protein heterocontact atT5300 K. ~Illumination along the normal
to the ~112! plane of CuGaS2 , \v52.48 eV!.
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characteristic of uniaxial semiconductors, on the azimut
anglew between the electric field vector of the light waveE
and the tetragonal axisc of the crystal

i w5 i i cos2 w1 i' sin2 w, ~1!

wherei i is measured in the polarizationEic, andi' is mea-
sured in the polarizationE'c. Since the~112! plane is not
coplanar withc, the polarizationEic in these experiments is
realized only nominally. Therefore, the experimentally o
tained ratioi i/ i''2 is actually even larger.

The main conclusion that should be drawn from the p
larization indicatricesi w is that as in the case of solid-sta
structures,6 the maximum photocurrent corresponds to t
polarizationEic and, consequently, penetration of the li
early polarized light into the active region of the heteroco
tact takes place without distortions of the parameters of
incident light.

The spectral contour of the natural photopleochroismPN

of the heterocontact CuGS2/protein~Fig. 5! is also similar to
that established for In/CuGaS2 Schottky barriers.6 According
to the selection rules for interbandA transitions, the natura
photopleochroism in CuGaS2/protein structures exhibits a
positive sign and reaches a maximum near the energy of
A transition. Transition to the short-wavelength range i
tiates principally the opticalB andC transitions, allowed in
theE'c polarization, from the detached valence subband
the valence band, which governs the decay ofPN ~Fig. 5!.

It follows from Fig. 5 that the maximum ofPN is shifted
somewhat toward longer wavelengths relative to the ene
of the A transitions. Taking the results of Ref. 11 into a

FIG. 5. Spectral dependence of the natural photopleochroism coefficienPN

of a CuGaS2/protein heterostructure atT5300 K. The inset shows band
structure and selection rules for interband transitions at the center o
Brillouin zone.
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count, this fact points to the presence in the investiga
CuGaS2 crystals of shallow centers which give rise to
anisotropy of the photoconductivity comparable with the
terbandA transitions. The positive sign ofPN for \v,EG

suggests that the levels responsible for this absorption
formed from wave functions of the nearest free bands.

4. CONCLUSION

To summary, heterocontacts of binary II–VI semico
ductors~in the case of CdTe! and their ternary analogs of th
type I–III–VI2 with natural protein possess a photovolta
effect and can be used as wideband photosensors of op
light. They also make it possible to observe variations in
optical properties of proteins. A systematic feature is str
ingly manifested in this new class of photoconverters wh
was established in the investigated crystals of various o
groups. This feature can be described as follows: an
creased level of complexity of the atomic composition
combination with diamond-like phases is the source of n
functional dependences which lead to the creation of n
devices. In the context of the above remarks, our st
shows that the transition from the binary phase~CdTe! to
ternary compounds endows such heterocontacts with a
d
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-

cal
e
-
h
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w
w
y

w

functional capability, consisting in the appearance of pol
ization photosensitivity.
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Fabrication and photosensitivity of AgInSe 2/III–VI isotypic heterojunctions
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AgInSe2 thin films on glass substrates have been prepared by pulsed laser deposition. Rectifying
heterojunctions with a pronounced photovoltaic effect have been fabricated for the first
time by placing such films in optical contact with layered III–VI~InSe, GaSe! semiconductors.
The maximum photosensitivity of such heterostructures is 10– 103 V/W. It is concluded
that the prepared structures can be used as wideband selective photoreceivers. ©1999 American
Institute of Physics.@S1063-7826~99!01210-7#
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INTRODUCTION

Ternary semiconductor compounds of the class I–I
VI2 and their solid solutions form a wide class of materi
which have attracted attention for the purpose of crea
high-efficiency photoconverters of solar energy.1–5 They
possess a high optical absorption coefficient (1042105

cm21) in the limits of the solar spectrum and higher rad
tion hardness in comparison with photoconverters based
silicon and gallium arsenide.2,3 Thin-film solar cells based on
the solid solutions Cu~In,Ga!Se2 have already made it pos
sible to attain efficiencies about 18% on areas of 1 c2

~Refs. 1 and 2!. For a commercial unit consisting of 15 cel
on glass substrates with dimensions 10310 cm2, an effi-
ciency of 13.9% has been obtained.3 Further optimization of
the parameters of such photoconverters lies along the pa
detailed physicotechnological studies of the relationship
tween production processes and the properties of spe
types of structures, and of developing numerous syst
based on the wide class of ternary semiconductors I–
VI2.

in this paper we report the results of initial experimen
studies of the photoelectric properties of isotypic heteroju
tions fabricated by placing the natural cleavage faces of
layered semiconductors InSe and GaSe in optical con
with the outer post-growth surface of thin polycrystallin
AgInSe2 films prepared by pulsed laser evaporation.

PREPARATION OF AgInSe 2 FILMS

As the targets for film deposition, we used AgInSe2 slabs
grown by the Bridgman–Stockbarger method. In the synt
sis we used ingredients with semiconductor degree of pu
1091063-7826/99/33(10)/3/$15.00
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The as-grown crystals were large~diameter 12 mm and
length 30 mm! and homogeneous blocks, as was determin
by x-ray measurements.

Films were sputtered in a vacuum of about 1025 Torr
with the help of a laser operating in the free lasing regi
(l51.06mm, tp51023 s, Ep51502180 J!.6 As the sub-
strates we used chemically cleaned glass plates, whose
perature was held at 4502480 °C. The thickness of the ob
tained layers was 0.620.8mm.

The composition of the AgInSe2 films was determined
by microprobe x-ray spectroscopic analysis. According
the data obtained, the atomic composition corresponds to
stoichiometric formula of the compound AgInSe2 and
showed good uniformity over the area of the entire film~in
the error limits of the method,65%). Thefilms exhibited
high adhesion and possessed a mirror-smooth surface. X
studies showed that in the diffraction patterns of ground
crystals and of films obtained from them by evaporation
vacuum only a system of lines corresponding to chalcopy
structure shows up. As a rule, the films hadn-type conduc-
tivity with free-carrier concentration;1.631017cm23 and
Hall mobility ;95 cm2/(V•s) at 300 K.

EXPERIMENTAL RESULTS

Initial studies of contact phenomena showed that sp
tering of layers of metals~In, Cu, Au, etc.! onto the surface
of AgInSe2 films does not produce rectification or a phot
voltaic effect. Therefore, to obtain photosensitive structur
we examined the possibilities of placing the natural cleav
faces of layered III–VI semiconductors in optical conta
with post-growth outer surfaces of sufficiently high quali
7 © 1999 American Institute of Physics
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of thin polycrystalline AgInSe2 films prepared by pulsed la
ser evaporation.7–10 Single-crystal bars of InSe and GaS
were prepared by directed crystallization of a nearly stoich
metric melt of these compounds. The InSe crystals ha
free-electron concentrationn'1014cm23 and resistivity
r'103 V•cm and the GaSe crystals had the correspond
valuesn'1013cm23 andr'106 V•cm atT5300 K.

When structures are created by cleavage in air fr
single-crystal bars, plane-parallel wafers with high-qua
mirror-smooth surfaces are obtained with area 535 mm2

and thickness 0.220.05 mm.
The design of heterocontacts of single-crystal wafers

III–VI compounds with the outer surface of the thin pol
crystalline AgInSe2 films and the illumination geometriesA
andB used in the photosensitivity measurements are sh
in Fig. 1a, and the heterojunction parameters are listed
Table I. The main results of the experiments are the follo
ing.

Isotypic heterocontacts ofn-AgInSe2 films with III–VI
crystals ofn-type conductivity reproducibly exhibit distinc

FIG. 1. a — Design ofn-AgInSe2 /n-~In,Se, GaSe! heterojunctions and their
illumination schemes~1 — n-AgInSe2 film, 2 — glass substrate,3 — InSe
or GaSe wafer!; b — steady-state current–voltage characteristics of
n-AgInSe2 /n-GaSe heterojunction atT5300 K ~transmitting direction cor-
responds to positive polarity of the external bias on then-AgInSe2 film!.

TABLE I. Photoelectric properties ofn-AgInSe2 /n-InSe~GaSe! isotypic
heterojunctions atT5300 K.

Illumination Illumination
from the III–VI side from then-AgInSe2 side

Type of hn, d1/2 , S, Su , hn, d1/2 , S, Su ,
heterojunction eV meV eV21 V/W eV meV eV21 V/W

n-AgInSe2 / 1.21 40 70 15 1.21 700 70 10
n-InSe
n-AgInSe2 / 1.97 60 29 73103 2.05 460 29 120
n-GaSe
-
a

g

f

n
in
-

rectification. The transmitting direction of these structur
corresponds to the positive polarity of the external bias
the AgInSe2 film. An example of a stationary current
voltage characteristic of one of these heterojunctions
shown in Fig. 1b. In the forward bias regionU.2 V the
current–voltage characteristics obey the law

U5U01R0•I . ~1!

The residual resistanceR0 of the InSe-based heterojunction
is usually'105 V, whereas in the case of GaSe it grows
1062108 V at 300 K. Taking into account the electrica
properties of AgInSe2 films it may be assumed that the ma
contribution to R0 is governed by the properties of th
III–VI wafers. The cutoff voltagesU0 in the InSe structures
are usually found in the limits 0.721.0 V, while for the GaSe
structures they increase to 1.521.8 V.

The n-AgInSe2 /n-III–VI heterojunctions prepared by
the optical contact method reveal a photovoltaic effect. T
sign of the photovoltage does not depend on either the
ergy of the incident photons or on where the light probe~spot
diameter'0.2 mm! is incident on the surface of the struc
tures with illumination geometriesA and B ~Fig. 1a!. Here
the AgInSe2 films are always charged positively, which co
responds to the rectifying direction of the structures. Typi
spectral curves of the relative quantum efficiency of pho
conversionh, obtained as the ratio of the photocurrent to t
number of incident photons forn-AgInSe2 /n-InSe and
n-AgInSe2 /n-GaSe heterojunctions in both illumination g
ometries are shown in Fig. 2. The maximum ofh for InSe-
and GaSe-based heterojunctions is observed in the regio
fundamental absorption of these semiconductors,7,8,10 which
may be due to the existing relations between the electr
parameters of the contacting phases, as a result of which
active region in the heterojunctions is localized mainly
their high-resistance component—then-III–VI compound.
The long-wavelength photosensitivity edge of the hete
junctions illuminated by unpolarized light in the geometri
A andB is exponential and has a steep slope~on a semilog
scale! S5d(lnh)/d(\v) ~see Table I!, which is characteristic
of direct interband transitions in III–VI crystals. The narrow
ing of the spectral bandh for illumination in theA geometry
is noteworthy. It follows from the table that the FWHM~full-
width at half-maximum! d1/2 of the h spectra is an order o
magnitude less than in theB illumination geometry. This fact
has its origin in peculiarities of absorption in the AgInS2

films and the III–VI compounds. The large thickness of t
InSe ('100mm! and GaSe wafers ('50mm! in comparison
with the thickness of the AgInSe2 film (0.8mm! is the main
factor behind the increase in the short-wavelength falloff
h in comparison with theB illumination geometry.

As can be seen from the table, the maximum volta
photosensitivitySu in the prepared heterojunctions is o
served when they are illuminated from the III–VI wafer sid
In this case, a narrow peak is reproducibly present in thh
spectra in the region of the fundamental absorption ed
which is characteristic of the photoconductivity of layer
III–VI semiconductors and is usually attributed to excito
effects.7,11 The presence of this feature in the photosensi
ity spectra of the prepared heterojunctions may be evide

n



ls

en

e
e
ic
-

ar

as
c-
e
e

-
ri-
er
the
-
the
-

any

ly
ce

ed.
VI
e-

se-
se
the
n

of
al
s-

ze
si-

s-
,

S

v-

lidi

’,

co

1099Semiconductors 33 (10), October 1999 Rud’ et al.
of the preservation of the high quality of the III–VI crysta
even after formation of their contact with AgInSe2.

The coincidence of the energy position of the photos
sitivity maximum\v in the case ofn-AgInSe2 /n-InSe het-
erojunctions in two different illumination geometries~Fig. 2,
curves1 and 2! reflects the similarity of the widths of th
band gaps (Eg) of the contacting semiconductors AgInS2
and InSe, which agrees with the data of studies of the opt
absorption of these materials.11 This explanation finds reflec
tion in the transformation of the spectral contourh upon
transition to the heterostructuren-AgInSe2 /n-GaSe~Fig. 2,
curves3 and4!. For illumination in theB geometry the in-
fluence of absorption by then-AgInSe2 film increases and a
maximum inh arises near the band gap energy of the tern
compound.

When the area of the InSe and GaSe wafers is decre
to 131 mm2, the possibility arises of probing the photoele
tric quality of the AgInSe2 layers as a result of shifting th
heterocontact along the film surface, whose area in our

FIG. 2. Spectral dependence of the relative quantum efficiency of photo
version ofn-AgInSe2 /n-InSe ~1, 2! and n-AgInSe2 /n-GaSe~3, 4! hetero-
junctions.1, 3 — illumination from the side of the III–VI wafer;2, 4 —
from then-AgInSe2 side.
-

al

y

ed

x-

periments was'20340 mm2 and in the developed tech
nique of laser deposition is fundamentally unlimited. Expe
ments in which the optical contact of the same III–VI waf
was placed in optical contact with different segments of
AgInSe2 film confirm the high reproducibility of the photo
electric parameters listed in the table, which testifies to
high local uniformity of photosensitivity of the laser
evaporation prepared AgInSe2 films. Also note that the pa-
rameters of the prepared heterojunctions do not reveal
degradation.

When the heterojunctions are illuminated with linear
polarized light along the normal to the photoreceiver surfa
in theA andB geometries, photopleochroism is not observ
This is because, on the one hand, light enters the III–
medium along its isotropic direction and, on the other, b
cause of the polycrystalline nature of the AgInSe2 thin films.

CONCLUSIONS

To sum up, a heterocontact of AgInSe2 thin films with
III–VI layered crystals can be used to create wideband
lective photoconverters of unpolarized radiation, who
spectral range is governed by the atomic composition of
III–VI crystals. In addition, the contacts can find applicatio
in express diagnostics of the properties of AgInSe2 thin
films. The spectral range of the photosensitivity
n-AgInSe2 /n-InSe heterojunctions prepared by the optic
contact method points to the possibility of applying this sy
tem to create high-efficiency thin-film solar cells. To reali
this potential, in our view, requires the use of laser depo
tion of InSe onto the surface of AgInSe2 films in a combined
production cycle.
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Tunneling scanning electron microscopy~TSEM! has been used to study the properties of
n-GaAs~100! epilayers treated in a flow of atomic hydrogen~AH!. The results obtained
demonstrate the effects of atomic-hydrogen treatment on the surface, which consist in
etching out of the surface oxide layer, micropolishing, stabilization in relation to the alkaline
environment~solution of dimethylformamide and monoethanolamine in the ratio 1:3!
and oxidation, as well as a change in the surface structure due to dimer formation. It is found
that treatment with atomic hydrogen leads to the formation of a thin~less than 0.05
mm!, poorly conducting surface layer, which probably greatly affects the static device parameters
of Schottky-barrier diodes. ©1999 American Institute of Physics.@S1063-7826~99!01310-1#
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1. INTRODUCTION

It is known that atomic hydrogen~AH!, by interacting
with semiconductor surfaces, has the capacity to radic
alter their electrical characteristics.1–9 Clearly, the action of
atomic hydrogen on the properties of the surface and
material itself~hydrogenation! is of great practical interest
Studies that have been conducted so far show that pas
tion by atomic hydrogen can be used to protect the surfa
of silicon10–12 and gallium-arsenide13 diodes, to enhance th
efficiency of silicon solar batteries,14,15 enhance the direc
and reverse current–voltage characteristics~CVC! of
Schottky-barrier diodes~SBD!,16–18 and substantially im-
prove the characteristics of silicon field-effect devices.19

In the present study we have used tunneling scann
electron microscopy~TSEM! to investigate the reaction o
the surface ofn-GaAs epitaxial layers treated in an AH flo
to the standard chemical treatment used in photolithogra
to remove a photoresist.

2. EXPERIMENTAL PROCEDURE

Epitaxial layers of GaAs : Sn of thickness 0.5mm, grown
on n1-GaAs : Te substrates with orientation~100!, were sub-
jected to hydrogenation. The charge-carrier concentratio
the epitaxial layer was 3.531016cm23, and in the substrate
231018cm23 . After preliminary chemical cleaning, the ep
itaxial layers were treated with an aqueous solution of a
monium hydroxide NH4OH : H2O 5 1 : 5 ~referred to below
as ‘‘ammonia etchant’’! to remove the native oxide. To pro
tect the surface of then-layer, the 40-mm-diam substrate wa
therefore convered, using a plasma-chemical technique,
a thin insulating film of SiO2, 50 Å in thickness. An ohmic
contact~OC! based on the alloy GeNi1 Au was formed on
the n1-substrate side by electrochemical deposition w
1101063-7826/99/33(10)/8/$15.00
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subsequent annealing at 450 °C for five minutes. The s
strate was then divided into two wafers. The protective S2

film was removed from half of the surface of each wa
using a buffered etchant. In this procedure, as studies o
MII-4 commercial interferometer showed, no steps were
served on the SiO2–free surface boundary.

As was indicated in Ref. 18, treatment in an AH flow
an unprotectedn-GaAs surface leads to an improvement
the static device characteristics of metal–semiconductor c
tacts when the AH-treatment temperature (Ttreat) is raised
from 100 to 150 °C, specifically, a growth of the rever
voltages (Vr) and a decrease of the ideality index (n).

The surfaces of the investigated samples were subje
to AH treatment at a temperatureTtreat5150 °C for 5 min.
The residual pressure in the vacuum chamber, which
pumped out by a turbomolecular pump, was 3.731026 Torr.
The hydrogen flow-rate in all of the experiments was held
700 atm•cm3/h, and the hydrogen pressure in the vacuu
chamber was held at 1.131024 Torr. The surface of the
treated wafers was oriented perpendicular to atom
hydrogen flow. The pressure and spatial orientation of
sample relative to the effusion opening in the atom
hydrogen generator18 give reason to assume that the angle
incidence of the hydrogen atoms did not exceed 15° rela
to the normal to the surface of the epitaxial layer. The u
treated wafer in the figures and in the text is referred to as
original wafer.

The morphology and structure of the surfaces of
samples were studied with the help of a TM-2000 comm
cial tunneling microscope. The surfaces were scanned in
at standard temperature and pressure in the constant-cu
regime. The obtained TSEM images are positive, i.e.,
darker areas of relief correspond to depressions, and
lighter ones, to elevations. To obtain a relatively sharp i
0 © 1999 American Institute of Physics
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1101Semiconductors 33 (10), October 1999 N. A. Torkhov and S. V. Eremeev
age, the potential difference between the needle and the
face of the original~untreated! wafer was chosen to be equ
to 2–3 V.

In this work we present images of the surfaces of
investigated structures with magnifications of 222 and
215216. The 222 magnification~4 194 304x! makes it possible
to study the surface at the atomic level. At the magnificat
of 215 ~32 768x! the resolution of the TSEM allows one t
distinguish details in the surface with dimensions less t
0.01mm. Therefore, in view of the development of the tec
nology of Schottky-barrier field-effect transistors wi
submicron-sized gates it is important to be able to exam
the surface morphology at this level.

To investigate the character of the effect of AH tre
ment on the electrical properties of the surface region of
n-layer, we used another substrate with similar parameter
was then cleaved into six wafers. Five of the wafers w
subjected to AH treatment atTtreat5150 °C for 5 min. They
were then etched on then-layer side in the standard citric
acid etchant with different etching times. The thickness
the etched layer was determined using an MII-4 optical
terferometer from the size of the step at the SiO2–free sur-
face boundary and was found to be equal to 0, 0.03, 0
0.08, and 0.1mm. The spread in the data did not exce
30%. Next, to study the effect of the surface region on
reverse voltageVr , a Schottky barrier was created on ea
wafer using optical photolithography. Schottky barriers
3252mm diameter were formed by electrochemical depo
tion of a gold film in photoresist windows or in windows i
the SiO2 . The reverse voltage was measured at a curren
10 mA. The variation inVr over the wafer did not excee
25%.

In the formation of the Schottky barriers by optical
thography on the original wafers we noted the appearanc
a step at the SiO2–free surface boundary. A detailed analys
of the fabrication process showed that the step appears
result of the interaction of the surface of then-GaAs layer
with the dimethylformamide : monoethanolamine5 1 : 3 so-
lution ~in what follows we call it simply DM solution!. In
light of the fact that the DM solution is widely used in th
fabrication of semiconductor devices~in particular, to re-
move photoresists! and in these situations it often comes in
direct contact with the surface of the semiconductor, it
important to investigate its possible influence on the m
phology and structure of the surface. To study the nature
the interaction of DM solution with a treatedn-GaAs surface,
the wafers were also boiled in this solution for 20 min. T
surface coated with a SiO2 film did not react with the
etchant. After washing in isopropyl alcohol and drying
nitrogen, the etching rate was estimated from the magnit
of the step, measured using an optical interferometer, and
morphology and structure of the surfaces were examined
ing TSEM.

3. RESULTS OF EXPERIMENTS

Optical-interferometric studies of the samples treated
the DM solution revealed a difference in the size of the s
h at the SiO2 film–free surface boundary. Atomic-hydroge
ur-
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treatment leads to a decrease in the etching rate ofn-GaAs.
The magnitude ofh of the original wafer, for example, wa
0.08mm, and for the treated wafer,h50.05mm.

Figure 1 plotsVr values of diode structures as a functio
of the thickness of the etched surface layer after AH tre
ment. An inverse dependence ofVr on the thickness of the
etched surface layer is clearly visible. At a thickness of
etched surface layer of about 0.1mm the values ofVr have
nearly reached the original values.

TSEM images of the surface of the epitaxial layer of t
original wafer and the AH treated wafer are shown in Fig
with a magnification of 222. In the image of the surface o
the original wafer@Fig. 2a# periodicity is absent, and rough
ness in the form of islands of irregular growth, probab
caused by oxidation of the surface, is visible. The shape
the surface treated in AH is smoother@Fig. 2b#. It lacks sig-
nificant roughness, but to make up for it, scattered uniform
over its surface are isolated pits, which, judging from th
dimensions, can be identified as vacancies. In addition,
lated ‘‘flat’’ segments are visible, occupying the space b

FIG. 1. Concentration profiles of an ionized shallow-donor impurity of A
treated samples as a function of the thickness of the etched surface l
1 — original,2 — after atomic-hydrogen treatment,3 — 0.03mm, 4 — 0.05
mm, 5 — 0.08 mm, 6 — 0.1 mm ~a!, and the reverse bias voltageVr ,
measured at a current of 10mA, of a diode structure treated in a flow o
atomic hydrogen as a function of the thickness of the etched surface l
~b!.
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FIG. 2. Images ofn-GaAs surfaces: original~a! and AH-treated~b!. Magnification 231022 .
tu
s

bi-
o
sary
tween the vacancies. For the AH-treated surface, as our s
ies have shown, the appearance of such segment
completely regular and possibly attributable to a change
d-
is

in

the electrical properties of the surface, which leads to sta
lization of the tunneling current in the ‘‘flat’’ segments. T
obtain a relatively sharp image in this case, it was neces
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FIG. 3. Images ofn-GaAs surfaces: original~a! and AH-treated~b!. Magnification 231015 .
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to increase the potential difference between the surface
the needle to 7–8 V. This is a direct indication of a stro
lowering of the conductivity of the surface layer after A
treatment. It is clearly noticeable from a comparison of Fi
2a and 2b that AH treatment of a GaAs~100! surface, in
addition to etching away the native oxide, results in a fi
polishing of the surface since the effective size of the rou
nesses along the vertical~Z axis! in this case is significantly
smaller. The observed surface structure after AH treatm
remained unchanged for several hours.

