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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& 10~ cn/s or larger. ©1999 American Institute

of Physics[S1063-78269)00110-6

INTRODUCTION Moreover, Hallbercet al® observed that prior irradiation by
electrons accelerates the precipitation of oxygen. On the
lon implantation is one of the basic methods used toother hand, Markevictet al®, Henry et al1® and Litvinov
introduce impurities into silicon in a controllable way. The et al ! investigated the effect of irradiation with electrons or
incorporation of ions into these crystals is accompanied by,.rays, and found that the irradiation either had no effect at
the generation of a considerable number of radiation-induceg| on the kinetics of thermal donor formation or that it ac-
defects, most notably point defects, i.e., vacancies and intefya|ly decreased their rate of formation. It is a matter of no
stitial atoms, which possess high mobilities even at roomym a1 interest that these latter authors were investigating
temperature. _ _ . cases where the radiation-induced defects are generated uni-
One of the many processing steps used in the fabncat'O{“brmly throughout the crystal volume, whereas ion implan-

of devices based on Si is thermal processing at temperatur?gtion of the sort used, for example, in Ref. 7 has the peculiar

of 350 to .550 C. IF.IS well known that processing of feature that the same radiation-induced defects are intro-
Czochralski-grown silicon €z-Si) at these temperatures . : . .
duced in a relatively shallow layer and accordingly condi-

leads to the introduction of donor centdthermal donors tions are created for nonuniformity in their spatial distribu-

into the materiaf:®> When this occurs, the efficiency of ther- tion. Hence. defects aenerated by ion implantation can affect
mal donor generation is found to depend strongly on the' o ' S 9 y 1on imp :

oxygen content of the silicon. At this time, the exact StruC_the formation of thermal donors differently from defects gen-

ture and mechanism for formation of these centers remain&'at€d by prior irradiation, which distributes them uniformly

unclear. The most widely accepted model postulates that thifiroughout the crystal.

7 . . . . .
thermal donors are made up of an intrinsic interstitial atom _ PoPovetal.’ claimed that a variety of radiation-induced
plus a chain of several interstitial oxygen atohfs. defects other than hydrogen, i.e., vacancies, intrinsic intersti-

Examination of the current literature reveals that there idial atoms, interstitial carbon atoms, or complexes of hydro-
no clarity regarding the question of how the processes of€n With these centers, can also participate in the process of
thermal defect formation are affected by prior irradiation. Ingenerating thermal donors. In this paper we will investigate
their papers on the influence of neutron-induced doping anfiow irradiating silicon with oxygen atoms affects the forma-
implantation of hydrogen ions on thermal defect formation,tion of donor centers in the temperature range 350 to 550 °C.
for example, Pfluegeet al® and Popowet al’ claimed that We used ion implantation to generate radiation-induced de-
irradiation accelerates the formation of thermal defectsfects in the material;, our choice of oxygen atoms was moti-
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vated by the possibility that oxygen participates in the gen-
eration of thermal donors.

Another way to vary the concentration of intrinsic point
defects in silicon crystals is to use hydrostatic pressure dur-
ing thermal processing of the material. According to the data
of Ref. 12, application of high pressure during thermal pro-
cessing should increase the equilibrium concentration of va-
cancies in the crystal. This increase becomes important at
pressures on the order of 1 GPa or higher. Moreover, these
datd? also indicate that the diffusion coefficients of the in-
trinsic defects change as wedn increase for vacancies and
a decrease for interstitial atojs _ _ o 2 4 & s 0 12

The task of this paper is to investigate the influence of
irradiation by oxygen ions and the action of hydrostatic pres-

c,cm

Annealing time, h

sure on the generation of donor centers in silicon. FIG. 1. Plots of the electron concentratiar) (ersus anneal time at 450 °C,
deduced from the Hall effect measurements for crystal8 i implanted
EXPERIMENTAL METHOD with O* at atmospheric pressuf&—5) and at a hydrostatic pressure of 1.2