Figure 3 shows TSEM images of the surface of the e
nd

.

e
-

nt

i-

taxial layer of the original wafer and an AH-treated waf
with a magnification of 215.. The surface of the origina
wafer @Fig. 3a# reveals hilly formations with a characterist
dimension of 0.03–0.05mm and reminiscent of a two
dimensional standing wave. The characteristic size of
roughness along the vertical is approximately 389 nm. T
image of the AH-treated surface@Fig. 3b# at the given mag-
nification differs hardly at all in its character from the orig
nal, but the effective size of the irregularities is nearly h
that of the original surface. To obtain a clearer picture,
image was artificially stretched in theZ direction.
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FIG. 4. Images of the original~a! and AH-treated~b! n-GaAs surface, etched with a solution of monoethanolamine : dimethylformamide5 1 : 3 for 20 min.
Magnification 231015 .
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Figure 4a shows an image of the original surface a
magnification of 222 of samples treated with the DM solu
tion. The presence of individual vacancies and of its clus
is clearly visible. The surface segments free of vacancies
homotypic. The surfac has a 131 structure. Figure 4b show
a

rs
re

an image of a DM-treated surface that had previously b
subjected to AH treatment. In this case, vacancies are es
tially absent on the surface. Extended~dumbbell-like shape!
formations, oriented perpendicular to one another, are
ible.
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FIG. 5. Images of the original~a! and
AH-treated~b! n-GaAs surface, etched
with a solution of monoethanola-
mine : dimethylformamide5 1 : 3 for
20 min. Magnification 231022 .
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Figure 5 shows TSEM images of the same surfaces a
Fig. 4, but at a magnification of 215. It can be seen that th
original GaAs surface@Fig. 5a# after etching is strongly de
veloped. Irregularities formed by individual clusters of o
jects of rounded shape less than 0.01mm in size, are visible.
The AH-processed surface@Fig. 5b# after treatment with the
DM solution has a different morphology. The surface stru
ture has become more uniform. In addition, the irregularit
of the AH-treated surface is significantly lower. Their ver
cal size on the AH-treated surface@Fig. 5b# is significantly
smaller than in Fig. 3a, and small differences in scale
explained by the large slope of the surface shown in Fig.
The irregularities on the surface are distributed more u
formly and their shape is less rounded. Their horizontal s
in

-
s

e
b.
i-
e

is 0.005–0.008mm, on the average. Thus, treatment of t
samples in a flow of atomic hydrogen leads, on the one ha
to micropolishing of the surface and, on the other, to a pr
ervation of this effect after treatment with a solution of dim
ethylformamide and monoethanolamine.

4. DISCUSSION OF EXPERIMENTAL RESULTS

Our TSEM studies have shown that changes in the s
face morphology are observed. As can be seen from Fig
the size of the grains of the AH-treated surface is sign
cantly smaller than on the untreated surface. Studies of
GaAs surface at significantly higher magnification~Fig. 4!
revealed a change in the structure of the surface treated
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DM solution: a decrease in the number of surface dislo
tions, and formation of dimers~hydride phases or paired dan
gling bonds of surface atoms!. It can be seen that dimers o
the higher-lying and below-lying layers are arranged perp
dicular to each other and form a structure on then-GaAs
surface. In their study of a silicon surface the authors of R
3 showed that the state of the surface depends on the ang
incidence of the atomic hydrogen. At an angle of inciden
of the atomic hydrogen exceeding 50°, for example, dim
formation is observed on the silicon surface, i.e., the H ato
do not settle on the dangling bonds, but facilitate their pa
wise joining to neighboring atoms. An increase in the an
at which atomic hydrogen strikes the GaAs~100! surface, as
is indicated in Ref. 2, leads to a lowering of the probabil
of etching-out of surface atoms, and the GaAs~100! surface
remains atomically flat. It was shown in Ref. 2 that af
completion of the process of cleaning with an AH flow, t
dimensionality of the cells of the crystalline lattice on t
surface remains 131. It was also shown that in this cas
enrichment of the surface with gallium atoms is possib
along with a breakdown of the stoichiometry due to eva
ration of the arsenic atoms in the form of hydrides. In o
case, the angle of incidence of the atomic hydrogen did
exceed 15°. In this case, dimer formation on the surface
also observed. In Ref. 20, similar formations on an A
cleaned silicon surface was linked by the authors with f
mation of Si-dimers of the hydride phase. Dimer formatio
on the one hand, can be interpreted as hydride phases o
and Ga. On the other hand, it is entirely possible that
dumbbell-like formations can form as a result of pairing
dangling bonds of neighboring surface atoms of the cry
host. According to our data, this conjecture is supported
the strict orientation of the dumbbell-like formations in th

~011! and (01̄1) directions. The orientation of the dumbbe
like formations was determined from the known orientati
of the substrate. Each As atom on a~100! surface has two
bonds with Ga atoms from the lower-lying layer, which a

oriented in the (01̄1) direction. Thus it may be assumed th
the dangling bonds take part in pairing.

The experimental data show that AH treatment fac
tates not only stabilization of the surface in relation to
alkaline environment, but also oxidation in air.

As a result of the TSEM studies, we found that A
treatment leads to the formation of a surface layer posses
poor conductivity. This is indicated by the fact that to ma
tain the necessary tunneling current after AH treatment
voltage between the needle and the surface had to be
creased from 2–3 to 7–8 V. This is also indicated by o
experiments on determining the dependence ofVr on the
thickness of the etched surface layer of a semiconductor
fer treated in a flow of atomic hydrogen~Fig. 4!. As was
indicated above, etching was effected in this case with
standard citric-acid etchant. We found that for the thickn
of the etched surface layer on the order of 0.1mm the values
of Vr approach their original values. Thus, we showed t
the increase in the reverse voltages of the diode struct
can be explained by the formation of a thin, poorly condu
ing surface layer after AH treatment.
-

-

f.
of

e
r
s
-
e

r

,
-
r
ot
as
-
-
,
As
e
f
al
y

t

-

ng
-
e
in-
r

a-

e
s

t
es
-

From the available experimental data it is hard to co
to any conclusion about the reasons for the decrease in
conductivity of this layer. On the one hand, it may be due
a lowering of the mobility of the majority charge carrie
because of disruption of the crystal structure of the surf
layer; on the other hand, it may be due to a strong lower
of their concentration and a distortion of the potential form
by the metal–semiconductor contact with the Schottky b
rier. It was suggested21 that the conductivity decreases due
the formation of a thin, semi-insulating surface layer. Th
suggestion was based on an interpretation of the unu
character of the behavior of the current–capacitance cha
teristics.

5. CONCLUSIONS

Our results demonstrate a strong dependence of the
of the surface on the means of its chemical treatment and
possibility of enhancing the surface by treatment in a flow
atomic hydrogen, which etches out the oxide layer, m
cropolishes the surface, and stabilizes it in relation to tre
ment in a solution of dimethylformamide : monoethan
lamine5 1 : 3 and in relation to oxidation, and also alters t
surface structure with formation of dimers.

It is found that AH treatment leads not only to a chan
in the surface and the properties of the surface itself, but a
to the formation of a thin~,1 mm!, poorly conducting sur-
face layer, which possibly plays a defining role in the i
crease inVr . Further studies are needed to explain t
mechanism that lowers the conductivity of the surface lay

We wish to thank Cand. Phys.–Math. Sci. A. V. Pan
for making a tunneling microscope available for these th
studies. We also thank Dr. Tech. Sci. V. G. Bozhkov a
Cand. Phys.–Math. Sci. V. A. Kanade� for assistance with
the atomic-hydrogen treatment experiments.
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We have obtained In/HgGa2S4 rectifying photosensitive Schottky barriers. The sensitivity of the
best structures reaches 200 V/W, and it is observed in the spectral range 0.8–3.8 eV at
T5300 K with barrier contact side illumination. It is determined that the photosensitivity spectra
of the Schottky barriers correspond to the photoluminescence of the crystals used to
produce the barriers, and this correspondence is analyzed. It is concluded that the Schottky
barriers can be used for monitoring the optical quality of HgGa2S4 single crystals as wide-band
photodetectors. ©1999 American Institute of Physics.@S1063-7826~99!01410-6#
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One of the most important results of fundamental inv
tigations of multicomponent diamond-like semiconductors1,2

is the discovery of new nonlinear media, with record-hi
nonlinear polarizability.2–5 Variations of the atomic compo
sition of such materials can result in a further increase of
radiation conversion efficiency,6 while the level of optical
absorption in their transmission range is still holding ba
extensive use of the new materials in nonlinear optics. S
semiconductors also include the little-studied ternary co
pound HgGa2S4 with a thiogallate lattice.7,8 This material
holds promise for converting CO2-laser radiation with an
efficiency of up to 60%, for detecting radiation in the atm
spheric transmission window 10–12mm, and for visualizing
the spectra of fast processes in the range 8–12mm.9,10 In the
present paper, we report the results of the first investigat
of the physical properties of HgGa2S4 single crystals, mak-
ing it possible to obtain the first photosensitive structu
based on them, and to demonstrate the new possibilitie
photoelectric spectroscopy in the diagnostics of the per
tion of this material.

1. The HgGa2S4 single crystals were grown by the Lock
heed Sanders~USA! Company using directed crystallizatio
of a melt close to stoichiometry of the ternary compound
a horizontal glassy carbon boat. During slow directed co
ing of the melt at rates of 0.1–0.3 °C/h, the axial temperat
gradient was 1–3 °C/cm, which effectively suppressed cr
formation, mass transfer, and composition disturbances
the solid phase. The ingots obtained had average dimens
103153200 mm and a uniform bright-orange color. Th
cell parameters of these crystals were the same as the kn
parameters for HgGa2S4.7,8
1101063-7826/99/33(10)/3/$15.00
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Electrical measurements performed on single-crystal
fers which were not oriented deliberately show that su
crystals possess free-electron density 1082109 cm23 and re-
sistivity 10921010 V•cm atT5300 K.

2. The contact of pure indium layers, deposited
vacuum thermal sputtering, with a cleaved or polish
HgGa2S4 surface shows sharp rectification, and the transm
sion direction in In/HgGa2S4 Schottky barriers is always ob
tained with positive external bias on the semiconductor.

Figure 1 shows a typical stationary current–volta
characteristic of one of the In/HgGa2S4 Schottky barriers.
The rectification coefficient in the best barriers reached
and the reverse current increased with voltage according
power law and did not exceed (225)31029 A for U<5 V
andT5300 K.

When the Schottky barriers are illuminated with natu
radiation, a photovoltage is generated and the semicondu
becomes positively charged, in agreement with the direc
of rectification. The voltage photosensitivity of the be
Schottky barriers reaches 200 V/W atT5300 K and domi-
nates for barrier contact side illumination.

The typical spectral dependences of the relative quan
efficiencyh of photoconversion for the barriers obtained a
shown in Fig. 2. It is evident that for barrier contact si
illumination photosensitivity ‘‘arises’’ at incident photon en
ergy \v.0.8 eV, and is observed in a wide spectral ran
up to '3.8 eV ~Fig. 2, curves1 and2!. If such barriers are
illuminated on the semiconductor wafer side~Fig. 2, curve
3!, then a sharp short-wavelength boundary arises in thh
spectra and the photoresponse near\v52.48 eV virtually
vanishes for wafer thicknesses 0.1–0.2 mm. This shows
8 © 1999 American Institute of Physics
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for \v.2.3 eV optical absorption in HgGa2S4 increases
rapidly, the carrier photogeneration region is localized in
thin layer near the surface, and because of the short diffu
length, the photoelectrons no longer enter the active reg

FIG. 1. Stationary current–voltage characteristic of an In/HgGa2S4

Schottky barrier atT5300 K. ~Positive external bias corresponds
HgGa2S4).

FIG. 2. Spectral dependences of the relative quantum photoconversio
ficiency of In/HgGa2S4 Schottky barriers atT5300 K ~1, 3—sample 6;2—
sample 10;1, 2—barrier contact side illumination,3—HgGa2S4 side illumi-
nation!. Inset: (h\v)1/2 versus\v for an In/HgGa2S4 Schottky barrier at
T5300 K ~sample 6, barrier contact side illumination!.
a
on
n

of the Schottky barrier and, for this reason, photosensitiv
vanishes. It is important to underscore that for\v,2.25 eV
the h spectra are essentially independent of the barrier i
mination geometry~Fig. 2, curves1 and2!. This attests to a
volume character of photoconductivity, and the observed
ferences in the long-wavelength photosensitivity and the p
ticular features of theh spectra in the region\v,2.3 eV
should be interpreted primarily as being a manifestation
the dependence of the density and nature of point lat
defects on the technological conditions under which
HgGa2S4 single crystals are obtained~Fig. 2!. It is also ob-
vious that measurements of the photosensitivity of Scho
barriers could find application for adjusting the technologi
process, and, correspondingly, increasing the optical qua
of single crystals in their transmission range.

For all In/HgGa2S4 Schottky barriers obtained, the pho
tosensivity for\v.2.3 eV increases sharply at the locatio
of the short-wavelength dropoff ofh, typical of substrate
side illumination, with a transition to barrier contact sid
illumination ~Fig. 2, curves1 and2!. From 2.3 to 2.8 eV this
increase is close to a square-root law, as is indicated by
rectification of the photosensitivity spectra in the coordina
(h\v)1/22\v ~see the inset in Fig. 2!. Extrapolating this
dependence (h\v)1/2→0, we obtain the energyB152.32
eV, which, with allowance for Refs. 10 and 11, can be c
related with indirect optical transitions in HgGa2S4. For
\v.2.85 eV the increase in photosensitivity becom
nearly exponential, and it can be characterized by the sl
s5](ln h)/](\v).12 eV21, which, with allowance for Ref.
12, justifies correlating it with the onset of direct interba
transitions with energyE.2.85 eV, which is close to the
published estimate of the band gap in HgGa2S4.13 The
growth of h in the range\v.E2 up to 3.5 eV ~Fig. 2,
curves1 and2! shows that the Schottky barriers obtained a
adequate with respect to collection of the pairs photogen
ated at the semiconductor surface.

3. Figure 3 shows typical photoluminescence~PL! spec-

ef-

FIG. 3. Spectral dependences of the stationary photoluminescenc
HgGa2S4 single crystals atT577 K. ~Excitation photon energy\vexc

52.88 eV.1, 2—Sample 6;3—sample 10; pump intensityP/P0: 1, 3— 1,
2—0.1.!
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tra of the HgGa2S4 single crystals used to produce Schott
barriers. Photoluminescence was excited by focu
He–Cd laser light $\vexc52.88 eV, P5101821019

photons/~cm2
•s!% which is strongly absorbed HgGa2S4. The

PL spectra were corrected for transmission of the radia
by the optical channel and the spectral sensitivity of the p
todetector; the resolution of the apparatus was not less
1 meV.

The PL spectra at 77 K of all single crystals grown ge
erally include several competing wide bands. The la
width of the PL bands indicates that the observed radia
transitions are not elementary. The ratio of the intensitie
the maxima of the PL bands for our crystals varied fro
sample to sample~Fig. 3, curves1 and 2!. This correlates
with the changes in the spectrah of the Schottky barriers
based on the same samples. The energy position of the
spectra, as indicated in Fig. 3, falls in the transmission ra
of HgGa2S4 substantially belowE1 and therefore it can be
attributed to radiative transitions with the participation
levels of lattice defects.

As the pumping level decreases~Fig. 3, curves1 and3!,
the contribution of the long-wavelength components of
photoluminescence increases and the long-wavelength w
of the PL bands shifts into the long-wavelength spectral
gion. This justifies attributing the observed photolumine
cence to the donor–acceptor recombination.

In summary, the Schottky barriers obtained on the ba
of HgGa2S4 single crystals could find application as phot
detectors for natural light, and with allowance for high t
tragonal compression of the crystal lattice,4 linearly polar-
ized light14 in the spectral range 2.9–3.6 eV. In additio
they are ‘‘blind’’ with respect to radiation with photon en
d
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ergy\v,2.7 eV. At the same time, it should also be unde
scored that investigations of the photosensitivity spectra
Schottky barriers can be used for rapid diagnostics of
optical quality HgGa2S4 single crystals in their transmissio
range (\v,2.3 eV! and therefore for perfecting the techno
ogy of making this material which is so promising for no
linear optics.

We thank A. A. Va�polin for performing the x-ray inves-
tigations of the HgGa2S4 single crystals.
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Effect of hydrogen on the current–voltage characteristics of Pd/ p-InGaAsP
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The effect of hydrogen on the current–voltage characteristics of palladium–semiconductor
barrier structures based on the solid solutions In0.92Ga0.08As0.17P0.83 and In0.53Ga0.47As is
investigated. The hydrogen-induced kinetics of the change in the current in the structures
is studied. It is shown that the response time of the structures decreases with increasing hydrogen
concentration in the gas mixture. The results obtained are discussed from the standpoint of
the adsorption of hydrogen atoms on the semiconductor surface. ©1999 American Institute of
Physics.@S1063-7826~99!01510-0#
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The effect of hydrogen on the electric and photoelec
characteristics of palladium–semiconductor Schottky ba
ers has been studied rather extensively. Barrier struct
based on silicon,1,2, indium phosphide,3,4 gallium
phosphide,5 and gallium arsenide6,7 have been investigate
experimentally. At present, there is, nonetheless, no gen
agreement concerning the mechanism of the hydrogen s
tivity of such structures. According to the model encounte
most often in the literature, the effect of hydrogen on t
characteristics of a Schottky barrier with a palladium cont
is due to a change in the electron work function of pal
dium. At the same time, according to Ref. 4, hydrog
changes the density of surface states of the semicondu
which changes the height of the Schottky barrier.

In the present paper we report the results of an inve
gation of the effect of hydrogen on the current–voltage ch
acteristics of barrier structures based on the solid solut
In0.92Ga0.08As0.17P0.83 and In0.53Ga0.47As. The results ob-
tained are discussed from the standpoint of the adsorptio
hydrogen atoms in the semiconductor surface.

The barrier structures were prepared on the basis of
itaxial layers of a solid solution, which were grown b
liquid-phase epitaxy on semi-insulating InP substrates. L
ers of the solid solution with various compositions, degre
of doping, and type of conductivity were used to obtain t
samples:

1! zinc-dopedp-In0.92Ga0.08As0.17P0.83 layers (Eg51.21
eV, p55.831018 cm23),

2! n-In0.53Ga0.47As layers (Eg50.75 eV, n51.831015

cm23), grown from europium-doped melts,
3! undoped n-In0.53Ga0.47As layers (Eg50.75 eV,

n57.031016 cm23).
The barrier contact was produced by thermal evapo

tion of palladium in vacuum with residual pressure 1025 mm
Hg. The thickness of the deposited palladium was 40 n
and the contact area was 431023 cm2. No special surface
treatment~other than degreasing! was performed prior to
deposition. The structures were fabricated in a planar c
figuration. The ohmic contact to the epitaxial solid-soluti
1111063-7826/99/33(10)/4/$15.00
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layer was produced by annealing indium. The electric ch
acteristics of the barrier structures were measured at 300
an airtight chamber equipped with a fan for mixing the g
mixture.

Investigation of the current–voltage characterist
~IVCs! of Pd/p-InGaAsP structures showed that the dire
IVC branch~Fig. 1! can be described by an exponential fun
tion and can be represented in the form

I 5AT2 expS 2
FB

kTD S exp
qV

nkT
21D , ~1!

whereA is the effective Richardson constant,FB is the bar-
rier height, andn is the nonideality coefficient. The nonide
ality coefficient n for the various diodes falls in the rang
3.3–3.8. The barrier height estimated from the IVCs is 0

FIG. 1. Direct~1,2! and reverse~3,4! branches of the current–voltage cha
acteristics of a Pd/p-InGaAsP structure without H2 ~1,3! and in air contain-
ing 0.5% H2 ~2,4!.
1 © 1999 American Institute of Physics
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eV. In Ref. 8, for a Schottky barrier obtained by depositi
gold on a solid solution Pd/p-InGaAsP with the same com
position as ours (Eg51.21 eV), the value ofFB determined
from the photoelectric measurements was 0.69 eV. The
verse branches of the IVCs for Pd/p-InGaAsP structures ca
be approximated by a power law with exponent 3.0–3.5.

When hydrogen was introduced into the measurem
chamber, both the direct and reverse currents were obse
to decrease for Pd/p-InGaAsP structures. In air with 0.5%
hydrogen, the direct current decreases by a factor of 1.5
the reverse current decreases by a factor of 2. Since the
ideality coefficient in a hydrogen-containing mediu
changes very little, the ratio of the currents in a medium w
and without hydrogen can be written as

I H2

I
5expS 2

DFB

kT D , ~2!

whereDFB is the hydrogen-induced change of the barr
height. A decrease in the direct current by a factor of
~with 0.5% hydrogen! corresponds to an increase of the b
rier height by 0.01 eV.

For structures based on the narrower gap solid solu
n-In0.53Ga0.47As (Eg50.75 eV! with both low (n51.8
31015 cm23) and high (n57.031016 cm23) charge-carrier
density, the direct and reverse branches of the IVC w
virtually identical and had the form of the curve described
a power-law function with an exponent of 1.3~Fig. 2, curve
1!. This form of the IVC seems to be due to the low height
the potential barrier for electrons in a Pd/n-In0.53Ga0.47As
contact. We note that in Ref. 9 linear IVCs were obtained
a Pd/n-In0.53Ga0.47As structure.

Hydrogen increased the direct and reverse current
Pd/n-InGaAs structures, and in the process the IVC a
proached a linear dependence~Fig. 2, curve2!. The sensitiv-
ity of the structure decreased somewhat with increasing
plied bias. In air with 0.5% hydrogen, for example, t
current~both direct and reverse! increased by a factor of 2.4
under a voltage of 0.1 V and by a factor of 1.6 under
voltage of 0.5 V. The dependences of the current incre
DI 5I H2

2I in the structures on the time elasped after
introduction of hydrogen into the measurement chamber

FIG. 2. Current–voltage characteristics of a Pd/n-InGaAs structure without
H2 ~1! and in air with 0.5% H2 ~2!.
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shown in Fig. 3. The current was measured with a direct b
V50.3 V. The time for establishing a stationary value of t
current is 5–7 min.

As follows from Eq.~2!, the changeDFB in the barrier
height is proportional to the logarithm of the current ra
I H2

/I ,

ln
I H2

I
52

DFB

kT
. ~3!

Thus, the time-dependence of ln (IH2
/I ) is determined by the

time-dependence of the barrier height. It is known that
barrier height in structures based on III–V semiconductor
essentially independent of the electronic work function of
metal and is determined by the energy states on the semi
ductor surface.10 At the same time, it has been shown th
treatment of a semiconductor surface with atomic hydrog
can change the barrier height.11 Therefore it can be inferred
that the hydrogen-induced change in the barrier height
metal–semiconductor structures is due to a change in
electronic work function of the semiconductor as a result
the adsorption of hydrogen atoms on its surface. Since
kinetics of adsorption is described, as a rule, by an expon
tial law, the surface characteristics of a semiconductor, s
as the electric conductivity and work functions, change
ponentially in time as a result of the adsorption of molecul
In Ref. 12, for example, it is shown that for adsorption
gases on germanium and silicon surfaces the kinetic cu
of the electronic work function of the semiconductor~in the
region of small variations of the work function! can be ap-
proximated by an exponential dependence. Taking into
count the exponential character of the time-dependenc
the barrier height, we can write expression~3! in the form

ln
I H2

I
52

DFBST

kT F12expS 2
t

t D G . ~4!

Let 2 (DFBST/kT) 5 ln(IH2ST/I ), whereI H2ST is the station-
ary value of the current. We then obtain

ln
I H2

I
5 ln

I H2ST

I
2 ln

I H2ST

I
expS 2

t

t D . ~5!

FIG. 3. Change in the current of Pd/n-InGaAs ~1! and Pd/p-InGaAsP~2!
structures as a function of time after hydrogen is introduced into the m
surement chamber (NH2

50.5%).
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It thus follows that the time-dependence ofI H2
is linear in

the coordinates lnD versust, where

ln D5 lnU ln I H2ST

I
2 ln

I H2

I
U. ~6!

The time dependence ofI H2
for p-InGaAsP-based structure

in the indicated coordinates is shown in Fig. 4~curve1!. The
characteristic timet appearing in the argument of the exp
nent is 2 min. Figure 4 also shows lnD versus the time for
structures based on the solid solutionn-InGaAs for various
hydrogen concentrations~curves2 and 3!. As the hydrogen
concentrationNH2

increases from 0.1 to 1%, the character
tic time t decreases from 5 min to 1 min. The hydrog
concentration dependence of the timet ~Fig. 5! can be ap-
proximated by a power-law functiont;NH2

2m for adsorption

processes, where the exponentm is 0.7. Extrapolation of
the dependence oft on NH2

, which we obtained for
Pd/n-InGaAs structures, to lower and higher hydrogen co
centrations gives good agreement with the response time
Pd/n-InP structures investigated in Ref. 4~12 min for a
0.01% H2 in nitrogen and 1.3 s for 100% H2). In Ref. 12 a
similar dependence oft on NH2

was obtained for adsorptio
on germanium of molecules of substances such as alco
acetone, and carbon monoxide. The exponentm is close to
0.5, irrespective of the type of adsorbed molecules.