GPa (6,7). Implantation doses, th 1,6 — 0 (controly; 2 — 1Xx 10

The materials used in these studies were single crysta— 1x10' 4,7—1x10'% 5 — 1x 10",
of n-type silicon grown by the Czochralski metho@ Z-Si)
and the float-zone method £-Si). TheCz-Si had an oxygen
concentration of (7.58)x 10 cm~2 and phosphorus con- that the carrier concentration generated by implantation com-
centration of (5-7)x 10*cm™2. In Fz-Si the oxygen con- bined with pressure greatly exceeds the sum of the increases
centration was less than ¥@m~3, while the concentration due to implantation and pressure separately.
of phosphorus was-10'3cm™2. The oxygen concentrations In Fig. 2 we plot the change in average concentration of
were determined from infrared spectroscopic data based d¥ectrons in the crystal bulk as a function of irradiation dose.
the well-known absorption band at 1107 thy using the Annealing at atmospheric pressuiirve 1) leads to an in-
calibration coefficient 2.4% 1017 cm™2. The thickness of the Crease in the concentration of donor centers that saturates at
samples was-450 um for Cz-Si and~350 um for Fz-Si. ~ an irradiation dose of #cm™2. Thermal processing at a
Oxygen ions (O) were implanted at room temperature with Pressure of 0.01 GP&urve?2) leads to an analogous depen-
energies of 200 keV in the dose range fromt4@® 107  dence. When pressures of 1.2 GPa are applied, donors are
cm™2. The projected range of Dions was 0.4um. The introduced in concentrations close to the saturation concen-
thermal processing took place in air in the temperature rangation for all the irradiation doseigurve 3).
200 to 750 °C for periods of up to 10 hours. Several samples  Figure 3 shows typical distributions of donor-center con-
were annealed under two hydrostatic press(@e&l and 1.2 centrations with respect to depth for samples implanted with
GPa in an argon atmosphere. The Hall effect and0oxygen ions after thermal processitg50 °C, 10 hoursat
capacitance-voltage measurements were used in these inv&@irous pressures — atmospheric"1GPa, 0.01, and 1.2
tigations. In order to obtain the distribution of implanted cen-Gpa. It is noteworthy that donor concentrations in the region
ters with respect to depth into the sample, capacitancedf direct penetration of oxygen were considerably higher,
voltage measurements were combined with etching in avhich agrees with data well known in the literatufer ex-

1:100 solution of HF:HN@, or in CP4a etch. ample, Ref. 1R In keeping with the goals of this paper, we
RESULTS : - .

Figure 1 shows how the carrier concentration varies as a | 3 A
function of thermal processing time in samplesGx#-Si at Y - A

various implantation doses of 'Q(curves2-5) and in a con-

trol (unirradiatedl sample(curve 1). The sizes of the data
points on these curves reflect the measurement errors. It is?
clear from the figure that the electron concentrations of the ©
ion-irradiated samples are increased by the thermal process®
ing. The figure also shows that increasing the irradiation
dose(to 1x10**cm™2) increases the number of donors in- 1015 i
troduced. On this same figure we also plot the same depen-

dences for samples subjected to thermal processing unde ottt ol
high hydrostatic pressurd.2 GPa, both the control sample 1014 1018 1078 10
(curveb) and a sample irradiated with oxygen idesirve?). Dose, cm-2

It_ IS Clea_r that appllcauon of hydrostatic pre_ssure leads to ia—IG. 2. Dependence of the average concentratiol© afonor centers on
sizable increase in the electron concentration, both for thg,,jantation dose of O after annealing450 °C, 10 h at atmospheric pres-
control and the ion-implanted samples. It is also noteworthysure(1) and at hydrostatic pressures of 0@} and 1.2 GP43).
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varies for samples implanted with*Oions at a dose of 1

X 10'*cm™2 as a function of anneal temperature at atmo-
spheric pressure and the same thermal processing(8the
min). It is clear that the accelerated introduction of donor
centers takes place in the temperature range from 350 to
550 °C with a maximum at-450 °C. Increasing the tempera-
ture beyond this point leads to recovery of the original car-
rier concentration. The slight increase in the concentration of
donor centers at temperatures above 650 °C is most likely
associated with the creation of “new” thermal donors.

0 100 200 300 400 DISCUSSION

Depth, um .
Our results can be summarized as follows.

FIG. 3. Typical distributions of donor-center concentrati@) (vith respect . .
to depth for samples implanted with oxygen ions at a dose &fcto? 1) We observed no generation of donor centers in ion-

after thermal annealing450 °C, 10 h at various pressures—atmospheric implantedF z-Si outside the region of direct penetra-

(1), 0.01(2), and 1.2 GP43). tion of ions.

2) Implantation of oxygen ions into crystals &@z-Si
with subsequent annealing leads to accelerated intro-
duction of donor center¢compared to the original
materia) throughout the crystal volume.

3) Within the thermal processing times we used, donor
centers were introduced uniformly throughout the
crystal volume.

4) Application of hydrostatic pressure led to an increase
in the rate of introduction of donor centers. In ion-
implanted silicon the number of donor centers created
greatly exceeded the sum of donor center concentra-

focus our attention on those regions of the crystal located
outside the region of direct ion penetration. As is clear from
the figure, under these processing conditions we obtain prac-
tically uniform distributions of donor-center concentrations
throughout the entire crystal bulk. The same type of donor-
center distribution is observed for time-dependent annealing
— the distribution of charge carriers is uniform with respect
to depth, with an average concentration of donor centers that
increases when the anneal time is increased from 1 to 10
hours, both under hydrostatic pressure and at atmospheric tions introduced when pressure or irradiation were
pressure. It is clear from the figure that the distributions and used alone.

magnitudes of the bulk carrier concentrations practically co- 5) At high pressure1.2 GPa the dependence of the

mcuil/\e/r]:or low pressu_r(aO(.jOl Glraandlatmos(,jpher(ljc preSSIure. ; electron concentration on oxygen-ion irradiation dose
en we examined analogously Irradiated samples o saturates even for the smallest doses used.

Fz-Si annealedat 450 °C for 2 hoursboth at atmospheric )

pressure and under hydrostatic pressure, we found that the 1he donor centers we observed are most likely thermal

carrier concentration did not change much during thermaflonors. This is confirmed both by the temperature range in

processing . The only thing we observed was a slight inwhich thgy exist, which is t.he thermal-donor range, and th_e
crease in the concentration of carriers in the surface region &Ck of significant changes in the number of donor centers in

a depth of 2 to 3um. processed:_z-Sl. This IaFter fact also indicates participation

Figure 4 shows how the concentration of donor center® 0Xygen in the formation of the donor centers.
The dependence of the donor-center concentration on the
O™ -ion irradiation dosgFig. 1) indicates that either incor-

ZF porated ions or radiation-induced defects take part in donor-
center formation. The change in the concentration of thermal
donors at depths that greatly exceed the projected range of

] the ions strongly implies that the defects participating in the

.-"é’ formation of donor centers have a high diffusion coefficient
3 (Dy) in silicon. Estimates we have made show that the dif-
g n ] s B - - ;

5 - n fusion coefficient for the mobile component that accelerates
s 1R e ° the introduction of donor centers should belx 10’

cn?/s. In Ref. 7 it was shown that implanting;Hons into

CzSi leads to accelerated formation of thermal donors at a
P R B T temperature of 450 °C. In this case, these authors claimed

200 300 400 500 600 700 800 that the rate of formation of thermal donors can be increased

Ta» C by participation of not only hydrogen atoms but radiation-

FIG. 4. Plots of the concentration of donor cente for samples i induced defects—vacancie¥), intrinsic interstitial atoms

planted with O ions at a dose of #6cm™2 versus anneal tempergtur'éaq (l_)’ interstitial Car_bon ,atoms QQ} ,Or complexes of hydrogen

at atmospheric pressure and for identical thermal processing (8oesin. ~ With V or I. The diffusion coefficients fow, | and G can be

n, is the concentration of donors in the original material. quite large: 5<10 “cm?/s (Ref. 14, 10 8—10 "cné/s