Comparing the response times of barrier structures ba
on solid solutions and the Pd/n-Si structures which we inves
tigated showed thatt is several times greater for the silicon
based structures. For a 0.5% hydrogen concentration it i
min. The dependence of the response time on the typ
semiconductor serves as an argument in favor of the m
that explains the hydrogen sensitivity of barrier structures
the interaction of hydrogen with the semiconductor surfa
Another argument in favor of such a model is that the
sponse time~especially for silicon-based barrier structure!
assumes rather high values. Since the hydrogen diffusio
palladium is high (;107 cm2/s at room temperature13!, it is
difficult to imagine that the process leading to the establi

FIG. 4. The quantity characterizing the change in the current
Pd/p-InGaAsP~1! and Pd/n-InGaAs~2, 3! structures versus time for variou
hydrogen concentrations in airNH2

, %: 1—0.1, 2—0.5, 3—1.0.
-
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ment of an equilibrium state on the inner surface of pa
dium can last for 10 min. At the same time, it was shown t
for adsorption the surface of semiconductors such as ger
nium and silicon is charged slowly, and the time for esta
lishing a stationary value of the electronic work function
the semiconductor reaches 100 min.12

In summary, our investigations have shown that the
netics of the hydrogen-induced change in the current in
p-InGaAsP and Pd/n-InGaAs barrier structures can be d
scribed on the basis of a model of adsorption of hydrog
atoms on the semiconductor surface. It was established
the response time of the structures decreases with increa
hydrogen concentration in the gas mixture.

We thank S. V. Ponomarev for growing the epitax
layers of the solid solutions and V. P. Germogenov for he
ful discussions.
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Determination of the electron mobility and density in thin semiconductor films
at microwave frequencies using the magnetoplasma resonance

P. A. Borodovski  and A. F. Buldygin
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630090 Novosibirsk, Russia
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The results of experimental and theoretical investigations of the magnetoplasma resonance at
microwave frequencies (v/2p58 GHz! in AlGaAs/GaAs heterostructures andn-
CdxHg12xTe films at liquid-nitrogen temperature are reported. To explain the experimental
results, an expression is derived for the conductivitysxx(v,B). It is shown that the parameters of
the active layer in the samples — the electron mobility and density — can be determined
by comparing the computational results with the experimental dependences. ©1999 American
Institute of Physics.@S1063-7826~99!01610-5#
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1. INTRODUCTION

Magnetoplasma effects in semiconductors are ordina
investigated experimentally in the infrared range, wh
vt@1 ~see, for example, Ref. 1!. The plasma resonance fre
quencyvp

25ne2(m* «0« r)
21 is determined by the electro

density n and does not depend on the dimensions of
sample. The measured frequency dependences of the ma
toplasma reflection of light in a magnetic field perpendicu
to the plane of the sample~Faraday geometry! also makes it
possible to determine the electron effective massm* and the
momentum relaxation timet by comparing the measure
and computed dependences.

Dimensional resonances~helicons!, which occur when
the sample thickness is an integer multiple of ha
wavelengths, can be observed in experiments at microw
frequencies. Measurement of the wavelength in the samp
resonance makes it possible to determine the carrier den
Here the sample thickness is much greater than the skin-l
depth in a zero magnetic field.

A plasma resonance in small samples~approximately
333 mm!, fabricated using photolithography followed b
etching of the AlGaAs/GaAs heterostructure with a tw
dimensional electron gas~2DEG!, was first observed in Ref
2. The plasma frequency was determined by the densityns

and the diameter 2a of the electron disk:

vp
25pe2ns@am* ~11« r !«0#21.

In a magnetic fieldB the resonance absorption frequen
decreased from 575 GHz (B50) to 120 GHz (B55 T!. The
experiments were performed at 1.4 K temperature and
condition vt@1 was satisfied. In subsequent works, t
magnetoplasma resonances~MPRs! were also observed a
low frequencies (vt!1) in samples with sufficiently large
transverse dimensions, for example, 334 mm ~Ref. 3! and
10311 mm.4 It should be noted that these experiments ha
1111063-7826/99/33(10)/4/$15.00
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also been conducted at liquid-helium temperature and MP
have been observed in quite high magnetic fields, such
sxy@sxx , where sxx and sxy are the components of th
conductivity tensor of the 2DEG. The observed resonan
are called edge magnetoplasmons~EMPs!. A rigorous theory
of EMPs has been constructed by Volkov and Mikha�lov.5

In the present paper we report the results of an exp
mental investigation of MPRs in thin-film samples at 77 K
magnetic fields such that the transmission of a microw
signal at frequencyv,vp is determined by the diagona
componentsxx of the conductivity tensor. The microwav
conductivity of the sample in this case is a complex quan
when vt!1. This occurs for sample dimensions that a
small compared with the microwave waveleng
(a!l/A« r), so that the microwave field inside the samp
depends on the permittivity«0« r , the transverse dimension
and the shape of the sample. In Ref. 2, a simple theore
model was used to determine the microwave conductivity
a sample in the form of an oblate ellipsoid~spheroid! with a
small thicknessd and depolarizing factor known from elec
trostatics. We use similar approach here to analyze theo
cally microwave transmission in a waveguide with a th
film sample. The briefly described approximate theory
microwave measurements is applicable when

a!l/A« r , v!s/«0« r , v!~d2sm0!21,

where m0 is the magnetic permeability. The last conditio
imposed on the frequency means that the film thicknesd
must be much less than the skin-layer depth at the mic
wave frequencyv of the signal.

2. CALCULATION OF THE MICROWAVE TRANSMISSION
COEFFICIENTS

Before discussing the experimental results we shall
tablish the formulas for calculating the microwave transm
5 © 1999 American Institute of Physics
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sion coefficient. The theoretical calculation of the reflecti
coefficient G and the transmission coefficientT for a con-
ducting film that completely covers the cross section o
rectangular waveguide with the basic type of waveH10 has
been examined in Ref. 6. Forgd!1 (g is the propagation
constant in a conducting medium! and the conductivity is
ss5sd5ensm, the formulas forG and T have the simple
form

G5s̄~21s̄ !21, ~1!

T52~21s̄ !21, ~2!

where s̄5ssZg , and Zg5120plg /l is the characteristic
impedance of the waveguide. The microwave absorption
efficient is

A512G22T252s̄~21s̄ !22. ~3!

It follows from the expression~3! that the microwave ab
sorption is maximum fors5ssZg52. However, the micro-
wave transmission varies monotonically as function ofs and
has no minimum, since as the microwave absorption in
film increases, the reflection coefficient, correspondingly,
creases. Thus, for active conductivity~for vt!1) the coef-
ficient T(B) for a microwave signal has no minimum.

We note that forvt.1 the conductivity becomes com
plex s̄5s̄Re1 i s̄ Im ; the real parts̄Re is determined by the
microwave absorption and the imaginary part~the reactive
conductivity! s̄ Im gives rise to a change in phase of t
reflected and transmitted microwave signals. In this cas
minimum can appear in the measurement of the magne
field dependence of the modulus of the transmission co
cient uT(B)u. However, this question falls outside the sco
of this work, and in what follows we shall consider the com
plex conductivity arising in a small sample as a result
magnetoplasma effects forvt!1, v,vp .

Using the theoretical model proposed in Ref. 2, it can
shown that the microwave conductivity of a small sam
placed at the center of the cross section of a waveguid
given by

s6~v,B!5
Fss

12 ivt~vp
2/v221!6 ivct

, ~4!

where the coefficientF,1, which takes into account th
degree to which the film sample fills the cross section of
waveguide, depends on the dimensions of the sam
ss5ensm, ns5nd, m5e/m* t, andvc5e/m* B is the cy-
clotron frequency. According to the more accurate form
of Ref. 7, for diskotic film samples the plasma frequency

vp
253pe2ns@8am* «0~11« r !#

21,

wherea is the radius of the disk, and« r is the relative per-
mittivity of the substrate. The signs6 in the denominator of
Eq. ~4! correspond to the left- and right-hand circular micr
wave polarizations. As is well known, a linearly polarize
wave can be represented as a superposition of two w
with left- and right-hand polarizations.
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The MPR effect occurs when the imaginary part in t
denominator of Eq.~4! is zero, i.e., forvt(vp

2/v221)
7vct50. Therefore, the MPR frequency is

v5Avp
21vc

2/46vc/2. ~5!

In our case, forv,vp we shall be dealing with the low
frequency branch of the MPR, for which the resonance f
quency decreases as 1/B with increasing magnetic field
since

v5
vp

22v2

vc
.

vp
2

vc
;

1

B
.

As is well known,1 for right- and left-hand circular mi-
crowave polarizations the conductivity can be represente
the forms65sxx7sxy . Evidently, the transmission coeffi
cient will also have two valuesT1 andT2 . In approximate
calculations, we shall calculate the modulusuTBu of the trans-
mission coefficient, substituting the conductivitys̄xx5(s̄1

1s̄2)/2 into Eq.~1!. Then

uTBu5F S 11
s̄Re

2
D 2

1
s Im

2

4
G21

, ~6!

s̄Re5FssZg~11m2B21a2!@~11m2B22a2!214a2#21

~7!

s̄ Im5FssZga~12m2B21a2!@~11m2B22a2!14a2#21,
~8!

where a5vt(vp
2/v221), and mB5vct. Analysis of the

formulas presented above shows that the minimum of
modulus of the transmission coefficient, i.e., the MPR, o
curs in a magnetic fieldB5Bm determined by the condition

mBm5a@2A111/a22~111/a2!#1/2, ~9!

mBm.a for 1/a2!1.

It is obvious that an MPR is observed ifa*1, but this does
not require thatvt.1, sincevt can be quite small when
vp

2/v2@1.
For a small sample, the fraction of the transmitted m

crowave power that is absorbed by the sample is small,
to observe an MPR it is desirable to record the relat
change in the transmission coefficient in a magnetic field

DT/uT0u5uTBu/uTB50u21.

In the absence of an MPR, i.e., forv*vp andvt!1, when
a!1, a simple formula can be obtained for the relati
change in the microwave transmission coefficient in a m
netic field:

DT/uT0u.
s̄0

2
m2B2Fm2B21S 11

s̄0

2
D 2G21

,

s̄05FssZg . ~10!

The effect of the substrate was disregarded in the deriva
of the formulas for the approximate calculation of the tran
mission coefficientuTu. It was assumed that the thicknessd
of the substrate with permittivity«0« r is much less than the
wavelength (d!l/A« r).
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3. EXPERIMENTAL RESULTS

AlGaAs/GaAs heterostructures andn-CdHgTe ~CHT!
epitaxial films grown on GaAs substrates by molecular-be
epitaxy were used for the experiments. The dimensions
the samples in the first group were approximately 333 mm.
The samples with an epitaxial CHT film were prepared us
photolithography followed by etching to obtain 0.730.7-mm
mesa structures separated by 0.3 mm~16 mesa structures o
a 434-mm substrate!.

For microwave measurements the samples were pla
between thin mica sheets in the central part of the cr
section of a rectangular waveguide (5323 mm). The wave-
guide section containing the sample was placed between
poles of an electromagnet and cooled with liquid nitrogen
similar apparatus is described in greater detail in Ref. 8.
measurements were performed at 8 GHz. The output vol
UB of the microwave detector, proportional to the modu
uTBu of the transmission coefficient~linear detection regime!,
was measured with a digital voltmeter and fed simul
neously into theY input of a recorder. The voltage from
Hall sensor, proportional to the magnetic field, was fed i
the X input. Compensating the voltageU0 from the detector
at the initial point (B50) and using a recorder with
mV/cm sensitivity, it is possible to detect reliably sma
changes in the transmission coefficient by scanning the m
netic field from 0 to 0.7 T~with accuracyDU/U0.1023).

Figure 1 shows the results of measurements
DU(B)/U0 and the computed dependencesDT(B)/uT0u for
three samples fabricated from AlGaAs/GaAs heterostr
tures with different electron densitiesns . An MPR effect is
not observed in sample 1, and Eq.~10! can be used to deter

FIG. 1. Magnetic-field dependences of the microwave transmission
waveguide with ann-AlGaAs/GaAs sample at liquid-nitrogen temperatur
The numbers on the curves correspond to the sample numbers in Tab
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mine the electron mobilitym and the effective conductivity
s̄05FensmZg . For the other two samples an MPR is o
served~a minimum of the microwave transmission! for mag-
netic fieldsBm50.09 and 0.167 T. The plasma frequency

vp5Av~v1e/m* Bm!, ~11!

can be determined from the resonance condition~5! if Bm is
known, and therefore the electron densityns can be deter-
mined for the known dimensions of the sample. The para
eters for which the computed dependences in Fig. 1 w
determined are presented in Table I. The valuesm* /m0

50.068 and« r513 were used, and the disk diameter 2a was
assumed to be equal to the edge length of a square~see Table
I for the dimensions!. The values ofns andvp/2p for sample
1 were estimated by comparing the adjustable parametes̄0

with the similar value ofs̄0 for sample 3, whose dimension
are approximately the same.

We did not perform Hall measurements on the expe
mental samples, but we can say that the values ofm andns in
Table I agree with the certificate parameters of the structu

FIG. 2. Measured~symbols! and computed~solid lines! magnetic-field de-
pendences of the microwave transmission of a waveguide containing
sample. Samples with ann-CdxHg12xTe film ~see Table I! with composition
and thicknessd: a — x50.22,d59 mm; b — x50.23,d510.8mm. Tem-
peratureT, K: 1—80, 2—130,3—150.

a

I.
TABLE I.

Sample No. Size m, ns , vp/2p,
~structures! in mm 104 cm2/(V•s) 1011 cm22 s̄0 GHz vt vt(vp

2/v221)

1~GA106R! 333 6.8 3.26 0.104 15.58 0.132 0.37
2~GA17123! 2.732.8 11.5 5.26 0.28 19.8 0.223 1.15
3~GA33R! 333.3 9.5 10.3 0.41 25 0.185 1.62
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TABLE II.

n-Cd0.22Hg0.78Te n-Cd0.23Hg0.77Te

m, ns , m, ns ,
T, K 104 cm2/(V•s) 1011 cm22 s̄0 vp /v 104 cm2/(V•s) 1011 cm22 s̄0 vp /v

80 7.2 1.5 0.42 8.35 2.9 5.57 0.54 13
130 3.7 2.36 0.39 9.925 2.24 6.74 0.48 13.7
150 2.1 4.98 0.36 14 1.8 9.88 0.52 16.37
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used to prepare the samples. For example, for sample 2
certificate parameters~Hall mobility and electron density!
are mH51.383105 cm2/~V•)s and ns55.1631011 cm22,
which are close to the values ofm andns presented in Table
I. It should be noted that when the computed dependen
DT(B)/uT0u are fitted to the experimental dependenc
DU(B)/U0 using Eqs.~6!–~10!, the value of the paramete
m is less critical than that ofvp , so that the error in deter
mining the electron mobilitym is greater than that forns .

The results of the measurements and calculations for
samples with CdHgTe~CHT! films at temperatures 80, 130
and 150 K are shown in Figs. 2a and 2b. As is well know
the electron density increases with temperature and, as
can see from Fig. 2, the MPR shifts into the range of h
magnetic fields. It should be noted that the electron effec
massm* /m0 also changes appreciably, which was taken i
account in the calculations~the data from Ref. 9 were used!.
The parameters obtained by comparing the experimental
the computed dependences are presented in Table II.
first sample, fabricated from an epitaxial structure with fi
thicknessd59 mm, possesses atT580 K the established
values of the volume densityn5ns /d51.6631014 cm23

and mobility m57.23104 cm2/~V•s!, close to the Hall pa-
rameters of the initial structure at liquid-nitrogen tempe
ture:nH52.331014 cm23 andmH57.83104 cm2/~V•s!. For
the second sample, with film thicknessd510.8mm, the pa-
rametersn55.1531014 cm23 and m52.93104 cm2/~V•s!
established at 80 K differ substantially from the Hall me
surements for the initial epitaxial structure:nH51015 cm23

andmH51.23105 cm2/~V•s!. This discrepancy could poss
bly be explained by the nonuniformity of the film paramete
over the area, and Hall measurements directly on the exp
mental samples are required. At temperatures 130 and 15
the electron densities established from the MPR~see Table
he
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K,

II ! agree well with the valuesns5nd56.6431011 cm22 and
ns59.831011 cm22 obtained from the calculation using th
formulas from Ref. 9.

It should also be noted that the formulas for calculati
DT(B)/uT0u were obtained without allowance for the Far
day rotation and the concomitant ellipticity, which could a
ready be substantial for film thickness on the order of 10mm
with sufficiently high electron mobility and density.

4. CONCLUSIONS

On the whole, it can be concluded that the magne
plasma resonance method at microwave frequencies ca
used as a rapid, contact-free method for determining the d
sity and mobility of electrons in small, thin-film samples an
mesa structures on high-resistance substrates.

We wish to thank A. I. Toropov, N. T. Moshegov, Yu
G. Sidorov, and V. S. Varavin for providing the thin-film
semiconductor structures. We also thank V. V. Vasil’ev a
T. I. Zakhar’yash for preparing samples with CdxHg12xTe
films.
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Modeling of the electron distribution in AlGaAs/GaAs „d-Si… structures grown on vicinal
surfaces
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The potential and electron density distributions in AlGaAs/GaAs~d-Si! structures grown on
vicinal surfaces are calculated. It is shown that a lateral superlattice can form in the structures.
The optimal technological parameters for obtaining a superlattice are estimated.
© 1999 American Institute of Physics.@S1063-7826~99!01710-X#
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Low-dimensional structures with vicinal interface
which make it possible to obtaind-layered, laterally modu-
lated doping in the structures and thereby to influence
charge-carrier transport, have recently been studied.1,2 It is of
interest to investigate the effect of the technological para
eters on the distribution of the potential and the density
two-dimensional electrons in such structures. We have
cordingly performed model calculations of these distrib
tions in an AlGaAs/GaAs (d-Si! structure with a GaAs vici-
nal boundary. Thed-doped layer was treated as a period
system of charged filaments, separated by distanced, with
linear charge densityN and located at a distancet ~spacer
thickness! from the potential well in GaAs~Fig. 1!. Strictly
speaking, a self-consistent system of equations, including
Poisson and Schro¨dinger equations, must be solved to det
mine the potential in such a structure. This is a difficult pro
lem in the two-dimensional case. We confined our attent
to solving the two-dimensional Poisson equation in
Thomas–Fermi approximation,3 since it is known that this
approach gives for ad-doped quantum well a potential that
very close to that obtained in self-consistent calculation4

The Poisson equation was solved numerically, taking i
account the electric neutrality of the system. To avoid sin
larities in the potential from the filaments, the latter we
treated as having a finite thickness on the order of ato
dimensions. The computational results changed very l
when the thickness of the filament was increased several

As expected, the calculations showed that the poten
and electron density distributions in the GaAs well along
heterojunction is periodic. The maximum density occurs a
coordinate along the boundary corresponding to the posi

FIG. 1. Schematic representation of the simulated structure.
1111063-7826/99/33(10)/2/$15.00
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of the filament and the minimum density occurs midw
between two filaments. The degree of modulation of the d
sity, i.e., the difference between the maximum and minim
values, is large in structures with extremely small spa
thickness. As the spacer thickness increases, the degre
modulation decreases appreciably. For example, for a st
ture with periodd516 nm and spacer thicknesst510 nm
there is virtually no modulation of the distribution, since he
the electron gas in a GaAs well is located at a distance fr
the filaments comparable to the distance between the
ments. The degree of modulation increases with the perio
the system of filaments.

The dependence of the electron density distribution
the GaAs well on the charge density on a filament is int
esting ~Fig. 2!. The degree of modulation of the potenti
increases with the charge, which at first increases the mo
lation of the density. However, largeN causes overlapping o
the two-dimensional electron gas~2DEG! in the GaAs well,

FIG. 2. Density distribution of an electron gas in a GaAs well for line
charge density on the filament,N, cm21: 1—43106, 2—63106, 3—
83106. Spacer thicknesst53 nm.
9 © 1999 American Institute of Physics
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and the gas decomposes into a system of isolated
dimensional channels — quantum wires. Such systems c
be interesting from the standpoint that the transverse mo
in them is quantized, and the conductivity along these ch
nels can be high.5 The densityN at which a transition occurs
to a system of one-dimensional channels depends on
spacer thickness. Fort52 nm andd516 nm the overlapping
of the 2DEG occurs whenN.43106 cm21, and for t 53
nm it occurs whenN.63106 cm21. For t51 nm overlap-
ping of the 2DEG occurs at least atN553105 cm21. When
the period of the system of filaments is large, decomposi
of the 2DEG into a system of quantum wires starts at a lar
spacer thickness for the same charge density on the filam
for d532 nm andt55 nm this occurs even forN553105

cm21. It is obvious that the conductivity in such structur
should be anisotropic, especially with a transition to a sys
of quantum wires.

Figure 3 shows the density of the electron gas in a Ga
well, averaged over the periodd516 nm, as a function of the
linear charge density on a filament. These dependences
nonmonotonic, in contrast to the dependences for ordin
structures with modulated doping. This is explained by
characteristic features of the screening of the potential o
charged filament by the electron gas. As our numerical
culations showed, the screening of the filament charge
electrons is weaker than the screening of planar charge
the charge on a filament increases, the potential well aro
it becomes deeper~Fig. 4! and increasingly larger number o
electrons are confined in the potential well around the fi
ment. For filament periodd516 nm, the 2DEG density
reaches high values — about 331012 cm22. For a spacer
with t53 nm, decomposition into a system of on

FIG. 3. Average electron density^nGaAs& in a GaAs well versus the charg
N on a filament for a 16-nm period and a 3-nm~1! and 5-nm~2! spacer
thicknesses. The arrow indicates for curve1 the densityN1 , above which
the gas in GaAs decomposes into a system of one-dimensional chann
e-
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n
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nt:
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are
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e
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dimensional channels already occurs soon after the m
mum, and at the maximum itself we have a high degree
density modulation~Fig. 2, curve2!. As the spacer thicknes
increases, the 2DEG density decreases~Fig. 3, curve2!.

In summary, we have simulated the potential distributi
and electron density distribution in AlGaAs/GaAs (d-Si!
structures grown on vicinal surfaces. The computational
sults show that a lateral superlattice can form. For a 16-
lattice period the optimal parameters are a linear charge d
sity (526)3106 cm21 on the filaments and spacer thickne
3–5 nm. The two-dimensional electron gas density is ab
331012 cm22 with a large modulation amplitude. For hig
charge densities of the filaments, the two-dimensional e
tron gas decomposes into a system of one-dimensional c
nels — quantum wires.

This work was supported by the Russian Fund for Fu
damental Research~Project No. 96-02-19371a!.
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.

FIG. 4. Profile of the conduction band edgeEc perpendicular to the hetero
junction for a structure with a 16-nm period, spacer thickness 3 nm,
filament charges 43106 cm21 ~1! and 107 cm21 ~2!. Ec is measured from
the position of the Fermi level.
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Effect of the configuration of a quantum wire on the electron–phonon interaction
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The dissipation of the electric current on acoustic phonons in a one-dimensional conductor is of
an activational character. The activation energy of phonon scattering of an electron depends
on the spatial configuration of the conductor. For this reason, electron scattering by phonons can
be substantially weakened and the phonon contribution to the resistance thereby can be
decreased by choosing an appropriate form of the conductor. ©1999 American Institute of
Physics.@S1063-7826~99!01810-4#
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One of the high-priority problems in modern semico
ductor physics is to develope structures with prescribed
ues of the electrical parameters, most importantly the c
ductivity. It is known that the conductivity of real structure
is limited by scattering by lattice defects and by phono
Modern technologies make it possible to eliminate defect
the crystal structure, while in order to decrease phonon s
tering it is necessary to develop a method for controlling
electron–phonon interaction. Previous investigations1,2 have
shown that the matrix elements of the electron–phonon
teraction can be substantially decreased and the phonon
tering mechanism can therefore be substantially suppre
by creating artificial crystal structures with prescribed p
rameters of the electron energy spectrum or by manipula
the electron energy spectrum in two- and three-dimensio
systems by means of external perturbations~quantizing mag-
netic field, static deformation of the crystal, and others!.