1
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(Ref. 19, and 10 7 cn?/s (Ref. 16, respectively. diffusion coefficient for interstitial atoms decreases, while
In contrast, the diffusion coefficient of interstitial oxygen the diffusion coefficient for vacancies increases. It is likely
in silicon at 450 °C is only~1x 10~ °cn?/s, according to that both ion implantation and application of hydrostatic
data from various referencé&'®Even when accelerated dif- Pressure saturate the bulk material with vacancy defects,
fusion of oxygen is taken into accouit® D, does not ex- which leads to an increase in the concentration of nucleation
ceed 1X 10~ “cmP/s. In Ref. 20, it was claimed that oxygen centers for thermal donors. Thus, based on the datg of Ref.
molecules could have a high diffusion coefficiet~2 15, out of all the defects listed above the best candidate for

X 10~° cm?/s in silicon crystals at 450 °C. In addition, it is explaining the accelerated introduction of thermal donors is

knowr?-?%hat the presence of hydrogen in the crystal lattice"® Yacancy. _ _ . .
of silicon can affecD,, for oxygen, due to a decrease in the The sizable difference in the rates of introduction of

activation energy for diffusion. However, the absence of acjthermal donors during annealing under pressure in ion-

celerated formation of donor centers Kz-Si implies that implanted and unimplanted materials once more clearly

. . : shows that implantation creates an additional channel for ac-
implan Xygen pr I n I irect role in th . o
planted oxygen probably does not play a direct role in the elerated formation of thermal donors. The lack of additivity

accelerated introduction of donor centers into the crystaf . . .
bulk Y of the effects of pressure and implantation is most likely due

A review of the literature shows that the presence Ofto suppression of the process of annihilation of vacancies

. . " with interstitial atoms under high pressure. In this case, the
hydrogen atoms in the starting silicon crystals can accelerate

. o5 . concentration of surviving defects, and accordingly their flux
the generation of thermal dondfs.” The concentration of in the crystal, should increase. Annealing of ion-implanted

hydrogen molecules presegt m,sg'"z%on as an uncontrolled 'Msilicon under pressure immediately provides a concentration
purity can reach 1% to 10"°cm™3.%° For the thermal pro-

‘ _ ) FIY"  of thermal defects of-2x 10**cm™3, which corresponds to
cessing temperature range unde discussion here, actlvat|ont(P]fe maximum observed concentration of thermal donors in
hydrogen is possible via decay of a molecule and the cre,

g f electricall ) fd ith radi silicon. As a result, we observed saturation even for the low-
ation of electrically active centers o 22”‘” type with radia- o jragiation doses; i.e., increasing the dose further did not
tion defects such as;H Sj and H-C, .“" The latter center

. S ) . increase the concentration of thermal donors. The saturation
can have a larger diffusion coefficient than interstitial carbono

: ?.fy irradiation doses>10'*cm 2 (Fig. 2 for samples an-
alone. It should be noted that the observed concentrations ealed at atmospheric pressure is probably related to changes

donors exceed the initial hydrogen concentration, whichy, the nature of the defect formation at high irradiation doses.
rules out explaining accelerated introduction of thermal do-ag 4 result, the fraction of intrinsic defects diffusing from the
nors solely in terms of the influence of hydrogen. Neverthe1mp|amed region into the crystal bulk during annealing
less, the presence of hydrogen can have an additional aCC‘%,Jhanges.
erating effect on the formation of donor centers. Interstitial | conclusion we note that these results allow us to assert
carbon, which arises from the interaction of interstitial sili- that radiation-induced defects take part in the accelerated for-
con atoms with carbon in a substitutional position, also camnation of thermal donors. It is likely that intrinsic point de-
accelerate the formation of donor centers in sili¢dBavies fects [vacancies andor) intrinsic interstitial atombare re-
et al1® have shown that this is due to an increase in nuclesponsible for this process. This assertion finds its
ation centers for thermal donors. confirmation in the fact that we observed accelerated forma-

As for the role of vacancies in generating thermal do-tion of thermal defects during annealing under hydrostatic
nors, published data in the literature are ambiguous. In somgressure. Both for ion implantation and for hydrostatic pres-
papers;? it is claimed that increasing the concentration of sure combined with annealing, the most important indication
vacancies leads to a decrease in the rate of introduction @hat radiation-induced defects are involved is the increase in
thermal donors. At the same time, other papers report olthe concentration of centers for nucleating thermal donors.
serving accelerated precipitation of oxygen when vacancies
are introduced, and claim that the vacancies act as centers foK;_ privetera, S. Coffa, F. Priolo, K. K. Larsen, S. Libertino, and A. Carn-
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lerated diffusion V. P. Markevich and L. I. Murin, Fiz. Tekh. Poluprovod2b, 1737(1991)
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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(18i0 surfaces by

molecular-beam epitaxy. In these investigations the following experimental techniques were
used: reflection high-energy electron diffractit®HEED), scanning tunneling microscopysray
photoelectron spectroscopy, and secondary ion mass spectrometdQ9®American

Institute of Physicg.S1063-782809)00210-7

INTRODUCTION InAs/GaAs system is still rather low. One reason for this is
an inability to grow sufficiently high-quality samples, asso-
Silicon-based devices are the semiconductor componentsated with the lack of a processing technology for making
of choice in contemporary microelectronics markets. Therghe collection of InAs quantum dots and obtaining high-
are many reasons for this choice: the relatively low cost ofjuality heterojunctions during their subsequent overgrowth.
single-crystal silicon films, the existence of well-tested tech-  An approach that could lead to further progress in creat-
nologies for obtaining high-quality epitaxial layers, and theing light-emitting structures involves the use of so-called
availability of post-growth processing steps to make device'stacked” quantum dots, i.e., multilayer systems with quan-
structures. Despite these advantages, silicon is rarely used iom dots electrically coupled in the vertical direction. Tersoff
modern optoelectronic applications. This is because of thet al® discussed model representations that describe the for-
indirect structure of its energy bands, which prevents thenation of ordered collections of nanometer-size inclusions
emission of light during interband recombination unless aduring multilayer heteroepitaxy of two materials with a large
third particle participategfor example, a phongnSince the  |attice-constant mismatch. In that paper the authors presented
probability of such a three-particle process is rather smallexperimental data showing “effective” self-organization of

the material is optically inert. Si; _,Ge/Si (100 during MBE, which confirmed the physi-
Various attempts have been made to increase the effeal model proposed.
ciency of radiative recombination in silicon. Among them In creating this kind of three-dimensional structure by

are: doping the silicon with erbiuthintroduction of quantum MBE, the quality of the intermediate layers that make up the
dots directly into strainedSi,Ge,Q/Si heteroepitaxial sys- crystalline matrix of the system is extremely important.
tems by molecular-beam epitaxyBE),? and use of porous Layer quality directly impacts such parameters of quantum
silicon as a medium for incorporating nanometer-sizeddot formation as the scatter in lateral dimensions, the degree
objects® of ordering, and the maximum number of vertically

Recently we proposed a new technique for obtaining ef+stacked” layers achievable. The problem of immediate in-
ficient luminescence from structures based on silftd@ur  terest to us here—expitaxial growth of silicon in the presence
approach is to create a layer of coherent nanometer-sizasf an increased background of arsenic pressure—unavoidably
islands of InAs directly in a silicon matrix using MBE, using arises during growth of multilayer structures with quantum
the fact that spontaneous generation of nanometer-size obots in systems of typén,Ga,A)As/Si.
jects takes place during the initial stages of heteroepitaxal In this paper we discuss our investigations of how
growth involving two systems whose lattice constants argyrowth conditions and background arsenic pressure affect the
sufficiently mismatchedsee, e.g., Ref.)6 properties of autoepitaxial silicon layers grown on &1i0)