A qualitatively different~and substantially more effec
tive! method of decreasing scattering by phonons can
implemented in one-dimensional conducting structu
~quantum wires! with a nonlinear configuration. The physic
factor responsible for the effect of the configuration of
quantum wire~QW! on the phonon scattering of electrons
that the potential of any elementary interaction in a so
~electron–electron, electron–photon, electron–phonon,
so on! is three-dimensional, while the translational motion
an electron in a QW is one-dimensional. By prescribing
electron trajectory in three-dimensional space by mean
the configuration of the QW it is possible to change qual
tively the effective interaction potential. This was first not
in Ref. 3. Subsequent investigations4,5 have shown that the
configuration of the wire influences very critically th
electron–electron and electron–photon interaction proces
In this sense, the electron–phonon interaction also should
be ruled out. As will be shown below, electron scattering
acoustic phonons can be greatly weakened by making
appropriate choice of the form of the QW.

Real QWs are conducting channels which are embed
in a three-dimensional crystal. For this reason, phonon s
tering in QWs is due to the interaction with thre
dimensional phonons and the electron–phonon interac
potential at the pointr , in general, has the form
1121063-7826/99/33(10)/3/$15.00
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U~r ,q,t !5Ũ~q!exp~ i q•r !exp@2 i «̃~q!t/\#, ~1!

whereq is the three-dimensional phonon wave vector,«̃(q)
is the phonon energy, and the explicit form of the functi
Ũ(q… depends on the choice of the specific model of
electron–phonon interaction. The electron wave function i
one-dimensional rectilinear conductor is

ck~s,t !5A1/L exp~ i k s!exp@2 i«~k!t/\#, ~2!

wherek is the wave number corresponding to the motion
an electron along the QW,s is the coordinate measured alon
the QW,L is the length of the QW, and«(k)5\2k2/2m is
the electron energy. In accordance with the stand
quantum-mechanical relations, the lifetimet(k) for an elec-
tron in the statek in the presence of the perturbation~1! is
determined by the expression

1

t~k!
5(

q

1

t~k,q!
, ~3!

where

1

t~k,q!
5

2p

\ (
k8

$12 f @«~k8!#%

3$uUk8k
(2)

~q!u2d@«~k8!2«~k!2 «̃~q!#

1uUk8k
(1)

~q!u2d@«~k8!2«~k!1 «̃~q!#% ~4!

determines the electron lifetimet(k,q) in the statek in the
presence of an interaction with the phononq. Here f @«(k)#
is the Fermi–Dirac distribution function

Uk8k
(6)

~q!5
Ũ (6)~q!

L E
2L/2

L/2

exp$ i @qxx~s!1qyy~s!

1qzz~s!#%exp@ i ~k2k8!s#ds ~5!

is the matrix element of the electron–phonon interaction
tential ~1! for a transition of an electron from the statek into
the statek8, the signs6 in the matrix element correspond t
phonon emission and absorption, andx(s), y(s), and z(s)
are the Cartesian coordinates of the points on the one-
dimensional conductor. We shall consider a QW embed
1 © 1999 American Institute of Physics
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1122 Semiconductors 33 (10), October 1999 O. V. Kibis
in a three-dimensional isotropic elastic continuum, charac
ized by densityr and longitudinal sound velocityv l , such
that the Fermi velocity of the electrons in the QW satisfi
vF@v l . We shall use the deformation potential method
describe the interaction of electrons with acoustic phono
so that the expression~1! assumes the form

U~r ,q,t !5J div u~q!, ~6!

whereJ is the deformation potential constant, andu„q… is
the deformation vector of the elastic medium for a phon
with wave vectorq. For the interaction potential~6! Ũ (2)(q)
is given by

Ũ (2)~q!5F\n~q!q

2Vry l
G1/2

J, ~7!

wheren(q) is the phonon occupation number, described
the Bose–Einstein function, andV is the volume of the three
dimensional elastic continuum. The quantityŨ (1)(q), corre-
sponding to phonon emission, is obtained from Eq.~7! by
formally replacingn(q) with n(q)11. With Eqs.~4!–~7! the
expression~3! becomes

1

t~k!
5

pJ2

ry lL
2V

(
q

(
k8

q$12 f @«~k8!#%uJ~k,k8,qu2

3$n~q!d@«~k8!2«~k!2 «̃~q!#

1@n~q!11#d@«~k8!2«~k!1 «̃~q!#%, ~8!

where

J~k8,k,q!5E
2L/2

L/2

exp$ i @qxx~s!1qyy~s!

1qzz~s!#%exp$ i ~k2k8!s%ds.

Since the Fermi surface in a QW consists of only tw
points, dissipation of the electric current in the QW occurs
a result of the scattering of electrons from one Fermi po
into the other. It is obvious that in a rectilinear QW, su
scattering processes are due to the interaction of elect
with phonons whose wave vectorq>2kF . Since the energy
of such phonons satisfies«̃(q)>«̃(2kF) and is substantially
different from zero for a prescribed value of the Fermi wa
vectorkF , electron scattering by acoustic phonons in a Q
is an inelastic process, in contrast to scattering by acou
phonons in two- and three-dimensional systems. This res
in a qualitatively different picture of current dissipation in
QW at low temperatures

T! «̃~2kF!/KB , ~9!

where «̃(2kF)52\v lkF , and KB is Boltzmann’s constant
The scattering probability due to absorption of a phonon~the
process 1 in Fig. 1! is exponentially small, since at low tem
peratures~9! there are few phonons with energy«̃(q)
>«̃(2kF). The scattering probability due to emission of
phonon~the process 2 in Fig. 1! is exponentially small be-
cause of the Pauli principle, since at temperatures co
sponding to the inequality~9! the region of thermal broaden
ing of the Fermi–Dirac distribution function near the Fer
r-

s

s,

n

y

s
t

ns

tic
lts

e-

i

level is much smaller than the minimum energy«̃(2kF) of
the emitted phonon. Therefore, when the condition~9! holds,
the probability of phonon scattering of an electron satisfi

W}expS 2
2\y lkF

KBT D . ~10!

It follows from the relation~10! and the preceding qualitativ
arguments that phonon scattering of electrons in a QW is
an activational character, and the activation energy of
phonon mechanism of scattering in a rectilinear QW is

«a052\y lkF . ~11!

Using Eq.~8! to calculate the electron lifetimet(kF) at the
Fermi level in a rectilinear QW for the scattering process
shown in Fig. 1, we obtain the expression

1

t~kF!
5

4J2mKBTkF

pry l
2\3

expS 2
«a0

KBTD , ~12!

if the condition ~9! is satisfied. This expression is in com
plete agreement with the qualitative analysis. The activat
energy of phonon scattering can be substantially increa
by changing the configuration of the QW. This will expan
the temperature range in which the phonon contribution
the resistance is exponentially small. As a specific exam
we shall consider a QW in the form of a helix. Since t
curvature of such a QW is the same at all points, the w
vector of the electron along the helical QW is a conserv
quantity just as the wave vector of an electron along a re
linear QW. Under this circumstance, the relation~8!, written
for a rectilinear QW, remains in force for a helical QW
where

x~s!5R cos~2ps/ l !, y~s!5R sin~2ps/ l !, z~s!5sh/ l ,

R is the radius of the helix,h is the pitch of the helix, and
l 5A4p2R21h2 is the length of the helix. Calculating for
helical QW the electron lifetime at the Fermi level using E
~8!, we find forKBT!«a andKBT!hv l /R

1

t~kF!
5

4J2mKBTkF

pry l
2\3 S l

hD 3

expS 2
«a

KBTD , ~13!

FIG. 1. Electron–phonon scattering processes near the Fermi energy«F in a
rectilinear quantum wire:1—with phonon absorption,2—with phonon
emission.
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where the activation energy of phonon scattering of an e
tron in a helical QW~the energy of a phonon which transfe
an electron from one Fermi point into another on the heli
QW! is

«a5
2\y lkFl

h
. ~14!

Comparing the activation energies~11! and ~14!, we obtain

«a

«a0
5

l

h
. ~15!

It follows from the relations~13!–~15! that to increase the
lifetime t(kF) at the Fermi level and to obtain the associa
increase in conductivity the values of the parametersh/ l and
R of the helical QW must be small. Specifically, at liqui
helium temperatures andkF.106 cm21, v l.106 cm/s, R
.1026 cm, andh/ l .1022 it follows from Eqs. ~12! and
~13! that the phonon-scattering-induced transport electron
laxation time at the Fermi level in a helical QW is tens
orders of magnitude greater than the relaxation time in s
rectilinear QW.

The single-electron approximation was used in the d
vation of the basic relations obtained in this paper. This
proximation is valid if the electronic system can be treated
a Fermi gas. At the same time, it is known that the format
of an electron liquid in a one-dimensional conduc
~Tomonaga–Luttinger liquid! leads to an energy spectrum
elementary excitations of the electronic system that is qu
tatively different from that of a Fermi gas~see, for example
the review in Ref. 6!. Thus, it is necessary to formulate
c-

l

d

e-

h

i-
-
s

n
r

li-

criterion of applicability of the single-electron approximatio
in the problem solved in the present paper. For the hel
QW considered here, the single-electron approximation c
tainly holds for the electron–phonon processes shown in
1, if the energy~14! of such phonons is much higher than th
characteristic electron–electron interaction energye2/er ,
where e is the dielectric constant of the medium, andr
5p/kF is the distance between the electrons. This criter
can be written explicitly as

e2

2p\y le l

h

l
!1,

and it holds, in particular, for the parameter values used
obtain the previous estimate oft(kF) in a helical QW. The
conclusion that the phonon dissipation of current in a heli
QW is strongly suppressed therefore remains valid when
electron–electron interaction is taken into account.

* !E-Mail: Oleg.Kibis@nstu.ru; Fax: 7–3832–460209
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The energy and momentum relaxation of hot electrons inn-type GaAs/AlAs quantum wells is
studied. Hot photoluminescence due to the recombination of hot electrons with holes
bound on Si acceptors is observed in structures with a high level of doping with silicon. Using
the method of magnetic depolarization of hot photoluminescence, the probability of
scattering of hot electrons is found to decrease substantially with increasing temperature in the
range 4–80 K. This effect is shown to be due to the ionization of donors. It is established
that the probability of inelastic scattering by neutral donors is several times greater than the
probability of quasielastic electron–electron scattering. ©1999 American Institute of
Physics.@S1063-7826~99!01910-9#
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1. INTRODUCTION

It is known that the main mechanism of scattering of h
electrons in lightly or moderately doped bulk GaAs a
structures with GaAs/AlAs quantum wells~QWs! is inelastic
scattering by optical phonons.1,2 It has been shown that a
the dopant density~acceptors! increases inp-type structures
(NA>1018 cm23), an additional scattering process due to t
inelastic interaction of hot electrons with neutral accept
appears.3 This is valid for bulk GaAs and for a GaAs/AlA
QWs.

A Mott transition occurs in bulkn-type GaAs with donor
densityND'531016 cm23, causing the semiconductor to b
degenerate at low temperatures. The degeneracy inn-type
samples occurs much earlier than inp-type structures, be
cause the ionization energy of donors is lower than tha
acceptors. The main mechanism of scattering of hot elect
in silicon-doped bulkn-GaAs with silicon densitiesNSi>7
31017 cm23 is inelastic scattering by coupled phonon
plasmon modes.4 In QWs size quantization increases t
binding energy of electrons on donors. As a result, the M
transition shifts to higher impurity densities. This makes
possible to investigate a system containing a large numbe
mutual donors and not an electron gas.

The main objective of the present work is to study t
scattering of hot electrons in QWs heavily doped with silic
~n-type conductivity!.

2. EXPERIMENTAL RESULTS

2.1. Hot photoluminescence in n-type quantum wells

The experimental GaAs/AlAs structures were grown
molecular-beam epitaxy on~100! substrates. The well width
in each structure was 40 Å , and the barrier width was 80 Å
1121063-7826/99/33(10)/4/$15.00
t

e
s

f
ns

tt
t
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~in what follows 40 Å /80 Å! with 80 periods. The centra
part of the wells (;20 Å ) was doped with silicon, while the
regions adjoining the interfaces remained undoped. The
con density for different samples varied in the ran
NSi54310102431011 cm22. Moreover, a similar structure
50 Å /80 Å with silicon density 531011 cm22 was also
investigated. The samples were placed in a helium cryo
with a variable holder temperature. To obtain magnetic fie
up to 7.5 T, a superconducting magnet was placed in
cryostat. A Kr1 laser with photon energy\vexc51.92 eV as
well as a dye laser~DCM dye! pumped with an Ar1 laser
were used to excite the hot carriers. The pumping density
the sample wasP<100 W/cm2. DFS-24 and SPEX-1877
spectrometers, equipped with a cooled FE´U-79 photomulti-
plier and a multichannel detector~CCD camera!, respec-
tively, were used to detect the luminescence.

In n-type structures with silicon densityNSi.1011 cm22,
we observed low-temperature donor–acceptor luminesce
shifted in the spectra in the direction of energies lower by
meV from the excitonic line. The donor–acceptor lumine
cence vanishes as temperatureT increases to 50–60 K. This
is evidently due to the ionization of the neutral Si donors.
the same samples withNSi.1011 cm22, we observe high-
frequency luminescence near the exciting laser line, wh
spectrum atT59 K and NSi51.631011 cm22 is shown in
Fig. 1 ~solid line!. For comparison, the hot photolumine
cence~HPL! spectrum at the same temperature in a stron
doped p-type QW with beryllium densityNBe5131012

cm22 ~dashed line! is also shown in Fig. 1. The narrow
peaks with photon energy\v lum51.89 eV correspond to Ra
man scattering of light and are not discussed below.

The observed luminescence inn-type QWs possesses th
following properties.

a! As follows from Fig. 1, the form of the spectrum i
4 © 1999 American Institute of Physics
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1125Semiconductors 33 (10), October 1999 Akimov et al.
similar to that of the HPL spectrum in strongly dopedp-type
QWs.

b! The intensity varies quadratically with the power de
sity of the exciting light.

c! With linear and circular polarization of the excitin
light the luminescence is linearly and circularly polarize
respectively; the sign of the charge of the recombining c
riers, which was determined from the change in the Sto
parameters in a magnetic field,1 is negative and therefor
corresponds to electrons.

In p-type structures, HPL is due to the recombination
hot electrons from the first conduction subband with ho
bound on acceptors~transitions of the type 1e→A0).1,2

Therefore, it follows from the properties a!–c! listed above
that in the QWs investigated, forNSi.1011 cm22, HPL cor-
responding to the same optical transitions as inp-type QWs
is observed near the excitation line. The point is that silic
in GaAs is an amphoteric impurity, and at hot doping lev
it can become not only a donor but also an acceptor.5 This
makes it possible to investigate recombination radiation
hot electrons with holes at Si acceptors in the presence
large number of Si donors. In the structures investigated,
donor density is higher than the acceptor density,ND.NA

~n-type!.

2.2. Probability of scattering of hot electrons

We used the method of depolarization of HPL in a ma
netic field ~Faraday geometry! to measure the probability o

FIG. 1. Hot photoluminescence spectra ofn-type QWs doped with silicon to
densityNSi51.631011 cm22 ~solid line! and p-type QWs doped with be-
ryllium to densityNBe5131012 cm22 ~solid line! with excitation photon
energy\vexc51.92 eV.T59 K. The pointa corresponds to the energy o
the radiation of hot electrons from the point of creation into the ground s
of the acceptor.
-

,
r-
s

f
s

n
s

f
a
e

-

scattering of hot electrons. The magnetic-field dependenc
the linear polarization is described by the Lorentz formul1

r~B!

r~0!
5

1

11~2vct!2
, ~1!

wherer(B) is the degree of linear polarizaiton in a magne
field B, vc5eB/mcc is the cyclotron frequency, andt21 is
the probability of scattering of a hot electron. The scatter
probability t21 can therefore be found from the half-widt
of the depolarization curve. The polarization of HPL w
measured at the point of the spectrum marked bya in Fig.
1a. This point corresponds to recombination radiation
photoexcited electrons which have not undergone energy
laxation after being created~we call it below the recombina
tion of electrons from the creation point!. The kinetic energy
of the electrons corresponds to approximately 140 and
meV for samples with 40 and 50-Å-wide wells.

Figure 2a shows the scattering probabilityt21 versus the
temperatureT in 40 Å /80 Å samples with densitiesNSi

51.631011 cm22 and 431011 cm22. It is evident thatt21

depends strongly onT. At low temperature (T59 K) the

te

FIG. 2. a — Temperature dependence of the scattering probabilityt21 for
samples with densitiesNSi , 1011 cm22: 1—1.6, 2—4, 3—5. b— Tempera-
ture dependences of the escape probabilityt0

21 ~inelastic collisions! ~18–39!
and relaxation probabilitytp2

21 ~elastic collisions! of the momentum anisot-
ropy ~19–39! for structures with densitiesNSi , 1011 cm22: 18,19—1.6;
28,29—4; 3,39—5.
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electron scattering probability is 27 and 23 ps21 with
NSi51.631011 cm22 and 431011 cm22, respectively. As
the temperature is raised, the probabilityt21 gradually de-
creases to 12 ps21 at T.80 K for each sample.

We also observed that the linear polarization of the H
r(B50) decreases with increasing temperature. This me
that the anisotropy of the momentum distribution of hot el
trons at the creation point, which determines the value
r(B50), decreases. The point is that over the lifetime
electrons in this energy state~creation point!, which is deter-
mined by the inelastic scattering mechanisms, isotropiza
of the momentum distribution can occur. This is valid in t
presence of elastic collisions, which result in momentum
laxation of electrons without a change in the electron ene
Thus, the higher the probability of elastic scattering mec
nisms compared with inelastic mechanisms, the lower
degree of linear polarization of the HPL of electrons from t
creation point. Hence it follows that the decrease
r(B50) with increasingT is due to an increase in the role o
elastic collisions. To distinguish the mechanisms of ela
and inelastic scattering of hot electrons, we write the scat
ing probability as

t215t0
211tp2

21 , ~2!

wheret0 is the escape time of an electron from the init
energy state, andtp2 is the relaxation time of the momentum
anisotropy as a result of elastic scattering processes. In
the linear polarization of the HPL of electrons from the c
ation point depends ont0 andtp2 as1

r~B50!}
tp2

t01tp2
. ~3!

Using Eqs.~1!–~3! and the fact that the escape probabil
t0

21 is limited from below by the probabilityt0,e2LO
21 of scat-

tering of hot electrons by polar optical phonons, we cal
lated the temperature dependences oft0

21 and tp2
21, which

are shown in Figs. 2b by the points 18,28 and 19,29, respec-
tively. It follows from Fig. 2 that the decrease in the tot
scattering ratet21 with increasingT is due to a strong de
crease of the escape probabilityt0

21. For both samples, the
escape probability changes from the maximum valuet0

21

't21 at T'9 K, approachingt0
21'627 ps21 at T'80 K,

corresponding to the probability of scattering by polar op
cal phonons t0,e2LO

21 .2 The escape probability minu
t0,e2LO

21 , shown in Fig. 3, can be described by an activat
dependence, and at high temperatures it decreases wT
~see linear section marked by the arrow in Fig. 3! as

t0
212t0,e2LO

21 }exp~E/kBT!, ~4!

whereE is the activation energy. A fit to the experiment
results~solid and dashed curves in Fig. 3! givesE'13 meV.
This value is in good agreement with the computed ioini
tion energy of donors in such structures.6 Moreover, it fol-
lows from Fig. 2b that the contribution of elastic scatteri
mechanisms, whose probability is determined bytp2

21, is es-
sentially absent atT'9 K and increases with temperature

We obtained similarly the values of the scattering pro
abilities t21 ~Fig. 2a! andt0

21 andtp2
21 ~Fig. 2b! in a 50 Å
L
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/80 Å sample with densityNSi5531011 cm22 at tempera-
tures 9 and 80 K. It is evident that the qualitative temperat
dependences oft21, t0

21 , and t2p
21 are the same as thos

obtained for the 40 Å /80 Åstructures.
We compared the results obtained with the results

heavily dopedp-type QWs. It was found that inp-type QWs
with the same densityt21 (T'9 K) is several times less
than in n-type QWs. Inp-type structurest21 does not de-
pend on temperature in a wide range from 9 to 150 K.

Therefore, in heavily silicon-doped QWs the decrease
t21 with increasing temperature, which is due to the stro
variation oft0

21, occurs as a result of ionization of Si donor
At low temperatures (T'9 K) the main mechanism for sca
tering of hot electrons in such structures is inelastic scat
ing by neutral donorsD0 with scattering probabilityte2D0

21

5t0
212t0,e2LO

21 . The high value of the probability for scat
tering of an electron by an impurity inn-type QWs as com-
pared withp-type structures seems to be explained by
large Bohr radius of localized electrons at donors, wh
results in a higher effective scattering cross section. A te
perature increase results in the ionization of donors
therefore a decrease of the escape probabilityt0

21, which
approaches the value of the scattering probability by po
optical phononst0,e2LO

21 and is described by the activation
dependence~4!. It should be noted that a large change in t
probabilities of scattering of hot electrons occurs at tempe
tures from 10 to 50 K. We observed the donor–accep
luminescence to vanish in the same range; i.e., the con
sion that the change in the scattering processes with incr
ing T is due to ionization of donors is confirmed.

It is obvious that at low temperatures one would exp
the probability of scattering by neutral donors should
crease with the impurity density. However, it is evident fro

FIG. 3. Escape probability minust0,e2LO
21 versus 1/T for samples withNSi

51.631011 ~1! and 431011 cm22 ~2!. At high temperatures~arrow! the
dependence is described by ln(t0

212t0,e2ph
21 )}E/T, E;150 K ;13 meV.
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our experimental results~Fig. 2! that this is not so. For the
sample withNSi51.631011 cm22, the probability for scat-
tering of hot electrons by Si donors is at a maximum a
te2D0

21 '20 ps21. An increase of the silicon density to
31011 and 531011 cm22 decreaseste2D0

21 to 16 and 9 ps21,
respectively. We attribute this result to the fact that at h
doping levels silicon is more likely to be an acceptor. T
maximum possible density of uncompensated donors in b
GaAs corresponds toND

max'631018 cm23 ~Ref. 5!. As fol-
lows from our results, in the QWs investigatedND

max'2
31011 cm22. A further increase of the silicon density doe
not result in a larger number of donors. In contrast, it inte
sifies the degree of compensation. The number of neu
donors at low temperature in this case decreases, and
observe a decrease ofte2D0

21 .
We shall now consider the mechanisms due to ela

collisions, to which the scattering probabilitytp2
21 corre-

sponds. We found~Fig. 2b! that in all samples the contribu
tion of elastic interactions is negligible (tp2

21'0) at low tem-
peratures (T'9 K). Since this holds in structures with hig
silicon density (NSi54310112531011 cm22), where as a
result of compensation the number of neutral donors is
than the number of charged Si centers even atT'9 K, we
can assume that the elastic scattering of electrons by cha
impurities Si1 and Si2 is negligible for anyT. Nonetheless,
raising the temperature increases the importance of ela
collisions, which become substantial together with inelas
processes. It is obvious that asT is raised, the ionization o
Si donors increases the number of free electrons. The
crease intp2

21 with temperature is therefore due primarily
the appearance of quasielastic scattering by free electron
high temperatures (T'80 K), when it can be assumed th
virtually all donors are ionized, the probability of electron
electron scattering is comparable to the electron–phonon
teraction. In Ref. 7 it was shown that scattering of hot el
trons by electron–hole (e2h) plasma causes the electron
plasmon and electron–phonon scattering probabilities to
identical at plasma densityn2D'1011 cm22 in QWs and
n3D'1017 cm23 in bulk GaAs, respectively. It follows from
a theoretical calculation for bulk GaAs~Ref. 8! that the
electron–electron interaction plays the main role in the s
d
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tering of hot electrons bye2h plasma. In our case
electron–electron scattering atT'80 K becomes compa
rable to scattering by phonons at approximately the sa
densitiesn2D of the electron gas.

3. CONCLUSIONS

It was found that at low temperatures the main ene
relaxation process for hot electrons inn-type QWs is inelas-
tic scattering of electrons by neutral donors —e2D0 scat-
tering. A temperature increase results in the ionization
donors and vanishing ofe2D0 scattering. Electron–phono
scattering becomes the main energy relaxation proc
Moreover, an increase in temperature gives rise to quasie
tic electron–electron interaction, which results in apprecia
momentum relaxation.

The degree of compensation of the structure which
are studying can be estimated from the temperature de
dence of the scattering probability of hot electrons in heav
silicon-doped QWs.
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Momentum relaxation time and temperature dependence of electron mobility in
semiconductor superlattices consisting of weakly interacting quantum wells

S. I. Borisenko
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Formulas are derived for the longitudinal and transverse electron momentum relaxation times in
a superlattice consisting of weakly interacting quantum wells in the approximation of a bulk-
semiconductor scattering potential. Scattering by impurity ions, neutral atoms, and volume-type
longitudinal acoustic and polar optical phonons is studied. A numerical analysis is
performed of the longitudinal and transverse momentum relaxation times for scattering by
impurity ions and neutral atoms as a function of the electron energy, temperature, density of the
electron gas, and quantum well width. ©1999 American Institute of Physics.
@S1063-7826~99!02010-4#
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As is well known, scattering mechanisms play an imp
tant role in the electric and optical properties of semicond
tors and structures based on them. The present paper i
voted to the calculation and numerical analysis of the ten
of the reciprocal momentum relaxation time and mobility
electrons in semiconductor superlattices~SLs! consisting of
weakly interacting quantum wells~QWs! based on hetero
structures. Such SLs are of interest because of the un
properties of the electron energy spectrum and the possib
of using the SLs in infrared-range photodetectors1–5 and mi-
crowave generators.6–9 Formulas are derived for calculatin
the longitudinal and transverse electron momentum re
ation times in such SLs for the basic scattering mechanis
and a numerical analysis is performed of the energy dep
dence of the relaxation time and temperature dependenc
the mobility for scattering by impurity ions and neutral a
oms. The following basic approximations were made in
riving the formulas: The electron gas in the quantum wells
almost two-dimensional, i.e., the width of the lower condu
tion miniband is much less than the average electron ene
the wave function of the lower miniband can be represen
as a Bloch sum over wave functions of the ground state
infinitely deep QWs, and the potentials of the scattering c
ters in bulk semiconductors and SLs are essentially the sa
These approximations together with the results obtaind
other authors10–14show that the formulas derived are acce
able not only for qualitative but also quantitative analys
The latter is valid if the period of the SL is sufficiently larg
and size quantization of the phonon spectrum can
disregarded12,14 and if the anisotropy of the scattering pote
tials, which arises primarily as a result of the difference
the dielectric constants of the layers of the SL which cor
spond to QWs and barriers, can also be disregarded.11

1. ELECTRON MOMENTUM RELAXATION TIME TENSOR

The tensor of the reciprocal of the relaxation time f
electrons in the bottom miniband was calculated using
nonequilibrium correctionf 1k for the equilibrium distribu-
tion function f 0 given by
1121063-7826/99/33(10)/5/$15.00
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f 1k5e
] f 0

]E (
i

t iFiy i , ~1!

wheret i are the diagonal components of the relaxation ti

tensor,Fi andv i are, respectively, the electric field intensi
and electron velocity vectors in a Cartesian coordinate s
tem, andE is the electron energy. As is well-known, fo
composite SLs consisting of weakly interacting QWs

E5
\2~kx

21ky
2!

2m*
1

D

2
~12cosqd!, ~2!

where m* is the effective mass corresponding to the fr
motion of electrons along the layers of the SL,D is the width
of the bottom miniband, corresponding to electron moti
along the axis of the SL parallel to thez axis,d5a1b is the
SL period,a and b are the QW and barrier widths, respe
tively, and kx , ky , and q5kz are the components of th
wave vector. In the two-dimensional electron gas approxim
tion (D!k0T), and using Eqs.~1! and~2! and the symmetry
of the SL in the plane of the layers, the following expre
sions can be obtained for the transverse (t'5tx5ty) and
longitudinal (t i 5tz) components of the relaxation time ten
sor:

1

t'~E!
5

4m* V

pd\3 E
0

1 W~2k'x!

A12x2
x2dx, ~3!

1

t i~E!
5

2m* V

pd\3 E
0

1 W~2k'x!

A12x2
dx, ~4!

whereE5\2k'
2 /2m* , k'5Akx

21ky
2, V5SL is the volume

of a SL of thicknessL5Nd, andN is the number of periods
in the SL. The functionW is related to the total probability
Pkk8 of an electron making a transition from the statek into
the statek8 in a definite type of scattering by the formula

Pkk85
2p

\
W~ uk'8 2k'u!d@E~k8!2E~k!#, ~5!
8 © 1999 American Institute of Physics
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where W(uk82ku)5uUk8ku2, and Uk8k5U(uk82ku) is the
matrix element of the scattering operatorÛ(r ) in the basis of
Bloch-type envelope wave functionsc̃k(r ):

U~k82k!5
1

V E c̃k8
* Û~r !c̃kdr , ~6!

c̃k~r !5
1

AS
exp@ i ~kxx1kyy!#cq~z!. ~7!

For the SL considered here, a Bloch sum over wave fu
tions of the ground state of infinitely deep QWs was taken
the function describing electron motion along the axis of
SL:

cq~z!5
1

AL
exp~ iqz!uq~z!

5
1

AN
(

n52N/2

N/2

exp~ iqdn!w~z2dn!, ~8!

wq~z!5A2

a
cosS p

a
zD F2

a

2
,z,

a

2G ,
wq~z!50Fz,2

a

2
,

a

2
,zG . ~9!

It should be noted that using the approximations descri
above, according to Eq.~5!, the scattering probability doe
not depend on the longitudinal wave vector.

1.1. Scattering by impurity atoms and neutral atoms

For scattering by impurity atoms and neutral atoms
scattering operator has the form

Û~r !5U~r !5(
a

U~r2Ra!, ~10!

whereU(r2Ra) is the interaction energy of an electron wi
an ion or neutral atom located at the pointRa . Using Eqs.
~6!–~10!, we have

U~k!5(
a

Ua~k!, ~11!

where

Ua~k!5
1

V (
n

exp~2 ikn•Ra!Sn~q!U~kn!, ~12!

Sn~q!5
1

q E
2d/2

d/2

exp~ i2pnz/d!uq* ~z!u0~z!dz, ~13!

U~k!5U~k' ,q!5E
V
exp~2 ik–r !U~r !dr , ~14!

kn5~k' ,q12pn/d!.

Using a uniform distribution of scattering centers ov
the volume of the SL or the volume of the QW, we obta
the following expression for the desired functionW(k') with
the formulas presented above:
c-
s
e

d

e

r

W~k'!5
Nid

pV E
0

`

uS~q!u2uU~k' ,q!u2dq, ~15!

whereNi is the density of scattering centers and

S~q!5
p2sin~aq/2!

~aq/2!@p22~ad/2!2#
. ~16!

For scattering by a screened Coulomb ion potential, we h
in the approximation of isotropic and uniform permittivity

uU~k' ,q!u25
e4

«0
2«s

2~k'
2 1q21as

2!2
, ~17!

where «s is the static permittivity, andas
21 is the Debye

screening length for the static field. For a SL in the tw
dimensional electron gas approximation

as
25as0

2 Nc

n1Nc
, ~18!

where as0
215(ne2/«0«sk0T)21/2 is the Debye screening

length of a bulk semiconductor for a nondegenerate elec
gas, n is the electron density in the SL, andNc

5m* k0T/pd\2 is the effective density of states of the two
dimensional electron gas in the bottom miniband. For ela
scattering by neutral atoms, according to the theory of R
15, extended to the case of a two-dimensional electron g

uU~k' ,q!u25
30pr 0\4

m*
~k'

2 1q21as
2!21/2, ~19!

wherer 0 is the effective Bohr radius.

1.2. Scattering by phonons

As is well known, the operator representing the intera
tion of an electron with phonons for a separate allow
branch in a bulk semiconductor can be written as

Û~r !5Û1~r !1Û2~r !, ~20!

where

Û6~r !5(
Q

A6~Q!e7 iQ–r ~21!

are operators corresponding to creation and annihilation
phonons during scattering andQ is the phonon wave vector
Substituting the expression~21! into Eq. ~12! and equating
Ra to zero, we obtain

W~k'!5W1~k'!1W2~k'!, ~22!

where

W6~k'!5uU6~k!u25S d

p D 2U E
0

`

S~q!A6~k' ,q!dqU2

.

~23!
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1.2.1. Acoustic phonons

For scattering of electrons by longitudinal acous
phonons in a volume-type SL~Ref. 14!, we use in the defor-
mation potential approximation for the average value of
operatorsA6 the standard formula

A6~Q!57 iQDA \

2rVvL~Q! FNL~Q!1
1

2
6

1

2G , ~24!

whereD is the deformation-potential constant,r is the den-
sity of the crystal,vL5vLQ and vL are, respectively, the
frequency and velocity of longitudinal long-waveleng
acoustic phonons, andNL(Q) is the thermodynamically
equilibrium number of phonons, described by the Bos
Einstein distribution function. For\vL!k0T

A6~Q!5A5 i
D

yL
Ak0T

2rV
. ~25!

Using Eqs.~22!, ~23!, and ~25!, we obtain for the desired
function

W~k'!52S Ad

p D 2U E
0

`

S~q!dqU2

54
k0T

rV S Dd

yLaD 2

. ~26!

1.2.2. Optical polar phonons

For scattering of electrons by longitudinal optical po
phonons of the volume type12,13we use for the average valu
of the operatorsA6(Q) the well-known formula correspond
ing to a screened optical potential and the high-tempera
approximation

A6~Q!57A~Q!57 i
ePL

vL
PO
A k0T

2«0V

Q

Q21a`
2

, ~27!

wherevL
PO is the frequency of long-wavelength longitudin

optical polar phonons,pL is the oscillator strength, anda`
21

is the Debye screening length for the high-frequency fie
which differs fromas

21 by the fact that in Eq.~18! the static
permittivity «s is replaced by the high-frequency permittivi
«` . As is well known, the following relation holds for III–V
semiconductors:

PL
2

vL
2

5
1

«*
5

1

«`
2

1

«s
. ~28!

Using Eqs.~23! and~27!, we obtain the following expressio
for the desired function:

W~k'!52S d

p D 2U E
0

`

S~q!A~k' ,q!dqU2

. ~29!

1.3. Electron momentum relaxation time

Using the formulas obtained for the functionW(k'), we
represent the components of the tensor of the reciproca
the momentum relaxation time for individual scatteri
mechanisms in the form

1

t i~E!
5

1

t0~E!
Gi~E!, ~30!

where

t0~E!5~ak'!t~E!, ~31!
e

–

re

,

of

t(E) is the relaxation time in a bulk semiconductor, a
Gi(E) is a dimensionless function, whose parameters,
general, are the QW width, the SL period, and the fr
charge-carrier density.

1.3.1. Impurity ions

For scattering by impurity ions, using Eqs.~3!, ~4!, and
~15!–~17!, we obtain for the functionsGi(E) the integral
expressions

G'~E!5
p4

2F~h!
E

0

` dx sin2 x

A~x,g,bs!~g2x21bs
2!1/2

, ~32!

Gi~E!5
p4

2F~h!
E

0

` dx~2g2x212bs
211!sin2 x

A~x,g,bs!~g2x21bs
2!3/2

, ~33!

A~x,g,bs!5x2~p22x2!~g2x21bs
211!3/2,

where g51/ak' , bs5as/2k' , and the function F(h)
5 ln(11h)2h/(11h), which depends on the parameterh
5(2k' /as0)2, is known from the theory of Coulomb sca
tering in bulk semiconductors.

1.3.2. Neutral impurity atoms

For scattering by neutral impurity atoms, using Eqs.~3!,
~4!, ~15!, ~16!, and~19!, we can write the functionsGi(E) as
a pair of integrals

G'~E!5
4

p E
0

1 x2

A12x2
g~E,x!dx,

Gi~E!5
2

p E
0

1 1

A12x2
g~E,x!dx, ~34!

where

g~E,x!5
3p4

2 E
0

` dy sin2 y

y2~p22y2!2~g2y21x21bs
2!1/2

.

~35!

1.3.3. Acoustic phonons

For scattering by acoustic phonons, using Eqs.~3!, ~4!,
and ~26!, we found the functionsGi(E) to be constant:

G'~E!5Gi~E!54p
d

a
. ~36!

1.3.4. Polar optical phonons

Using Eqs.~3!, ~4!, and~29!, we can represent the func
tions Gi(E) for scattering by polar optical phonons in th
form of Eqs.~34!, where

g~E,x!5p3S d

aDU E
0

` dy siny~g2y21x2!1/2

y~p22y2!~g2y21x21b`
2 !
U2

,

b`5a`/2k' . ~37!
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2. MOBILITY TENSOR

Using Eqs.~1! and ~2!, we can represent the diagon
components of the mobility tensorm̂, written in principal
axes, in the standard form

m'5
e^t'&

m*
, m i5

e^t i&

^mi&
, ~38!

where^t'& and^t i & are the energy-averaged transverse a
longitudinal relaxation times,̂m i & is the average longitudi
nal effective mass,

^t'&5
1

n E
0

`S 2
] f 0

]E D t'~E!rc~E!EdE, ~39!

^t i&5@12exp~2n/Nc!#
21E

0

`S 2
] f 0

]E D t i~E!dE, ~40!

1

^mi&
5

Drc

4min
@12exp~2n/Nc!#. ~41!

In Eqs. ~39!–~41!, rc5m* /pd\2 is the density of states in
the bottom conduction miniband in the two-dimension
electron gas approximation,Nc5k0Trc is the effective den-
sity of states in the bottom miniband, andm i 52\2/D2d2 is
the longitudinal effective mass at the miniband bottom. Fo
nondegenerate electron gas, which corresponds to satis
the conditionn!Nc , in the power-law approximation for th
relaxation time as a function of the energy and temperat

t i~E!5t0i~k0T!b iEa i11/2, ~42!

the expressions for the average relaxation times~39! and~40!
and for the average longitudinal effective mass~41! assume
the form

^t i&5t0i~k0T!a i1b i11/2G~a i1d i !, ~43!

1

^mi&
5

D

4k0T

1

mi
;T21, ~44!

whereG(n) is the gamma function,d'55/2, andd i 53/2.
Using Eqs.~38!, ~43!, and ~44!, we obtain for the tempera
ture dependence of the mobility

FIG. 1. Dimensionless functionGi versus the energy forT5100 K. a5b
55 nm,n51015 cm23 for scattering:1, 2—by impurity ions and3, 4—by
neutral atoms.1, 3—Transverse component of the tensor,2, 4—longitudinal
component of the tensor.
d

l

a
ing

e

m i;Tg i, ~45!

whereg i5a i1b i1x i , x i51/2, andx i 521/2.
For a degenerate electron gas withn@Nc we obtain,

instead of Eqs.~43! and ~44!, formulas that depend on th
reduced Fermi levelj, or electron densityn5rcj,

^t i&5t i~j!;Tb ija i11/2;Tb ina i11/2, ~46!

1

^mi&
5

D

4j

1

mi
;n21. ~47!

According to Eqs.~46! and ~47!, we obtain the following
expression for the temperature and electron density de
dence of the mobility:

m i;Tb ina i1x i. ~48!

3. NUMERICAL ANALYSIS FOR SCATTERING BY IMPURITY
IONS AND NEUTRAL ATOMS

Since analytic expressions could not be obtained for
formulas describing scattering by impurity ions and neut
atoms, we analyzed numerically for these scattering mec
nisms the energy dependence of the relaxation time and
perature dependence of the mobility. The analysis was m
in the temperature range 50,T,300 K for a composite SL
with the parametersa5b55 nm,m* 50.1m0, potential bar-
rier height VSL50.4 eV, «s5«`510, andn51015 cm23,
which are characteristic of SLs used in infrared-ran
photodetectors.1,2 According to numerical calculations,16 the
energy spectrum of this SL in the QW has two minibands
width D151.6 meV andD2518.5 meV, separated in energ
by 210 meV. These data substantiate the validity of the
proximation, used in the calculations presented above,
two-dimensional electron gas and a single miniband appr
mation for the SL.

The analysis associated with the numerical calculation
the functionsGi(E) showed the following.

FIG. 2. ã i versus the quantum well width atT5100 K for b55 nm and
n51015 cm23. The numbers on the curves have the same meaning a
Fig. 1.
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1. For scattering by impurity ions and neutral atoms
functionsGi(E) show a strong energy dependence, simila
a power-law dependence~see Fig. 1!. In other words,

Gi~E!'G0i~T!Eã i. ~49!

2. The exponentã i in this dependence is essentially i
dependent of temperature and the electron density in
rangen,1016 cm23. For scattering by neutral atoms it de
pends appreciably on the QW widtha ~see Fig. 2!.

3. As the temperature increases, the quantityG0 i for
scattering by impurity ions~Fig. 3, curve2! increases almos
linearly, while G0' depends very weakly on temperatu
~Fig. 3, curve1!. For scattering by neutral atoms this depe
dence is also very weak for both components~see Fig. 3,
curve3 and4!.

4. For scattering by impurity ions,G0 i was found to be
several orders of magnitude greater thanG0i , and it in-
creases with decreasing electron density~Fig. 4, curve2!.
For G0' this dependence is weak. For scattering by neu
atoms,G0 i andG0' are of the same order of magnitude a
are virtually independent of electron density~see Fig. 4!.

FIG. 3. G0i versus the temperature fora5b55 nm andn51015 cm23. The
numbers on the curves have the same meaning as in Fig. 1.

FIG. 4. G0i versus the electron density atT5100 K for a5b55 nm. The
numbers on the curves have the same meaning as in Fig. 1.
e
o

e
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On the basis of the above analysis, the dependence o
functionsGi on temperature and energy can be represen
in the form

Gi;Tb̃ iEã i, ~50!

Then, using Eqs.~31! and ~45!, the temperature-dependenc
of the mobility for a nondegenerate electron gas assumes
form ~45!, wherea i5a02ã i , b i5b02b̃ i , anda0 andb0

are the exponents in the energy and temperature depende
of the relaxation time in a bulk semiconductor. Th
temperature-average values ofã i , b̃ i , and g i , calculated
with the above-indicated parameters of the SL and co
sponding to the three basic scattering mechanisms, are
sented in Table I. It follows from the table that a stron
change in the temperature-dependence of the mobility in
SL under study, in contrast to its constituent bulk semico
ductors, should be expected for the longitudinal compon
In the extrinsic conductivity range, determined by scatter
by impurity ions and neutral atoms, this dependence for
longitudinal mobility is of a qualitatively different characte
than in bulk semiconductors, since it should decrease w
increasing temperature.
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TABLE I. Exponents in the energy and temperature dependences o
momentum relaxation time and mobility of electrons in a superlattice.

Scattering ã i b̃ i
g

mechanism a01b0 i 5' i 5i i 5' i 5i i 5' i 5i

Impurity ions 1.5 0.4 1.4 0 0.9 1.6 21.3
Neutral atoms 0 0.2 0.3 0 0 0.320.8
Acoustic phonons 21.5 0 0 0 0 21.0 22.0

Note: The exponents refer to the transverse (i 5') and longitudinal
( i 5 i ) components of the tensor.
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Determination of the density of states in quantum wells and quantum dot arrays by the
capacitance-voltage method
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The possibility of determining the electronic density of states in quantum wells and quantum dot
arrays in heterostructures from the capacitance-voltage curve is investigated. In
heterostructures fluctuations of the composition and geometrical dimensions play an important
role. It is shown that to reconstruct the exact density of states from the measured
capacitance-voltage curve is impossible, because this problem is ill-posed from the mathematical
point of view. An approximate method is proposed for solving the problem, involving the
determination of a ‘‘reduced’’ density of states. It is shown that the reduced density of states is
close to the true density if the characteristic energy scale governing the variation of the
latter is much greater than the thermal energykT. The proposed method is used to find the density
of states in the conduction band of a quantum well in an In0.22Ga0.78As/GaAs heterostructure.
© 1999 American Institute of Physics.@S1063-7826~99!02110-9#
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INTRODUCTION

Capacitance-voltage curves~C–V method! are currently
used not only to determine the concentration profile o
doping impurity, but also to find discontinuities of the ener
bands at heterojunctions1 and to investigate the spectra
electrons and holes in quantum wells2–4 and quantum dots.5,6

The electron spectra in quantum wells and arrays of quan
dots~we use the generic term ‘‘planar states’’ for both cas!
are usually found by comparing the calculated dependenc
the capacitance on the applied voltage,C(V), for an ‘‘ideal’’
~free of fluctuations! structure with the observed curve~see,
e.g., Refs. 3, 4, and 7!; simple estimates have been used
the same purpose in Ref. 5!. The parameters of the electron
states in quantum wells and quantum dots can then be d
mined from the condition of best fit of these curves.

In real structures, however, owing to fluctuations of t
composition of semiconductors and fluctuations of their g
metrical dimensions, the density of planar states can di
appreciably from the density of the ideal structure. This d
parity bears important information about the quality of t
structure. By the same token, it is one of the causes of er
in determining the parameters of the electronic spectrum
the above-indicated method. It seems natural to inqu
whether the electronic density of planar states could be fo
directly from the measuredC(V) curve.

In this paper we show that the exact density of pla
states G(«) cannot be reconstructed from the measu
capacitance-voltage curve. However, a ‘‘reduced’’ density
statesG̃(«) can be determined from theC(V) curve. The
reduced density of states is close to the real one if the en
scale of variation of the latter is much greater thankT, where
1131063-7826/99/33(10)/6/$15.00
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k is the Boltzmann constant, andT is the temperature a
which C(V) is measured. The proposed method of reco
structing the reduced density of states is used for
In0.22Ga0.78As/GaAs heterostructure with a broad~72 Å!
quantum well. The density-of-states curves reconstruc
from C(V) measurements for this structure exhibit go
agreement with data obtained from photoluminescence m
surements.

The analogous problem of finding the density of surfa
states at an insulator-semiconductor interface has b
solved for MIS structures.8 In solving this problem, however
the authors have assumed that the density of surface s
varies only slightly within thekT scale. For structures con
taining quantum dots and quantum wells this condition c
break down over a wide range of temperatures. Moreo
even for the density of surface states this assumption is
always valid. In these cases the proposed method will giv
more accurate value of the density of surface states than
customary approach.8

THEORY

We consider a Schottky contact to ann-type semicon-
ductor containing planar states. We direct thex axis into the
depth of the semiconductor and place the origin on its s
face. Letx5x1 in the plane in which the planar states a
situated. We introduce several simplifying assumptio
First, we consider the semiconductor to be uniformly dop
Second, we assume that the lengths of the wave functio
the planar states in thex direction are much smaller than th
characteristic lengths of the space-charge regions, so tha
charge density of the planar states can be regarded as
3 © 1999 American Institute of Physics
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1134 Semiconductors 33 (10), October 1999 Aleshkin et al.
portional to the Dirac delta functiond(x2x1). Finally, we
assume that the frequency of the external applied voltag
either much higher~high frequency! or much lower ~low
frequency! than the charge-transfer frequency of the pla
states.

Let a large negative voltage be applied to the Schot
barrier, so that all electrons are expelled from the regio
,x,x1 by the electric field~see Fig. 1!. We set the electric
potential in the bulk of the semiconductor equal to ze
When the applied voltage is changed by a small increm
dV, the potential in the planex5x1 also changes by an
incrementdu, where

dV5du1x1dE, ~1!

wheredE is the increment of the electric field in the regio
x,x1 .

Since there are no electrons in this region, the charg
the semiconductor can change only forx>x1 . Consequently,
the following relations are valid fordE:

dE052
4p

x
~dQw1dQs!, dE`52

4p

x
dQs , ~2!

where the subscripts 0 and̀ correspond to low frequencie
and high frequencies, respectively,x is the dielectric permit-
tivity of the semiconductor, anddQw anddQs are the charge
increments of the planar states and the semiconductor
spectively, in the regionx.x1 .

Equations for the reciprocal specific capacitance~recip-
rocal of the capacitance per unit area! of the Schottky barrier
at low and high frequencies can be obtained from Eqs.~1!
and ~2!:

1

C0~V!
5

dV

dQ0
5

1

C1
1

1

Cw1Cs
, ~3!

1

C`~V!
5

dV

dQ`
5

1

C1
1

1

Cs
,

FIG. 1. Band diagram of the Schottky contact to a semiconductor contai
planar states, showing the conduction bandEc and the level of the chemica
potentialm. Inset: equivalent circuit of the Schottky barrier.
is

r

y
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where C1 is the specific capacitance of the semiconduc
layer 0,x,x1 , Cw is the specific capacitance of the plan
states, andCs is the specific capacitance of the semicondu
tor x.x1 ,

C15
x

4px1
, Cw52

dQw

du
, Cs52

dQs

du
. ~4!

The chargesQw and Qs are completely determined by th
potential in the planex5x1 , so thatCw andCs are functions
of u and not of the total voltageV. Consequently, the low-
frequency capacitance can be represented by the equiv
circuit3,8 shown in the inset in Fig. 1. It is obvious from Eq
~3! that the high-frequency capacitance can be regarde
C1 andCs connected in series.