At this time, photoluminescend®L) has been obtained surface by molecular-beam epitaxy.
from quantum dots in the semiconductor system InAs/Si at
te_n_1peratures up to room temp_e_rature. Because this PL XY PERIMENTAL METHOD
hibits a peak, whose exact position depends on the observa-
tion temperature, in the wavelength range 1300-1600"im , All of our growth experiments were carried out using a
this material system could be a promising source of deviceSupra MBE machin€lSA Riber, Francg consisting of fab-
for use in low-loss fiber-optic communication lines. At the rication, analysis, and annealing modules connected by a
same time, the PL intensity from similar structures in thehigh-vacuum transport system. In all the modules of the ap-

1063-7826/99/33(10)/5/$15.00 1054 © 1999 American Institute of Physics
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paratus, excluding the loading section, the base did not exurface composition usingray photoelectron spectroscopy
ceed 5<10 0 Torr. An electron-beam evaporator was usedin the Surface Science Ceni@iben analysis module; study

to deposit the Si. The necessary arsenic pressure was creatgfdhe morphology of the sample surface at atmospheric pres-
by thermal evaporation of arsenic from an effusion source. sure using a scanning tunneling microsc@fdM) accord-

In order to obtain a silicon substrate with an atomically-ing to the methods described in Ref. 13; and profiling the
clean structurally-ordered surface, we implemented the preslement composition of the as-grown layers by secondary
growth preparation method described in Refs. 10 and 1lion mass spectroscopy using a CAMECA ims4f setup.

This method of chemically processing the substrate involves Investigations by-ray photoelectron spectroscopy were
the following sequence of operations: carried outin situ in the analysis chamber of the apparatus,

1) Washing away of organic contaminants from the sur-with x-ray excitation supplied by unmonochromatized
face using CCl and acetone; MgK « radiation(energys v=1253.6 eV, linewidth 0.8 eV

2) Oxidation of the top layer of silicon in boiling nitric In order to record the electronic spectra, a MAGRiber
acid and etching away the Sj@hat forms in HF; energy analyzer was used in the constant-pass energy regime

3) Boiling the substrate in a peroxide-ammonium solu-(Epass=10 €V), with a resolution of 0.8 eV. The pressure of
tion with subsequent removal of remaining contaminants to¥esidual gases in the analysis chamber during the measure-
gether with the oxide of silicon, again using hydrofluoric ment was measured to be at a level of 20" '°Torr.
acid;

4) Creation of a thin capping layer of oxide at the sur-
face of the freshly-cleaned silicon film by boiling in a
peroxide-acid HCI:HO,:H,O solution; The effect of the As atmosphere on the composition of

5) A final washing of the film with deionized water and the Si surface layers was investigated by obtainkgy
drying with ethyl alcohol on a centrifuge. photoelectron spectra for the following group of samples:

The prepared substrates were loaded into the MBE masamples with a clean Si surface, i.e., either immediately after
chine with minimum exposure time in air. removal of the oxide or after growth of an epitaxial Si layer

Vacuum pre-growth preparation consisted of a regime ofn the absence of As vapor; samples with an initially clean Si
two-step thermal annealing. At the first step, the samplesurface that had been left for several days in the analysis
were held in the growth chamber at a temperature of 400 °@hamber and subjected to long-term exposure to the residual
for 40 min, resulting in a large portion of adsorbed contami-atmosphere; and Si structures grown in an As atmosphere.
nants leaving the surface of the capping layer. This outgas- Figure 1 shows the spectra of G 1285¢e\), O1ls
sing process was monitored by vacuum-meter readings. Thi$31 eV}, and As 3 (42 eV) lines we obtained.
step was followed by a high-temperatufg50 °Q 30-min For pure Si, the intensities of thes-lines of carbon and
anneal in a weak flux of silicon atoms-(03cm 2-s™ 1), oxygen in thex-ray photoelectron spectra were below the
which causes the oxide layer to sublime. Remaining carborroise level of the spectrometer. After these samples were
containing compounds are removed from the surface alongeld under ultra-high vacuum in the analysis chanti&th a
with the oxide. The process of removing the silicon oxideresidual pressure oP,..=2x10 °Torr) for several days,
layer is monitored by examining RHEED patterns. the peaks C4& and O I appearedFig. 1, spectra ja The