To find the electronic charge on the planar states, i
necessary to integrate the product of the density of states
the distribution function over the energy. In order for th
density of planar states to be independent of the voltageu, it
is convenient to choose the bottom of the conduction ban
the planex5x1 as the reference energy level.

This electronic charge can then be written in the form

Qw~u!52eE
2`

` G~«!

11~1/g!exp@~«2eu2m!/kT#
d«,

~5!

whereG(«) expresses the energy dependence of the den
of planar states,m is the chemical potential relative to th
bottom of the conduction band in the bulk of the semico
ductor,2e is the electron charge, andg is the spin degen-
eracy factor. If Coulomb effects do not have any bearing
the filling of states, as is the case, for example, in quant
wells, theng51. Otherwise~as in the case of quantum dots!,
g.1 ~see the Appendix!.

Differentiating~5! with respect tou, we find an equation
for Cw(u):

Cw~u!5
e2

kTE2`

`

G~«!

3
~1/g!exp@~«2eu2m!/kT#

$11~1/g!exp@~«2eu2m!/kT#%2
d«. ~6!

The Cw(u) curve can be obtained from the experimenta
determinedC0(V) andC`(V) curves. We shall discuss be
low how this can be done.

Can G(«) be determined from the known functio
Cw(u) by solving Eq.~6! exactly? The answer is no, unles
T50 and the amplitude of the alternating voltage is infinite
small. Then Cw(u)5e2G(m1eu). We first discuss the
physical reason for the negative answer. It is evident fr
Eq. ~6! that planar states whose energies differ from
chemical potential@which is m1eu in the energy reference
frame~5!# by an amount smaller than, or of the same order
kT contribute to the capacitanceCw . It is therefore clearly
impossible for the structure of the density of states on
energy scale much smaller thankT to be extracted from the
functionCw(u). Consequently, the only quantity that can

g
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deduced fromCw(u) is G̃(«), which is obtained fromG(«)
by averaging over the energy in a scale of the order ofkT
with a certain weighting function.

From the mathematical point of view Eq.~6! is an ex-
ample of an ill-posed problem,9 because an inverse operat
does not exist for an integral operator with a kernel of
kind in Eq.~6!. Indeed, the function exp(it«) is an eigenfunc-
tion of an integral operator with the kernel~6!, correspond-
ing to the eigenvalue

l~ t !5
pt

sinh~pkTt!
exp~ i t m̃ !, m̃5m1kT ln~g!. ~7!

The quantityl(t) vanishes ast tends to infinity, a conse
quence of the ‘‘insensitivity’’ of this integral operator to rap
idly oscillating functions. It is a well-known fact that opera
tors with null eigenvalues do not have inverse operators

To find an approximate solution of Eq.~6!, we can con-
struct an approximate inverse operator~Green’s function!, in
which the contribution of harmonics withutu>tmax;1/kT is
suppressed. As a result, the functionG(«) is obtained in-
stead ofG̃(«). Constructing the Fourier transform, from E
~6! we obtain

G~ t !5Cw~ t !
exp~2 i t m̃ ! sinh~ptkT!

e2ptkT
,

G~ t !5E
2`

`

G~«!exp~2 i t«!d«. ~8!

Equation~8! can be used to find the expression forG̃(«)

G̃~«!5
1

ekTE2`

`

Cw~u!FS «2m̃2eu

kT
D du, ~9!

whereF(a) is the approximate Green’s function of Eq.~6!,

F~a!5
1

pE0

` sinh~px!

px
cos~ax!•s~bx!dx,

s~bx!5exp~2pbx2!. ~10!

Here the functions(bx) is introduced for regularization
cutting out the contribution of higher harmonics to t
Green’s function,b;1/AtmaxkT. Figure 2 shows theF(a)
curves for three values ofb: b50.3, 0.2, 0.15.

It is evident from the figure that the frequency and t
amplitude of the oscillations ofF(a) increase asb de-
creases. They tend to infinity asb tends to zero, the ampli
tude increasing exponentially asb decreases. It is therefor
impossible to makeb too small, because, on the one hand,
do so would produce errors in the calculations and, on
other hand, the result would be strongly influenced by err
of measurement ofC(V).

We note that in the determination of the density of s
face states in MIS structures a function of the density
states with an argument equal tom1eu is taken outside the
integral analogous to~6! ~Ref. 8!. This operation converts
Eq. ~6! from an integral equation to an algebraic equatio
but information is lost about the variations of the density
states on a scale of the order ofkT.
e

e
rs

-
f

,
f

By a procedure analogous to that in MIS structures
functionCw(u) can be extracted fromC0(V) or from C`(V)
or by using both characteristics directly.8 If the capacitance
C1 is known, this problem reduces to the determination
the functionu(V). Thus, the functionCs(u) is known for a
uniformly doped semiconductor:

Cs~u!5Ae2xH NcF1/2S m1eu

kT D
2

Nd

11gdexp@~m2Ed1eu!/kT#J
3~8pkT!21/2H NcFF3/2S m1eu

kT D2F3/2S m

kTD G
2Nd lnFgd1exp@~m2Ed1eu!/kT#

gd1exp@~m2Ed!/kT# G J 21/2

.

~11!

In Eq. ~11! Nc is the effective density of states in the co
duction band,Nd is the density of uncompensated donors,Ed

is the donor ionization energy,gd is the donor spin degen
eracy factor, andF j denotes the Fermi–Dirac integrals.10

Equation~11! can be obtained by a single integration of t
Poisson equation in the regionx.x1 .

If C0(V) is used to findCw(u), a differential equation
for the functionu(V) can be obtained from Eqs.~1!–~3!:

du

dV
512

C0~V!

C1
, ~12!

which can then be integrated to give

u~V!5uo1E
V0

V F12
C0~V8!

C1
GdV8. ~13!

The constantu05u(V0) can be evaluated by settingV0

equal to a large negative quantity such that all electrons

FIG. 2. Approximate Green’s function of Eq.~6! for three values ofb.
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expelled from planar states; i.e.,Cw(u0)50. At such volt-
ages 1/C2 is a linear function ofV, whose slope is governe
by the number densityNd . Choosing an arbitrary pointV0

on this segment, we findCs(u0) from Eq. ~3!. Equation~11!
can be used to findu0 from Cs(u0). Once the functionu(V)
has been determined,Cw(u) can be found from Eq.~3!, tak-
ing ~11! into account.

WhenC`(V) is used to findCw(u) ~probably the right
choice for working with quantum dots at low temperature!,
the functionCs(V) is determined from Eq.~3! and can then
be used to seeku(V) with the aid of Eq.~11!. Dividing Eq.
~1! by du and taking~2! and~4! into account, we findCw(u)
~Ref. 8!

Cw~u!5C1F S du

dVD 21

21G2Cs~u!. ~14!

If both the functionsC`(V) andC0(V) are known, the
quantityCw can be determined from~3! for each value ofV
~Ref. 8!:

Cw5S 1

C0
2

1

C1
D 21

2S 1

C`
2

1

C1
D 21

, ~15!

and the functionu(V) can be found by one of the mean
discussed above.

We now discuss how to findC1 . Several methods ar
available for its determination. We shall look at the two si
plest ones. In heterostructures having sufficiently long dep
ture times of electrons from planar states~e.g., in quantum
dot arrays!, the required function is probably simplest to d
termine by measuringC0(V) andC`(V). Calculatingu ac-
cording to Eq.~13!, we can chooseC1 so that the function
C`(V) obtained from~3! using~11! best fits the experimen
tally observed curve.

In a uniformly doped structure the law of conservati
of momentum of the charge distribution can be used to
termineC1 ~Ref. 1!. The coordinatex1 can then be written in
the form

x15E
x0

x2
@Nd2n̂~x!#xdxY E

x0

x2
@Nd2n̂~x!#dx, ~16!

where n̂(x) and x are the number density and coordina
obtained fromC0(V) by means of the Schottky equation.11

Without an external voltage the potentials of thex0 and x2

planes must be identical. In such a structure, for low b
voltages, when the space-charge region of the Schottky
rier is not in contact with the space-charge region around
planar states, 1/C2 depends linearly onV. At high voltages,
when all electrons are expelled from the planar states,
again linear. The requirement of equality of the potentials
thex0 andx2 planes can be met if the voltages correspond
to passage of the space-charge region through these p
are chosen anywhere in the indicated linear segments at
and high voltages.

Figure 3 shows the results of determining the density
states of a quantum well in GaAs from the calculated dep
denceC0(V) at three temperatures. The density of states
the quantum well is chosen in the form
-
r-

-

s
r-
e

is
n
g
nes
w

f
n-
f

G~«!5
mc

2p\2 F11tanhS «1«0

g D G , ~17!

where mc is the electron mass in the conduction band
GaAs,«05120 meV, andg52 meV. The donor density in
GaAs is assumed to be 331016cm23, and x150.13mm.
Making use of Eq.~17! and solving the Poisson equation, w
calculate the functionC(V) and then determineG̃(«) form it
~settingb50.2). It is evident form the figure thatG̃(«) is
close toG(«) if the characteristic scale ofG(«) is much
greater thankT (g@kT).

Note the considerable sensitivity of the method to t
accuracy of determination ofx1 . Calculations show that an
error of a fraction of one percent forx1 induces double-digit
percent errors in determining the density of states for qu
tum wells in the plateau region. This fact probably rules o
the possibility of determining the density of states with hi
accuracy on the plateau in quantum wells~i.e., of finding the
effective mass!. However, the method is far less sensitive
errors ofx1 in the region of a small density of states. W
therefore assume that the given method can be used to in
tigate the structure of the density of states in this region~i.e.,
in the vicinity of the edge of the band!.

EXPERIMENT AND DISCUSSION

An experiment has been performed on
In0.22Ga0.78As/GaAs heterostructure. The structure w
grown by metal-organic vapor-phase epitaxy~MOVPE! at
atmospheric pressure using ann-GaAs substrate~carrier den-
sity n;1018cm23). The In0.22Ga0.78As quantum well had a
width of 72 Å and was situated at a distance of 0.17mm from
the surface of the semiconductor. The composition of
solid solution was determined from photoluminescence d
The GaAs epitaxial layer was doped with donors at a den
of 8.531016cm23. The upper contact was a spray-deposit
Au disk of diameter 1 mm. TheC(V) curves were measure

FIG. 3. True density of states~points! and curves reconstructed from Eq.~9!
for three temperatures: T54.2 K, g@kT50.36 meV; T523 K,
g;kT meV; T577 K, g!kT56.6 meV.
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at liquid-helium temperature at frequencies of 1 MH
10 kHz, and 1 kHz. The observed C~V! curves for all three
frequencies coincided within error limits dictated by t
measurement error and corresponded to the low-freque
capacitanceC0(V). A measuredC(V) curve is shown in
Fig. 4.

Figure 5 shows theG̃(«) curve for this structure
and the function G1(«)5631026exp(«/«0) cm22

•erg21,
«0516 meV. It is clearly evident in the figure that fo

FIG. 4. Experimental capacitance-voltage curve of an In0.22Ga0.78As/GaAs
heterostructure with a broad~72 Å! quantum well.T54.2 K, frequency
1 MHz.

FIG. 5. Reconstructed electronic density of statesG̃(«) ~solid curve! in the
quantum well of the In0.22Ga0.78As/GaAs heterostructure. The dashe
curve represents the functionG1(e)5631026exp(«/«0) cm,22erg21,
«0516 meV. The vertical arrow indicates the energy of electrons in
quantum well at the maximum of the photoluminescence line. The horiz
tal arrow indicates the density of states of the ‘‘ideal’’ quantum well.
,

cy

«,290 meV these functions are nearly identical, and
«.290 meV the reconstructed density of states increa
more rapidly with increasing energy thanG1(«). We note
that theG̃(«) does not have the characteristic plateau o
served for the two-dimensional density of states~the hori-
zontal arrow indicates the calculated position of this platea!.
The reason for the absence of the plateau is that the en
scale of the density of states is quite large~16 meV!, so that
even without an applied voltage the electron-filled states
below this plateau. Consequently, the density of states de
mined from C(V) is far from its counterpart in the idea
quantum well.

The full width at half-maximum~FWHM! of the photo-
luminescence peak is;5 meV atT54.2 K ~the diameter of
the luminescent spot is;100mm), as is fairly typical of
such structures. The vertical arrow in Fig. 5 indicates
energy of electrons responsible for the main photolumin
cence contribution at 77 K. It is evident that this energy l
at the beginning of a sharp rise in the density of tw
dimensional states. The main factor responsible for the
viation of density of states in our structures from the idea
fluctuations of the composition of the quantum well12

Clearly, the parts of the solid solution layer comprising t
deepest wells for both electrons and holes, i.e., the parts
an above-average indium content, contribute to the phot
minescence. Consequently, the average depth of the qua
well for electrons must be smaller than inferred from t
photoluminescence observations, consistent with the res
shown in Fig. 5. We note that the scale of decay of
combined density of states in the vicinity ofEg for such
structures, measured by means of the photoconductiv
amounts to several tens of meV~Ref. 13!.

We wish to thank I. A. Sherishevski� and V. I. Shashkin
for helpful discussions.
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16625!, the Scientific5FETechnical Center ‘‘Physics o
Solid State Nanostructures’’~Grants 97-1069 and 97-1070!,
and the U.S. Civilian Research and Development Founda
for the Independent States of the Former Soviet Un
~CRDF, BRHE Program!.

APPENDIX

A statistical approached developed for multiply charg
centers14 can be used to find the charge density in a quant
dot array. Let us consider a single quantum dot. We den
by Wn the probability of findingn electrons in it, and byN
the maximum number of electrons that can exist in it. W
assume that the temperature is low enough that the pop
tion of excited states can be disregarded. The following
lation holds in this case:

Wn

Wn21
5gn expS m2«n

kT D , ~A1!

wheregn is the number of ways for thenth electron to be
situated in the quantum dot, and«n is the change in the
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energy of the quantum dot when thenth electron is added to
it. Using Eq.~18! and the fact that the sum ofWn over all
possiblen is equal to unity, we find

Wn5
) i 51

n gi exp@~m2« i !/kT#

11(n51
N ) i 51

n gi exp@~m2« i !/kT#
. ~A2!

To determine the electronic charge on the quantum dot,
appropriate to introduce the probability of at leastn electrons
being situated in it:

wn5(
i 5n

N

Wn5
1

11gn exp@~«n2m!/kT#
, ~A3!

gn5

11 (
n850

n22

)
i 5n8

n21

~1/gi !exp@~« i2m!/kT#

gnH 11 (
n85n11

N

)
i 5n11

n’

gi exp@~m2« i !/kT#J . ~A4!

If the distance between energy levels is much grea
thankT, we have

wn'
1

11~1/gn!exp@~«n2m!/kT#
. ~A5!

The average electronic charge of the quantum dot
now be written in the form

q52e(
n50

N

wn52eE d« (
n50

N

d~«2«n!w~«!

52eE d«GQD~«!w~«!, ~A6!

whereGQD(«) is the density of states in the quantum d
and

w~«!5
1

11@1/g~«!#exp@~«2m!/kT#
,

g~«n!5gn , w~«n!5wn . ~A7!
is

r

n

,

Summing~A6! over the array of quantum dots, we obta
Eq. ~5!. We note thatg52 for the ground state and the firs
excited state in self-organized dots of the heteropair Ga
InAs, andg54 for higher excited states.6 Because of strong
spin-orbit interaction for all hole states in these dots,g52
~this result can be demonstrated using group theory!. Since
the energy in Eq.~9! is determined to within an amount o
the order ofkT, we can assume without incurring large err
that g52 for such structures.

* !E-mail: aleshkin@ipm.sci-nnov.ru; Fax:~8312!675553
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Role of impurities in the formation of silicyne „long-chain silicon …: theory
and experiment

A. I. Mashin,* ) A. F. Khokhlov, S. K. Ignatov, and A. A. Shchepalov

N. I. Lobachevski� Nizhegorod State University, 603600 Nizhny Novgorod, Russia

A. G. Razuvaev

Scientific-Research Institute of Chemistry at the Nizhegorod State University, 603600 Nizhny Novgorod,
Russia
Fiz. Tekh. Poluprovodn.33, 1253–1259~October 1999!

The short-range order structure of amorphous silicon prepared by various methods is investigated
by electron diffraction analysis. The influence of impurities in the as-prepared films and
those irradiated with neon, oxygen, and carbon ions at doses up to 131016 cm22 on the character
of structural transformations and the formation of interatomic silicon multiple bonds during
annealing are investigated. The structure of films annealed at 500 °C is found to depend on the type
of impurities and the nature of their chemical bond with silicon atoms. In particular, oxygen
(.0.2 at. %), unlike hydrogen and carbon, acts as an inhibitor for the formation of silicyne. Good
agreement is also noted between the experimentally determined short-range order parameters
and those calculated by the nonempirical Hartree-Fock method. ©1999 American Institute of
Physics.@S1063-7826~99!02210-3#
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INTRODUCTION

We have previously1–3 published experimental data in
dicating that elemental silicon, like carbon, is capable
forming new allotropic forms. The new material, silicyn
consists of long linear chains~up to 100 atoms! of silicon
atoms in thesp hybrid state. The probable formations in th
case are polyene (2Si[Si2Si[Si2Si[Si2)n or cumu-
lene (5 Si 5 Si 5 Si 5 Si 5 Si 5 Si 5)n chains of silicon
atoms. The chemical bond between atoms is establishe
sp hybridized (s-bond! and p nonhybridized (p-bond!
atomic orbitals. Some of the silicon atoms ('10
215 at. %) exist in thesp2 hybridized state. These atom
like bridges, bind the silicon chains into a three-dimensio
ordered network. We have obtained the new amorphous
terial ~silicyne! by high-temperature ('500 °C) vacuum an-
nealing of tetrahedral amorphous silicon. The as-prepa
films of amorphous silicon must have certain properties
this operation. In our work, in particular, we have prepar
tetrahedral coordinated amorphous silicon by various m
ods capable of yielding both hydrogenated~a-Si:H! and
hydrogen-free~a-Si! amorphous silicon, including the irra
diation of crystalline silicon with inert gas ions. Only in ce
tain cases, however, has vacuum annealing of the prep
amorphous silicon films resulted in the formation of silicyn
This fact, coupled with the lack of detailed investigations
the postanneal short-range order structure of amorphous
con, possibly explains why linear chains of silicon atoms h
not been discovered earlier.

The objective of the present study is to ascertain
necessary conditions for obtaining elemental silicon with
1131063-7826/99/33(10)/6/$15.00
f

by

l
a-

d
r
d
h-

ed
.
f
ili-
d

e
n

atomic structure other than tetrahedral. To achieve this g
we have recruited the latest methods of physics and quan
chemistry, along with our own experimental data.

EXPERIMENTAL PROCEDURE

The basic films of amorphous silicon were prepared
the decomposition of silane in an rf glow discharge, electr
beam evaporation, ion-plasma sputtering, and vacuum su
mation of silicon. For the structural measurements silic
films of thickness 70–80 nm were deposited on a fres
cleaved NaCl chip. The deposition rate did not exce
0.15 nm/s. The resulting amorphous silicon had a tetrahe
structure.

To modify the structure of the film and investigate th
influence of impurities on the structural modifications, t
amorphous silicon was irradiated with ions and then s
jected to thermal annealing.

Irradiation by neon, carbon, and oxygen ions with en
gies up to 40 keV at doses in the range 1014 ions/cm2 to
1016 ions/cm2 took place with the target at room temperatu
In none of the cases did the ion current density exc
1 mA/cm2.

Isothermal annealing was performed in a vacuu
;1025 Torr. The anneal time was 20–30 min. The ann
temperatures were 350 °C, 500 °C, and 700 °C.

Transmission electron diffraction patterns were record
by means of an E´MR-102 recording electron diffraction
camera. The electron scattering intensity was converted
the radial distribution function of the electron density by t
standard Fourier transform procedure4 and by optimization
9 © 1999 American Institute of Physics
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of the information functional.5 The short-range order param
eters were calculated from the area and positions of
maxima of the radial distribution function of the electro
density by a procedure similar to the one used in Ref. 6.

The spectral composition of the films was investiga
by Auger electron spectroscopy on a PHI-545 spectrom
with a sensitivity threshold'0.1 at. %.

The amorphous silicon films for the nonstructural e
periments had a thickness of 500–700 nm and were de
ited on single-crystalline silicon or fused quartz substrate

THEORETICAL APPROXIMATION

Quantum-chemical calculations have been performed
the nonempirical Hartree–Fock method in basis 6-311G~d!
@RHF/6-311G~d!#. The correlation energy was taken into a
count by second-order Mo” ller–Plesset perturbation theor
@MP2/6-311G~d!#. The geometry was optimized by the gr
dient method. The stationary points of the surface poten
energy were characterized by calculating the vibration
quencies. We have confined the present study to cluste
atoms existing only in the singlet spin state. The results
calculations of states having a higher order of multiplic
will be published in subsequent papers. PC Gamess-4
software7 was used for all the calculations.

RESULTS AND DISCUSSION

We have investigated the anneal-induced structu
modification ina-Si:H films prepared by silane decompos
tion in a glow discharge at a substrate temperatureTs

550 °C. The film thickness was 70 nm. This material diffe
significantly from the a-Si:H investigated in our earlie
work.1 Its hydrogen content attains 40 at. %. The films hav
high density of voids, which contain a large fraction of h
drogen both in their interior and on their surface.8 As should
be expected, the infrared~IR! transmission spectrum of suc
films ~Fig. 1! differs from the customary investigated mat
rial ~with Ts52502300 °C) by the presence of absorptio
maxima in the interval 8452890 cm21, which correspond to
Si–H2 bonds and~or! polymer (2SiH2)n chains. The short-
wavelength absorption peak normally observed
2000 cm21 is shifted to 2100 cm21. The shift is caused by
Si–H or Si–H2 bonds situated on the surfaces of the vo
and not by Si–H bonds dissolved in the bulk of the mater
It must also be noted that the IR spectrum of our investiga
a-Si:H films contains weak absorption peaks near 9
21000 cm21 and 780 cm21. They are usually identified with
vibrations of C–H and Si–C bonds, respectively.

A 20-min anneal at 500 °C leads to partial hydrog
evaporation. According to Ref. 8, not one, but two hydrog
evaporation peaks are observed for heavily hydrated am
phous silicon films. Their positions depend on the thickn
of the film, but in every case the first hydrogen evaporat
maximum occurs at a temperature below 400 °C, and
second occurs at 500–600 °C. Only at temperatures ab
900 °C can the total evaporation of hydrogen be expec
Consequently, after annealing at 500 °C the hydrogen c
centration in the films decreases, but not all the way to z
This result is clearly evident from the IR transmission sp
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tra of a-Si:H films annealed at 500 °C. It is a well-known fa
that vibrational spectroscopy is not entirely a quantitat
method, but it can be used effectively to detect the prese
of impurity atoms and to determine the configurations
which they can be found. It is evident from Fig. 1 that t
intensities of all the hydrogen-related absorption peaks d
considerably after annealing. This is particularly true of t
absorption peaks associated with vibrations of bonds of
Si–H2 types. Moreover, the absorption maximum in the
cinity of 2100 cm21 shifts toward 2000 cm21, so that mainly
hydrogen in the form of Si–H bonds is left in the silico
film, where they propagate throughout the entire volume
the amorphous material. Weak absorption peaks corresp
ing to C–H and Si–C bonds can also be seen in this sp
trum. Thus, according to IR spectroscopy data, in analyz
the structural modifications we must take into account
only the presence of Si in our films, but also hydrogen
monohydride~Si–H! and dihydride~Si–H2) configurations,
as well as carbon bonded to hydrogen or silicon. Our Au
spectral analysis of the investigateda-Si:H films has con-
firmed the presence of carbon in them at the sensitiv
threshold level ('0.1 at. %) of the instrument used in ou
work. No other impurities have been detected.

According to our measurements,a-Si:H films deposited
at a substrate temperature of 50 °C have an alm
tetrahedral short-range order structure. Electron-density
tribution curves with similar short-range order paramet
have been observed by us previously1 and by other
researchers6 in instrument-qualitya-Si:H films. The first co-
ordination numberk1 for the films investigated here is equ
to 3.460.2. The somewhat lower value ofk1 relative to our
previous data1 is attributable to a higher content of micro

FIG. 1. Infrared transmission spectra ofa-Si:H. ~1! Before annealing;~2!
after annealing at 500 °C.
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TABLE I. Results of Auger spectral analysis of amorphous silicon films.

Method of preparation Impurity concentration, at. % Multip

Oxygen Carbon bonds

Silane decomposition in glow discharge ,0.1 '0.1 Yes
~oilless evacuation!
Electron-beam evaporation 1.7 1.3 No
Ion-plasma sputtering 1.1 2.3 No
Vacuum sublimation of silicon '0.1 0.3 Yes
Silane decomposition with oilless 1.8 2.1 No
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voids and bound hydrogen. Hydrogen atoms are known
have a lower electron scattering efficiency than silicon
oms, so that a high density of Si–H bonds and especi
Si–H2 bonds can affect the value of the first coordinati
number. The values of the valence anglew5(11366)° and
the interatomic spacingr 15(2.3460.04) Å are close to the
ideal tetrahedral and indicate that the silicon atoms have
ordinary, almost-ideal, tetrahedral bonds.

Annealing at 350 °C leads to restoration of the struct
of amorphous silicon up to typical values of the short-ran
order parameters fora-Si:H films prepared at high (250
2300 °C) substrate temperatures. With a further increas
the anneal temperature, the character of the structural tr
formation and the parameters of the short-range order st
ture of the amorphous films repeat our previous data,1 within
the experimental error limits, for the caseTs5250 °C; in
other words, after annealing at 500 °C we have observe
sharp decrease ink1 to (2.160.2) Å and (2.0860.04) Å,
along with an increase in the valence angle to almost 18
w5(17366)°. Annealing at 700 °C immediately results
partial recrystallization of the film.

We have also observed significant structural change
hydrogen-free silicon. In this casea-Si films were prepared
by the vacuum sublimation of silicon. The substrate tempe
ture was 300 °C. Likea-Si:H, the films remained amorphou
up to an anneal temperature of 700 °C, and atTa5500 °C we
observed a substantial change in the short-range order s
ture of the still amorphous material. At this anneal tempe
ture k1 decreases from (3.860.2) Å to (2.860.2) Å, andr 1

decreases to (2.1560.04) Å. The valence angle, howeve
undergoes a perceptibly smaller change than ina-Si:H films
@w5(13266)°#. Even though the variation of the shor
range order parameters is less pronounced than in hydr
nated silicon, they cannot be attributed to experimental er

As in Ref. 1, we attribute the above-described change
the short-range order structure ofa-Si:H anda-Si to the for-
mation of silicon multiple bonds during annealing.

Measurements of the structure of hydrogen-free am
phous silicon films prepared by other methods do not rev
any appreciable variation of the parameters of the first co
dination sphere in annealing up to the temperature of pa
recrystallization.

Table I shows data from an Auger spectral analysis
our films and the capacity of silicon atoms in these films
form multiple bonds in annealing. Clearly, the phenomen
in question is observed only in silicon films prepared by
to
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technique that yields a sufficiently low (,1 at. %) content
of impurities such as oxygen and carbon. Unfortunately,
methods at our disposal for the preparation of amorph
silicon films do not allow separate controlled variation of t
oxygen and carbon concentrations when the latter are lo
than 1 at. %. Consequently, to discern the role of each
these impurities, we have conducted experiments to study
short-range order structure ofa-Si:H irradiated with carbon,
oxygen, and neon ions.

The application of ion implantation for the injection o
impurities is accompanied by the formation of a high dens
of radiation defects; our neon irradiation experiments the
fore required that we take into account the influence of s
defects on possible anneal-induced structural transformat
of the films irradiated with carbon and oxygen ions.

The results of structural modifications with the anneali
of previously irradiateda-Si:H films are shown in Figs. 2 and
3. The energy of the ions was chosen to match their ra
with the thickness of the irradiated film. It is a fairly simp
matter in this case to estimate the average concentratio
the injected impurity, which is uniquely determined by th
irradiation dose alone. At the maximum dose it is of t
order of 2 at. %, which is at least an order of magnitu
higher than the natural concentration of impurities in t
as-prepared silicon film.

FIG. 2. Influence of irradiation dose on the first coordination number~a! and
interatomic spacing~b! in a-Si:H films. Anneal temperature 500 °C. Ions
~1! neon;~2! carbon;~3! oxygen.
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It is evident that the introduction of radiation defec
during the irradiation ofa-Si:H with neon ions is conducive
to restoration of the tetrahedral structure of silicon~Fig. 2,
curve1!. In particular, we have observed that the first co
dination number increases from 3.4 in nonirradiated silic
to 4.0 in silicon irradiated with neon at a dos
.1015 ions/cm2. Neon partially accumulates in the void
displacing hydrogen. The latter moves out into the bulk
the film, where it forms new Si–H bonds or escapes the fi
Annealing at 350 °C can be regarded as a postimplanta
treatment, which induces structural transformations t
lower the free energy of the disordereda-Si:H network by
creating a more uniform distribution of neon and by loweri
the density of voids and other defects. According
secondary-ion mass spectroscopy data, implanted neon
in the irradiated layer up to anneal temperatures;1000 °C,
and its initial evaporation temperature is 700 °C~Ref. 9!. In
our range of anneal temperatures, therefore, neon stays i
films, where it influences the diffusion and evaporation
hydrogen and, accordingly, influences the possible struct
transformations in annealing. In particular, this is how
explain the lag of the recrystallization of amorphous silic
films at irradiation doses above 1015cm22. They remain
amorphous even at the highest anneal temperature use
our work. On the other hand, it should be noted that
presence of radiation defects and neon in the films does
eliminate the reduction of the first coordination number a
the interatomic spacing after annealing, but merely raises
necessary temperature.

After carbon and oxygen implantation, the onset of
diation defects is accompanied by the embedding of atom

FIG. 3. Influence of irradiation on the variation of the first coordinati
number~a! and interatomic spacing~b! in a-Si:H films during annealing.
Irradiation dose 131016 ions/cm2. Ions: ~1! neon; ~2! carbon;~3! oxygen;
~4! nonirradiated sample.
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these impurities in the disordered network and the format
of corresponding chemical bonds. Having an ionic comp
nent, such chemical bonds are stronger than the silic
silicon bond.

It is evident from Figs. 2 and 3 thatk1 and r 1 are also
observed to decrease after the irradiation of amorphous
con films with carbon, even at the maximum dose. Mo
over, the observed decrease in the average interatomic s
ing is more pronounced. Here the maximum implant
carbon concentration ('2 at.%) is higher than the carbo
concentration ina-Si films prepared by methods in which th
phenomenon in question has not been observed. It is a w
known fact that the carbon atom, having a smaller coval
radius than the silicon atom, is responsible for the onse
additional tensile stresses and dangling bonds in silicon
addition, it can form multiple bonds with silicon. The pre
ence of the ionic component together with the possible f
mation of ap-component of the silicon-carbon bond mak
this bond noticeably shorter than the silicon-silicon bon
However, the carbon concentration in films irradiated even
the maximum carbon dose is still not sufficient to account
our observed decrease in the average distance between a
~to 2.01 Å instead of 2.10 Å!.

Finally, it is evident from Figs. 2 and 3 that the intro
duction of approximately 0.2 at. %~irradiation dose
;1015cm22) oxygen atoms ina-Si:H films is sufficient to
completely suppress the influence of annealing on the
ceptible structural transformations of the disordered netwo
With this fact in mind, we can state unequivocally that t
main reason for the absence of any reduction ink1 and r 1

during annealing in the majority of amorphous silicon film
~Table I! is the presence of a high concentration~in excess of
1 at. %! of oxygen atoms.

Consequently, when quantum-chemical methods
used in calculations of possible nontetrahedral silicon str
tures, allowance must be made for the fact that real fil
contain, together with silicon atoms, a small concentration
hydrogen in the form of Si–H bonds and~or! Si–H2 bonds,
as well as silicon-bound carbon and oxygen atoms. In th
retical calculations we have analyzed two models of the s
con chain structure. The first model rests on the assump
that silicon atoms can form only linear~one-dimensional!
chains. The length of such chains is varied from 2 to
silicon atoms. Based on the experimental results, hydrog
oxygen, or carbon atoms are situated at the ends of
chains. The object of the theoretical calculations is to lo
for stable linear silicon structures and to determine their
rameters. The confinement to a linear structure alone ca
fully justified, because in experiment restructuring tak
place in a material comprising a rigid body, so that sign
cant constraints are imposed on the movement of atoms
ing annealing.

Quantum-chemical calculations taking into account
correlation energy by second-order Mo” ller–Plesset perturba
tion theory @MP2/6-311G~d!# are cumbersome and techn
cally difficult. As a result, we have managed them succe
fully only for clusters with a relatively small number o
silicon atoms. The length of the chains of silicon atoms c
be increased significantly by using the simpler Hartree–F
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method in basis 6-311G~d! @RHF/6-311G~d!#. Naturally, the
results are less reliable in this approach. However, our
culations of comparatively small clusters by both methods
not yield fundamental differences in the results~Table II!.
This outcome encourages our expectation that the data o
calculations for large clusters without regard for the corre
tion energy will be equally trustworthy.

For example, Table II gives the parameters of the sta
linear silicon clusters determined by us. If the chain of s
con atoms is terminated in oxygen atoms, we could not fi
a cluster structure with an energy minimum. The distan
between silicon atoms in the table correspond to silic
silicon bonds closest to the center. The symbolX in the Si-X
column is interpreted everywhere as hydrogen atoms fo
cluster of the SinHm type, as carbon atoms for a cluster of t
SinCkHm type, and as oxygen atoms for a cluster of the SinOk

type. Clearly, if one hydrogen atom is situated at each en
the silicon chain, this kind of structure is optimized to
polyene form of the cluster with alternating triple and ord
nary bonds~structurea in Fig. 4!. The length of the silicon
triple bond is determined by the length of the chain and
the cases investigated by us vary from 1.966 Å to 2.044
The ordinary bond is shorter than in the ideal tetrahed
material and, depending on the length of the chain, va
from 2.152 Å to 2.213 Å. A similar shortening of a sing
bond in molecules with multiple bonds has been obser
previously10 for carbon. With the understanding that th
electron diffraction method gives interatomic spacings av
aged over the entire volume of the investigated material,
bond length (;2.08 Å) is in good agreement with the the
retical calculations. Consequently, the calculated stable

TABLE II. Optimized bond lengths~Å! and bond orders in linear silicon
cluster structures.

Computational Bond length, Å Bond order

method Cluster Short Long Si–X Short Long Si–X
Si–Si Si–Si Si–Si Si–Si

Si2H2 1.939 ••• 1.453 2.916 ••• 0.956
Si4H2 1.951 2.213 1.454 2.802 0.973 0.95
Si6H2 1.965 2.210 1.454 2.665 0.994 0.95
Si8H2 1.966 2.207 1.453 2.633 1.019 0.95
Si10H2 1.968 2.206 1.453 2.599 1.024 0.95

RHF/6–311G~d! Si12H2 1.968 2.205 1.453 2.595 1.027 0.96
Si2H4 2.126 ••• 1.471 1.936 ••• 0.943
Si4H4 2.071 2.112 1.467 1.934 1.849 0.94
Si6H4 2.069 2.075 1.466 1.885 1.805 0.94
Si8H4 2.066 2.072 1.466 1.830 1.799 0.94
Si2H6 2.367 ••• 1.483 0.970 ••• 0.936
Si2H2 1.984 ••• 1.463 2.916 ••• 0.954
Si4H2 2.010 2.166 1.465 2.802 1.009 0.95
Si6H2 2.044 2.152 1.466 2.665 1.045 0.95
Si2H4 2.141 ••• 1.478 1.933 ••• 0.942
Si4H4 2.084 2.134 1.476 1.936 1.841 0.94

MP2/6–311G~d! Si2H6 ••• 2.346 1.488 ••• 0.971 0.936
Si2C2H2 ••• 2.165 1.626 ••• 0.971 2.830
Si4C2H2 2.038 2.154 1.631 2.643 1.003 2.78
Si2C2H4 2.068 ••• 1.722 1.974 ••• 1.873
Si4C2H4 2.074 2.089 1.720 1.898 1.805 1.85
Si2C2H6 1.985 ••• 1.880 2.918 ••• 0.916
Si4C2H6 2.010 2.170 1.878 2.764 0.996 0.92
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ear chains of silicon atoms of the polyene type are fu
capable of existing ina-Si:H films annealed at 550 °C.

In contrast, the existence of two hydrogen atoms at
ends of the chains imparts stability to a cumulene-structu
cluster, which now consists of silicon atoms with doub
bonds ~structureb in Fig. 4!. Here, as in the case of th
polyene chain, the bond length depends on the numbe
atoms in the cluster. It varies from 2.066 Å to 2.141 Å a
correlates quite well with the experimental data.

When three hydrogen atoms are present at the end
the chains of silicon atoms, as should be expected, we ob
a cluster structure with ordinary silicon-silicon bonds a
interatomic spacings close to the ideal for a tetrahedral st
ture.

For the second cluster model used in the quantu
chemical calculations we have lifted the linearity restricti
from the atomic structure. Some of the results are shown
Table III and in Fig. 4~structuresc andd!. It is evident that
for this model we again have clusters with stable chain str
tures. They are situated in one plane, but not along the s
straight line. The optimized angles between silicon ato
vary from 115° to 127° for clusters of the SinH2 type. It is

FIG. 4. Final structural geometries of silicon clusters after optimization

TABLE III. Optimized lengths~Å!, angles~deg!, and bond orders in non-
linear silicon cluster structures, method MP2/6-311G~d!.

Bond length, Å Bond order Angle, deg

Cluster Short Long Si–X Short Long Si–X Si1–Si2–Si3(X)
Si–Si Si–Si Si–Si Si–Si

Si2H2 2.102 ••• 1.492 2.292 ••• 0.933 125.0
Si4H2 2.117 2.288 1.493 2.158 0.960 0.937 118.2
Si4O2 2.299 1.544 0.920 1.886 140.7
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also interesting to note that the total order of the bonds
silicon atom is only 3 for these clusters. We can theref
assume that in a real amorphous silicon film each silic
atom has one unfilled bond, or it can be used to form a b
with another chain, thereby promoting the formation of
three-dimensional disordered network. The silicon atoms
this case exist in thesp2 hybrid state and have ordinary an
double bonds. The average distance between atoms is gr
than for linear chains. It is interesting to note that, accord
to electron spin resonance~ESR! data, hydrogen-free amor
phous silicon films annealed at 500 °C have a high densit
uncompensated spins ('1019cm23). The ESR signal has ag
factor close to 2.0055, which is usually attributed to dangl
bonds. In contrast with the first model, we have succeede
finding a stable cluster form containing oxygen atoms. T
results of calculations for SinO2 are given in Table III and in
Fig. 4 ~structured!. We see that the silicon atoms are join
by ordinary bonds, and that the bond lengths are close to
tetrahedral values. The original linear chain of atoms is n
twisted, and the increase in the number of silicon atoms
sults in the formation of a three-dimensional structure. T
means that oxygen is an inhibitor for the formation of m
tiple bonds.

Consequently, stable chain forms exist for both of t
cluster models discussed here. In the case of a linear clu
the existing minimum of the surface potential energy is c
ditional and is not preserved in transition to three-dime
sional optimization. For the second cluster model, on
other hand, the resulting stationary point is a local minim
even in the case of total optimization. The data are furt
corroborated by calculations of the vibrational frequenci
The difference in the cluster energies for linear and nonlin
arrangements of the silicon atoms in the chains per Si ato
on the order of 8–10 kcal. This difference is not too large,
that the result of anneal-induced restructuring is significan
influenced by the properties of the as-prepared tetrahe
silicon films and the conditions under which the structu
transformations take place. The distance between these
and global energy minima corresponding to a tetrahedra
rangement of atoms for the different cluster configuration
;20 kcal per Si atom.

CONCLUSIONS

Based on our calculations, which exhibit good agre
ment with experiments, we can conclude that in nature th
er
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are no fundamental restrictions on the formation of long s
con chains of atoms existing in thesp or sp2 hybrid state.
The final result of structural transformation, like the proce
itself, depends on the properties of the as-prepared mat
and the presence of external influences. The use of hydro
saturated amorphous silicon as the basic material under
tain conditions can lead to the production of linear am
phous silicon by annealing. At present, however, neit
experiment nor calculations provide a straightforward a
swer to the question as to what type of linear chain of silic
atoms is formed~polyene, cumulene, or both together!.
When hydrogen-free amorphous silicon is annealed, the m
likely product will be a chain material with silicon atom
existing in thesp2 hybrid state. The presence of oxygen
the as-prepared silicon films is the primary obstacle to
formation of silicyne during annealing. The resulting ma
rial is amorphous. Unfortunately, this fact and freque
breakages make it difficult to observe long chains of silic
atoms directly.
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for Fundamental Research~Project Code 97-03-32428!.
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Formation of optically active centers in films of erbium-doped amorphous hydrated
silicon
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We have observed photoluminescence at 1.54mm from a-Si:H films doped with erbium of
various degrees of purity. It is shown that the additional introduction of oxygen activates the Er
ions. The effect of silicides and defects in amorphous silicona-Si:H films and in crystalline
silicon c-Si is investigated. ©1999 American Institute of Physics.@S1063-7826~99!02310-8#
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The possibility of using erbium-doped amorphous h
drated silicon films (a-Si:H^Er&) to prepare photo- and elec
troluminescence devices appeared after luminescenc
wavelengthl51.54mm was observed in them near roo
temperature.1 The wide interest in research on single crys
~c-Si! and amorphous hydrated~a-Si:H! silicon doped with
erbium is due to the possible applications of silicon techn
ogy for integrating devices, which are based on this mate
and which operate at a wavelength corresponding to m
mum losses and minimum dispersion in fiber-optic comm
nication lines. It is known that the technology for depositi
a-Si:H^Er& films does not impose any restrictions on t
density of metallic and gaseous impurities.

It has been shown2–4 that the photoluminescence~PL!
intensity depends on the erbium concentration (CEr), and it
increases on annealing, with the additional introduction
oxygen when magnetron sputtering is used for film depo
tion, and with the use of ion implantation for introducin
erbium into the disordered structural network ofa-Si:H.
When a multielectrode system was used to obtain thea-Si:H
^Er& films, the additional introduction of oxygen decreas
the PL intensity.2

On the basis of the data obtained in Ref. 5 it is believ
that the emitting centers inc-Si, a-Si:H^Er&, anda-Si:H^Er&
subjected to high-temperature annealing are clusters of
erbium oxide Er–O. It has been shown by emission Mo¨ss-
bauer spectroscopy on169Er (169Tm) that the optically active
PL centers ina-Si:H^Er& are clusters, whose structure, ju
as inc-Si, corresponds to the oxide Er2O3 . It has also been
shown that the nature of the clusters formed by erbium
oxygen atoms inc-Si anda-Si:H is different with respect to
the local environment: Inc-Si the structure is close to th
crystal structure of Er2O3 , while in a-Si:H films it is some-
what different. Cluster formation occurs in the amorpho
phase, even despite high-temperature annealing. Howe
the process leading to the formation of optically active cl
ters of erbium oxide in the amorphous phase upon the in
duction of erbium and oxygen during growth and upon
introduction of the same impurities by implantation inc-Si is
unclear so far.

Our objective in the present work is to investigate t
formation of optically active clusters ina-Si:H^Er& films
1141063-7826/99/33(10)/4/$15.00
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when using the method of magnetron sputtering of the ta
and with rf sputtering using a multielectrode system.

It has been shown6 that the PL intensity ina-Si:H^Er&
films obtained by magnetron sputtering is always higher th
in films obtained by rf sputtering. Moreover, it has be
determined that the introduction of oxygen impurity in co
centrations an order of magnitude higher than the erb
concentration increases the PL ina-Si:H^Er& films obtained
by magnetron sputtering, while a decrease of the oxy
concentration results in an environment around erbium i
that is characteristic of erbium silicide ErSi2 , which, as
shown in Ref. 5, is an optically inactive center. At the sam
time, it is well known that when iron is introduced inc-Si PL
is also observed at the wavelengthl51.54mm, and the op-
tically active centers are, as inferred in Ref. 7, precipitates
iron silicide b-FeSi2 . The appearance of FeSi2 precipitates
has also been observed by Mo¨ssbauer spectroscopy whe
57Fe is introduced ina-Si:H films.8 Photoluminescence a
l51.54mm in c-Si has been observed without the introdu
tion of any impurities.9 The authors attribute this observatio
to the presence of dislocations in the experimental samp
It has been shown10 that when different rare-earth elemen
~REEs! ~Dy, Cd, Tb, Nd, Eu! are introduced into the disor
dered structure of thea-Si:H network, it is observed that th
elements strongly influence the spectrum of localized sta
of the tails of the allowed bands of the intrinsic structu
defects with states of the typeD2, D0, andD1. Intracenter
optical transitions associated with isolated charged REE c
ters have not been observed, which could attest to the for
tion of complicated complexes in thea-Si:H matrix by REE
impurities. It has been shown that all REEs, except Eu, fo
acceptor levels in the mobility gap ina-Si:H films. At the
same time, PL at 1.54mm is observed ina-Si:H^Er& films
only in the case ofn-type conductivity.

The kinetics of film growth in the magnetron sputterin
process is different from that ofa-Si:H film growth using rf
sputtering with a multielectrode system. For magnetron sp
tering, the growth mechanism leading to the appearance
distinct columnar microstructure as a result of the high
fective electron density in the plasma gap is the domin
mechanism. The outer surfaces of the ‘‘columns’’ have
high density of defects due to the presence of dang
5 © 1999 American Institute of Physics
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TABLE I. The results of chemical analysis of Er according to metallic and gaseous impurities.

Metal impurity content, Gas impurity content,
wt. % wt. %

Y Dy Cu Tb Yb Fe Total N2 O2 H2 Total

0.04 0.03 0.002 0.02 0.03 0.001 0.14 0.04 0.12 0.001 0.1
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silicon–silicon, silicon–oxygen, and silicon–hydroge
bonds of the dihydrides SiH2 ~according to infrared spectros
copy data for the absorption bands at 1060 and 2100 cm21).
The extended microstructure of the film surfaces is one of
determining factors for the formation of erbium oxide
When a multielectrode system is used during rf sputtering
a mixture of silane, argon, and hydrogen gases, accordin
these investigations, a columnar microstructure is not
served in either reflection or transmission, although inhom
geneities no greater than 200–300mm in size are visible; the
main type of bonds between silicon and hydrogen are
monohydride bonds SiH~according to infrared spectroscop
data, the 1060-cm21 absorption band is absent, an abso
tion band is present at 2000 cm21, and the 2100-cm21 band
is weak!.11

1. EXPERIMENT

Thea-Si:H^Er& films were obtained by magnetron spu
tering of a mosaic target consisting of single-crystal silic
and erbium and by the method of rf sputtering in a multiel
trode system. Erbium of various purities was used: rep
edly remelted in a suspended state in helium gas o
vacuum~type 1! and ultrapure erbium~type 2!. As a rule,
ultrapure erbium contains no less than 0.10–0.12% gas
impurities and no less than 0.15–0.20% organic impuri
~see Table I!. Because of the high vapor pressure, most
bium oxides and organic impurities, their content decrea
after the initial erbium is melted in a suspended state. T
deposition temperature and the growth rate were cons
and equal to 250 °C and 2 Å /s, respectively. Oxygen wa
introduced from water vapor in the process of deposition
rf sputtering and from the gas phase by magnetron spu
ing.

Fused quartz and KEF-10c-Si served as substrates fo
subsequent measurements of the electroluminescence
KDB-10 c-Si was used for infrared spectroscopy.

Measurements of the PL ofa-Si:H^Er& films were per-
formed using a KSVU-23 automated setup in the synch
nous detection mode. A cooled germanium photodiode
used as a detector. Photoluminescence was excited by
4880-Å line of a 50-mW argon laser.

Spectral dependences of the PL intensity~at tempera-
turesT577 and 300 K) as a function of the erbium conce
tration in a-Si:H^Er& films, obtained by magnetron sputte
ing using erbium~type 1! with introduction of oxygen~the
flow rate was 0.03 cm3/s), are shown in Figs. 1a and 1
Photoluminescence is observed atl51.54mm, and maxi-
mum intensity occurs at concentrationCEr8 51.08%.

When type-1 erbium with the same concentrati
and without the introduction of oxygen is used, t
e
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l51.54-mm PL band is not observed. In Ref. 5, where
without special purification was used, it is shown that t
maximum PL intensity is observed with erbium concent
tion 1020cm23, i.e., CEr9 is several percent. Note thatCEr8
5CEr9 . The temperature dependences of the PL intensity
the experimentala-Si:H^Er& films obtained using type-1 er
bium with the addition of oxygen and using type-2 erbiu
are essentially identical.

The dependences of the PL intensity ofa-Si:H^Er& films
obtained by rf sputtering with a constant erbium concen
tion and introduction of water vapor during the depositi
process were investigated. It was found that the PL inten
decreases sharply when the water vapor, i.e., an oxyg
containing impurity, is introduced. As is well known, und
the conditions of an rf discharge water dissociates into
components H and OH. The OH group is an active com
nent, which participates in the heterogeneous reactions
the surface of the growing film and gives rise to the appe
ance of dihydride bonds of silicon with hydrogen~the ab-
sorption band at 2100 cm21). The reactions with participa
tion of hydroxyl groups on the surface of the growing fil
seem to result in the formation of optically inactive cente
The PL intensity decreases. One of the questions arisin
the study of the nature of optically active centers in not o
a-Si:H^Er& but alsoc-Sî Er& is whether the appearance o
erbium silicide is responsible for the dropoff of the PL~ac-
cording to Mössbauer emission spectroscopy data, erbi
silicide was observed ina-Si:H^Er& films with a low PL
intensity! or the spectrum of localized states in the mobil
gap changes as a result of the formation of erbium silici
An investigation of the effect of the oxgyen concentration
the PL intensity in GaN̂Er& gave a similar dependence
The PL intensity at T5300 K decreases for oxyge
density CO,1019cm23 and increases rapidly only fo
CO.1020cm23 ~Refs. 11–13!.

When a multielectrode system is used, oxygen is int
duced from water vapor, whose pressure should not exc
1024 Torr, which is probably too low for the formation o
optically active centers ina-Si:H^Er& films.

The formation of optically active centers when magn
tron sputtering is used occurs as follows: When type-2
bium is used, the Er–O complexes emerge directly from
mosaic target. The electron energy is too low for the co
plexes to dissociate, and the complexes Er–O reach the
face of the growing film. Heterogeneous reactions on
surface of the growing film do not play a large role, since t
substrate temperature does not exceed 250–300 °C. W
type-1 erbium is used, the mosaic target ensures that erb
atoms reach the surface of the growing film. When oxygen
not additionally introduced, most likely erbium silicid
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forms — the l51.54-mm PL band is not observed wit
type-1 erbium concentration equal to the type-2 erbium c
centration. The introduction of oxygen increases the PL
tensity with Er concentration increasing toCEr51.08%, and
as the Er concentration continues to increase, the PL in
sity decreases. The increase in the erbium concentra
seems to result in larger nonuniformities, i.e., the cha
state and the density of defects in the disordered struct
network ofa-Si:H change. In Refs. 10 and 14 it is shown th
an increase in the REE concentration as a result of dopin
a-Si:H films results in a nonmonotonic increase of the d
conductivity and decreases the activation energy of
temperature-dependence of the dark conductivity, altho

FIG. 1. Photoluminescence spectra ofa-Si:H^Er& films. a — Er ~type 1!;
CEr , %: 1 — 1.08,2 — 0.79,3 — 0.34,4 — 1.42.T577 K. b — Er ~type
2!; CEr , %: 1 — 1.08,2 — 0.79,3 — 0.34;T5300 K.
-
-
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on
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al
t
of
k
e
h

the width of the optical band gap remains nearly consta
The question of the nature of the optically active cent
remains open, even though existing data show the pres
of erbium oxide ina-Si:H^Er& films in which intense PL is
observed at 1.54mm.5,8

Comparing the data from optical transmission measu
ments ona-Si:H^Er& and a-Si:H^Fe& films ~Fig. 2!, it is
evident that the absorption on defects in the films is ess
tially the same. As follows from Ref. 7, the optically activ
center is FeSi2 . In Ref. 14, light-emitting diodes operating a
1.54 mm were prepared on the basis of the Si–FeSi2 struc-
ture. The assumption that the other silicide, ErSi2 , is opti-
cally inactive is based only on the fact that ErSi2 has been
observed in films showing weak PL.15

The additional introduction of ytterbium into ana-Si:H
film did not change the PL spectra substantially: T
l51.04-mm line characteristic of intracenter transitions
Yb was not observed, and no change was observed in the
intensity atl51.54mm.

2. CONCLUSIONS

In summary, the nature of the PL atl51.54mm in
a-Si:H^Er& films remains in the research stage. Activation
erbium ions due to the formation of Er2O3 as a result of
introduction of oxygen is substantial, as is characteristic
c-Si. In addition, the question of the role of the silicid
(ErSi2) and defects such as dangling Si–Si bonds rema
open.

We wish to thank A. V. Medvedev and A. B. Pevtsov f
performing the PL measurements.
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Variation of the parameters and composition of thin films of porous silicon as a result
of oxidation: ellipsometric studies
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The variation of the optical characteristics of thin films of oxidized porous silicon as a function
of the preparation regime and subsequent heat treatment is investigated by ellipsometry. It
is shown that the refractive index, optical thickness, and extinction coefficient of porous silicon
films decrease monotonically, but the film thickness increases as the degree of oxidation
of the silicon base layer increases. An analysis of the film thickness as a function of the degree
of oxidation shows that it differs very little from the same dependence for the nonporous
film. The composition of the films is determined from the measured refractive index at a
wavelengthl5632.8 nm by means of curves calculated on the basis of the three-
component Bruggeman model of the effective medium for layers with different initial porosities.
© 1999 American Institute of Physics.@S1063-7826~99!02410-2#
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Porous silicon has recently begun to find applicatio
the production on silicon of thin films having predetermin
optical constants~refractive indexn and extinction coeffi-
cient k).1,2 The applications of porous silicon with variou
indices n range from ‘‘superlattice’’ interference filters3 to
waveguides and brighteners.1,4,5The need to stabilize the op
tical parameters of porous silicon films and to enhance t
transparency in the short-wavelength region of the visi
spectrum requires additional processing of the material,
example, oxidation or nitridization.6,7 The initial values of
the optical constants of porous silicon are changed by th
operations. The predictable realization of the necessary
parameters requires knowledge of how the latter depend
the technological preparation regime, i.e., on the silic
composition: its porosity and oxide concentration. In t
past, the laws governing the oxidation of porous silicon ha
been of interest in regard to the solution of such pract
problems as the preparation of silicon-on-insulator~SOI!
structures8 and the stabilization of photoluminescence a
electroluminescence.9,6 In the first case the porous Si had
be converted into a sufficiently thick and dense oxide, a
the primary objective in the second case was to passivate
surface of crystallites in porous Si. Consequently, hig
temperature oxidation (T.1000 °C) has been used predom
nantly for the production of insulation, and only short-tim
pulsed annealing (T58002900 °C) has been used for pa
sivation.

It is difficult to trace the variations of the porosityp and
the thicknessd of thin (d,1 mm) porous silicon films by the
usual gravimetric method10 and profilometry,11,12because the
variations of the weight and thickness of the sample are
small. In the majority of papers on porous Si the refract
index has been determined from reflection measurement2,13
1141063-7826/99/33(10)/7/$15.00
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although ellipsometry has also been used in so
studies.14–16 For calculations of the refractive index in th
case the film is regarded as an effective two-component
dium consisting of silicon and voids, and with oxidized la
ers it is regarded as a three-component medium with
oxide as the third component.13,17

The objective of the present study is to investigate
ellipsometry the optical characteristics, porosity, and com
sition of thin films of porous silicon in various stages
oxidation. The primary concern is to investigate porous s
con layers prepared on ann1-silicon surface by chemica
etching ~stain-etched films!. This undertaking is motivated
both by the feasibility of using the layers as brighteners
solar cells5 and by the fact that the oxidation of such film
has not been investigated previously.

EXPERIMENTAL

The porous films were prepared by the chemical or el
trochemical etching of single-crystalline wafers ofn1-type
andp-type silicon. The film preparation regimes are given
Table I. Sample 1 in the table actually refers to a series
samples prepared under conditions differing only in the e
time. Some of the as-prepared silicon wafers were subje
to preliminary diffused alloying with phosphorus at a surfa
density Ns52 31020cm23. The depth of then1-layer
(1.4mm) was much greater than the thickness of the por
film obtained from it. The chemical etching ofn1-Si in HF
containing a small quantity of NaNO2 oxidant18 permits the
reaction to take place without the liberation of hydrog
bubbles and produces uniformly stained thin films, who
thickness depends on the reaction time. The chemical etc
process used in the preparation of porous silicon is extrem
sensitive to the surface state of the silicon and takes p
9 © 1999 American Institute of Physics
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TABLE I. Preparation regimes and as-prepared parameters of porous silicon films.

Doping Substrate Current Etch
Type of level, orien- Electrolyte density time Depolari-

No. silicon cm23 tation composition j , mA/cm2 t, s zation, %b! F d, nm n k p, %

1 a! n-Si~Sb! 531018 ~111! 0.01% NaNO2 Chem. 60–300a! 2–17 3.5– 57.6– 2.450– 0.010– 46–
soln. in HF etch 90a! 86.3a! 2.847a! 0.015a! 34a!

2 n-Si~P! 2.531017 ~100! 0.01% NaNO2 Same 180 1–6 81 97.6 2.344 0.013 50
soln. in HF

3 p-Si~B! 1.531016 ~100! HF: H2O: C2H5OH 2.1 60 1–2 48 106.2 2.044 0.006 58
52: 1: 1

4 p-Si~B! 431014 ~100! HF: H2O: C2H5OH 10 25 4–22 227 128.7 1.486 0.000 75
51: 1: 2

5 n-Si~P! 231020 ~111! Same 2 45 2–4 29 76.8 1.858 0.003 63

a!The values are given for a series of samples.
b!The depolarization is given for angles of incidencew555°, 60°,65°.
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only on a hydrophilic surface. To prevent contamination a
simplify the preparation of the wafers prior to the formati
of the chemical porous Si film, they were subjected to th
mal oxidation~thickness of the oxide layer 0.4mm). When
immersed in the solution for preparation of the porous Si,
oxide was dissolved in it for;30 s, and then the formatio
of the stained film began after a certain time had passed

It is important to note that the oxidation of porous silico
calls for certain precautions to avoid encrustation of the s
face and the buildup of elements of the base layer.19 Oxida-
tion is therefore usually carried out in two stages: a prelim
nary low-temperature stage, when the surface hydrogen l
is replaced by an oxide film, and a final high-temperat
stage aimed at complete oxidation of the Si base layer
subsequent consolidation of the porous SiO2 . The samples
of series 1 were subjected to the first oxidation stage in a
300 °C or in water vapor~90–100 °C!; the second stage wa
carried out atT55002700 °C. All other samples were an
nealed in a single stage. Sample 2 was divided into p
having identical characteristics of the as-prepared porous
and each part was annealed for one hour at a specific
perature in the range 2002800 °C.

Multiple-angle ellipsometry was used to determine t
parameters of the film. The ellipsometric analysis of poro
Si films has its own special characteristics due to imperf
tion of the interface between the porous Si and the subs
and inhomogeneities in the film itself due to the high sen
tivity of the etching rate to defects and fluctuations of t
substrate alloying level. As a result, the total reflected li
beam is made up of beams with different polarization ch
acteristics, and this creates certain difficulties even dur
the measurement stage and is manifested, for example
incomplete extinction of the signal in the null ellipsometer
should be noted that the issue of depolarization of the be
by the porous Si film has never been discussed in the pu
cations known to us, probably because ellipsometers wi
nonnull signal recording scheme~e.g., incorporating a rotat
ing analyzer! were used. In the case of a null ellipsometer t
influence of the depolarization component~as long as it is
not too pronounced! is more likely expressed merely in a
increase of the uncompensated component at the signal m
mum and, as a result, in a certain loss in the accuracy
d
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determination, rather than in the actual values of the eva
ated ellipsometric parametersD andc ~Ref. 20!. It is impor-
tant to note that optical imperfection of the porous Si film
can also introduce errors in the subsequent calculations.
rule, these data and the values of the error functionF are not
indicated in ellipsometric studies of porous silicon, with t
exception of Ref. 21.

The measurements in the present study have been ca
out by means of an LE´F-3M null ellipsometer~wavelength
l5632.8 nm). The instrument has the following configur
tion: polarizer–compensator–sample–analyzer–photode
tor.22 The measure of depolarization of the beam was
deviation of the signal on the photodetector recording sys
of the LÉF-3M instrument from the zero~noise! level, ex-
pressed as a percentage of the total scale in the maxim
sensitivity regime. The choice of angles of incidence of t
light beamw555°, 60°, 65° was dictated by the criterion o
minimum beam depolarization.

After the ellipsometric parameters had been measu
the following model was used for subsequent calculatio
environment–homogeneous isotropic film–substrate. The
fractive indexn, the extinction coefficientk, and the thick-
nessd of the film were calculated by searching for the u
known parameters with error functionF calculated by the
least-squares method, taking into account the error of
parameters.22,23 The film thicknesses were measured with
122-nm error limits, and the error of determination ofn did
not exceeddn50.002, but fork it was larger:dk50.004.
The optical constants of the substrate were determined
allowance for the natural oxide surface film and were clo
to data in the literature:nSi53.862 andkSi50.023.

MODEL OF THE EFFECTIVE MEDIUM

The analysis of the values obtained for the optical co
stants is based on the isotropic Bruggeman model.24 It is
assumed that the partially oxidized porous silicon consist
three components: silicon, silicon dioxide, and voids, w
refractive indicesnSi , nSiO2

, and nv51, respectively. The
dependence of the degree of oxidation and porosity on
effective refractive index is calculated with allowance for t
fact that the oxidized porous silicon film is not an arbitra
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mixture of the three components, but the content of each
varies during oxidation as a result of the other. In the wa
length interval wherek is small, the condition RêN2&
5Re@(n1 ik)2#.n2 holds, whereN is the complex refrac-
tive index. Let the volume fraction of silicon in the a
prepared, unoxidized film bef 512pin , where pin is the
initial porosity. As a result of oxidation, a fractionx of the
silicon is converted into SiO2 . The porous silicon then ha
the new composition

volume fraction of Si f 2x, ~1!

volume fraction of SiO2 g52.27x, ~2!

Porosity p512 f 21.27x. ~3!

The combination of silicon with oxygen increases t
volume occupied by the solid base of the film, i.e., decrea
its porosity. It follows from the ratio between the gram
atomic weight of Si~28 g! and its density 2.33 g/cm3 that the
volume occupied by one gram-atom of Si isvSi528/2.33
512.02 cm3, and one gram-molecule of silicon dioxide, ta
ing into account the gram-molecular weight of 60 g and d
sity of 2.20 g/cm3, is vSiO2

560/2.20527.27 cm3; i.e., the
oxidation of each Si atom increases the volume of the s
phase associated with it by a factor of 2.27.

The Bruggeman equation can be written in the form

F~ f 2x!1G2.27x1V~12 f 21.27x!50, ~4!

where

F5
nSi

2 2n2

nSi
2 12n2

, ~5!

G5
nSiO2

2 2n2

nSiO2

2 12n2
, ~6!

V5
12n2

112n2
, ~7!

andn is the effective refractive index of the film.
The determination ofn by means of Eq.~4! calls for the

solution of a cubic equation. It is far simpler to solve t
inverse problem of findingx for known values ofn:

x5
f F1~12 f !V

F22.27G11.27V
. ~8!

It is convenient to characterize the degree of oxidation as
fraction of oxidized Si base layer:

s5~x/ f !•100%. ~9!

Calculated curves relating the degree of oxidation of
silicon base layer to the refractive index atl5632.8 nm for
films with various initial porosities are shown in Fig. 1. Fi
ure 2 shows how the porosity of the layer varies asn de-
creases because of oxidation. The ranges of variationn
and p are bounded by two-component porous systems:
upper dot-dashed curve describes a medium consistin
silicon and voids (Si1V), and the lower curve characterize
the porous oxide (SiO21V). It is evident from Fig. 2 that
ne
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e

e
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porous Si films with different initial porosities behave diffe
ently. Films with pin.56% after complete oxidation of th
Si base layer remain porous, whereas in porous Si wit
lower porosity the voids vanish well before the Si base la
is completely oxidized, producing another two-compone
system Si1SiO2 ~see Fig. 1!. Attention should be called to
the fact that for all such films, beginning with a certain d
gree of oxidation dictated by the point of intersection w
the Si1SiO2 curve, the functionn5 f (s) is identical and
does not depend onpin .

VARIATION OF THE POROUS SILICON FILM THICKNESS
DURING OXIDATION

The foregoing considerations are based on the fact
the voids are small and distributed uniformly in the film
Accordingly, the porosity has not become equal to zero u
now, and the volume of porous silicon should not increa
However, the true picture most likely departs from this id
alized version, and the voids in the film come in a wide ran
of sizes. The smaller ones quickly fill up with SiO2 and
begin to push the silicon crystallites apart. This behavior c
cause the film thickness to increase long before the condi
p50 is satisfied.

The fraction of solid phase in the porous silicon befo
oxidation is determined entirely by the silicon compone
and is equal tof. The volume occupied by the solid phase
therefore equal tof v0 , wherev0 is the volume of unoxidized
porous Si. Let the volume now be equal tovx as a result of
oxidation. The solid phase then consists of Si and SiO2 , and
its fraction is f 11.27x. Assuming that the minimum void
diameter is equal to 0, we can find the new volume of
solid phasevx( f 11.27x). The relative increase in volume i
then

vx /v05~ f 11.27x!/ f 5111.27s, ~10!

and the linear scale is given by the cube root of this quant
Consequently, the thickness of the film will increase w
increasing degree of oxidation according to the relation

d/d05A3 111.27s, ~11!

whered0 is its initial thickness. The maximum increase
the thickness due to complete oxidation (s51) is d/d0

51.31.

EXPERIMENTAL RESULTS AND DISCUSSION

The results of determiningn, k, andd from the measured
ellipsometric parameters on the porous silicon films bef
oxidation are given in Table I. Also shown in Table I are t
percentage depolarization and the error function. The th
ness of the chemical porous Si films~samples 1 and 2! before
oxidation wered05(57.6297.6) nm,n52.34422.847, and
the thickness of the electrochemical films~samples 3–5!
were d05(772129) nm, and n51.48622.044. We as-
sumed that the film is oxide-free immediately after prepa
tion, and we determined its initial porositypin from the mea-
sured refractive index with the aid of the Si1V curve in Fig.
2. This assumption is valid for films prepared onp1-Si ~Ref.
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FIG. 1. Calculated curves characte
izing the relation between the refrac
tive index of oxidized porous silicon
and the degree of oxidation of the
silicon base layer,l5632.8 nm. The
Si1SiO2 curve corresponds to a film
in which no voids are left after oxi-
dation; pin is the initial porosity of
the unoxidized film.

FIG. 2. Relation between the poros
ity and the refractive index of oxi-
dized porous silicon, calculated fo
various initial porositiespin of the
unoxidized film, l5632.8 nm. The
dot-dashed curves representing
1V ~porous silicon! and SiO21V
~porous oxide! bound the region of
values having physical significance
pin is determined from the point of
intersection of thep2n curve with
the Si1V curve.



of

xidation

1153Semiconductors 33 (10), October 1999 Astrova et al.
TABLE II. Parameters of porous silicon layers after oxidation.

Sample Oxidation regime Thickness Refractive Porosity Degree
No. Stage I Stage II d, nm indexn p, % oxidation

As-prepared film, 72.2 2.590 41.8 0
300 °C, 17 min 74.4 2.320 24.8 23

700 °C, 60 min 84.5 1.737 0 69
1aa!

100 °C, H2O, 10 min 84.0 2.105 12.3 40
500 °C, 60 min 89.8 1.776 0 67

90 °C, H2O, 90 min 73.2 2.081 11 42
600 °C, 60 min 80.8 1.746 0 68.5

3 b! Stored in air, 25 °C, 12 days 111 1.818 42.8 28.6
4 b! 600 °C, 60 min 122.1 1.294 52 73
5 b! 700 °C, 60 min 76.9 1.650 48 33

a!Sample 1a is one of the samples in series 1; it is divided into three parts, each subjected to two-stage o
in its own regime.

b!The parameters of the as-prepared layers are given in Table I.
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13! andn1-Si ~Ref. 25! and is corroborated by our measur
ments of the infrared reflection spectra of thicker films p
pared under like conditions.

It follows from the values obtained forn, k andd ~Table
II ! that oxidation by annealing in air at 902800 °C produces
a significant drop inn. After each oxidation stagen was
measured by the ellipsometric method to determine the
gree of oxidations and the porosityp from the curves in
Figs. 1 and 2 for the correspondingpin . The initial porosity
was in the interval 34250% for the chemical porous Si film
and 58275% for the electrochemical films. For either typ
of film the degree of oxidation and the new porosity det
mined under the same heat treatment condition dep
strongly on the substrate material and can fluctuate froms
533% tos584% after heat treatment atT5600 °C forpin

563% and 84%, respectively.
The oxidizing atmosphere is found to have a signific

influence. Oxidation of the chemical films in water vapor
90 °C and boiling in deionized water (100 °C) produced
greater reduction inn and, accordingly, a higher degree
oxidation than heat treatment in air at the higher tempera
T5300 °C (s542% and 40% as opposed to 23%!. The
thickness of the porous Si film always increases after h
treatment, consistent with the results obtained for thic
films in Refs. 11 and 12. The coefficientk exhibits consid-
erable scatter, as it does in Ref. 26 for this spectral rang

We now analyze the main patterns of oxidation-induc
variation of the parameters of chemical porous Si films in
example of sample 2 with an initial porositypin550% ~see
Figs. 3–6!. As oxidation progresses, the refractive index d
creases fromn52.34 ton51.48, signaling almost complet
oxidation of the film after annealing at 800 °C and its co
version to SiO2 without voids ~porous SiO2 would haven
,1.46). Accordingly, the extinction coefficient drops esse
tially to zero~Fig. 3!. From the calculated data in Figs. 2 an
1 we determine that the voids in this porous silicon sam
must vanish atn51.64, which corresponds tos578%. In-
deed, in Figs. 3 and 5 a decrease in the rate of change of
refractive index and the oxidation rate is observed forn
,1.64 ands.78%, respectively, in the rangeT>530 °C,
which can be attributed to closing of the voids. Figure
-
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shows the temperature dependence of the film thicknesd
and its optical thicknessnd. The latter is of primary interes
in regard to the fabrication of interference devices and co
ings. It is evident thatd, which initially increases almos
linearly with the anneal temperature, also exhibits a tende
to saturation at higher temperatures. Nonetheless, the
crease inn during oxidation prevails over the increase ind,
causing the optical thickness to decrease on the whole.

The dependence of the relative thickness of the por
silicon layerd/d0 on the degree of oxidation of the silico
base layer is plotted in Fig. 6, where it is compared with
curve calculated from Eq.~11!. Clearly, the simplified
model, which completely does away with the role of t
voids, fairly well describes the experimental dependen
The final valued/d051.33 resulting from 98% oxidation o
the silicon base layer agrees satisfactorily with the expec
value of 1.31 for a monolithic film. This result is consiste
with the earlier notion that the change in volume of poro
silicon during oxidation in dry oxygen agrees qualitative
with the change in volume during the oxidation of singl
crystalline silicon.27 Such an increase in the film thicknes
during oxidation is possibly attributable to the predominan
columnar structure of porous silicon. Upon becoming o

FIG. 3. Dependence of the optical parameters of a porous silicon film on
temperature of a one-hour anneal in air~chemical film 2 onn1-silicon.



e
o

e
e
ck
io
th

on
v
ffi
i

e de-
ss
for

s
g
.’’

r,

z,
p.

.

at,

De-
c-

ol,

reef,
n

ntal

1154 Semiconductors 33 (10), October 1999 Astrova et al.
dized, every such column causes the thickness to increas
an amount roughly consistent with the oxidation of mon
lithic silicon.

CONCLUSIONS

We have demonstrated the possibility, by means of
lipsometric measurements at one light wavelength, of inv
tigating the variation of the optical constants and the thi
ness of porous silicon films as functions of the preparat
regime and subsequent heat treatment and then using
data to determine the film composition~porosity and SiO2
content!.

Preliminary studies of the laws governing the oxidati
of porous silicon films prepared by chemical etching ha
shown that their refractive index and the extinction coe
cient decrease monotonically, whereas the film thickness

FIG. 4. Variation of the thicknessd and optical thicknessnd of a porous
silicon film as functions of the temperature of a one-hour anneal in air.

FIG. 5. Variation of the degree of oxidation of the silicon base layer a
porosity of the porous Si film as functions of the anneal temperature~one
hour in air!. The film contains no voids atT.530 °C.
by
-

l-
s-
-
n
ese

e
-
n-

creases as the anneal temperature and, accordingly, th
gree of oxidation increase. The variation of the thickne
follows approximately the same pattern as should occur
an oxidized nonporous silicon film.
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