RHEED data reveal that substrates prepared in this wagource of this contamination of the initially-clean silicon sur-
exhibit (2x2) and (7<7) surface reconstructions, which face by carbon- and hydrogen-containing compounds is the
are characteristic of the $100 and(111) orientations, re- residual atmosphere.
spectively. Monitoring the composition of the surface by For silicon samples grown in the presence of arsenic
x-ray photoelectron spectroscopy reveals that the concentraapor in the growth chamber, the measurement results have a
tions of carbon and oxygen remaining on the surface ar@aumber of distinctive features. Tihxeray photoelectron spec-
below the lowest levels the spectrometer can detect. tra of these structures exhibit no trace of the peaks @rid

The basic parameters that determine the growth condi© 1s, either for just-grown samples of Si layers or for sub-
tions during MBE are the following: the temperatyB50 to  strates placed in the analysis chamber for a week or longer.
800 °Q to which the substrate is heated, the highest pressuréhe As 3 line in the spectrum indicates adsorption of As at
in the fabrication chamber during deposition of Si from thethe surface of the single-crystal §tig. 1, spectra b It is
electron-beam evaporator (1®Torr), rates of Si deposition noteworthy that heating these samples to 600 °C has no ef-
(0.2 and 1.0A/s and background As pressures at the subfect on the spectra. Thermal desorption of As from the Si
strate surface of 1810 & Torr (for an As source tempera- surface begins at temperatures of 650 °C or higher, as indi-
ture of 20°Q and 1.3< 10’ Torr (for an As source tempera- cated by the considerable decrease in intensity of thedAs 3
ture of 300 °Q. The substrates we used weardype KEF-  peak. The departure of some of the As is accompanied by the
4.5 (100 silicon films, which were mechanically attached to appearance of traces of carbon and oxygen-containing con-
an indium-free molybdenum substrate holder. The sampléaminants on the Si surfad€ig. 1, spectra).
holder was continuously rotated during the growth. The In order to determine how As vapor affects the Si
structure of the surface during growth was monitored by argrowth, we carried out a series of growth experiments in
automated system for recording and processing RHEEDvhich we changed the growth temperature while keeping the
patterns> Post-growth investigations of the samples ob-rate of deposition of Si and the background As pressure
tained involved the following measurements: analysis of thdixed.

EXPERIMENTAL RESULTS
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FIG. 1. X-ray-electronic spectra of the G1C 1s, and As 3l lines from silicon sample&) kept for several days in the analysis chamber after cleaning of
the surface by thermal removal of the capping oxit kept for several days in the analysis chamber after deposition of a Si layer in an arsenic atmosphere,
and (c) after annealing the layers at a temperature of 650 °C.

In our first series of experiments, we decreased the tenmlayers deposited onto a relatively cold substr&t€0 to
perature in a stepwise manner from 800 to 350 °C. We found 20 °Q at various As pressures. We found that at these tem-
that layer-by-layer epitaxial growth of Si occurs over a wideperatures increasing the background As pressure affected the
range of temperatures when the As pressure i®bserved diffraction pattern. The superstructural reflections
~1.0x10 8 Torr. Thus, we observed (22) diffraction pat- decreased in brightness, while the primary lines became
terns for both deposition rates, 0.2 and 1.0 A/c, and substrashorter. The presence of a direct molecular As flux led to a
temperatures Ts) ranging from 350 to 800 °C, indicating reconstruction of the Si surface from X2) to (1x1).
that the surface was atomically smooth and that the depositedpening the lid of the silicon source changed the diffraction
Si had an ordered crystal structuiléig. 23. Increasing the pattern considerably: the diffraction reflections disappeared,
background pressure of As t91.0x 10"’ Torr increased the and a strong diffuse background appeared. The amorphous Si
lowest temperature at which epitaxial growth of Si occurredcrystallized when the substrate was heated. Monitoring of the
and the (% 2) surface reconstruction was observed at temstate of the surface based on diffraction patterns showed that
peratures above 600 °C. In the range of 600 to 500 °C, pointthe process of oriented crystallization of amorphous Si at a
like reflections appear on the fundamental lines. At 400 °Gsilicon surface with orientatiofl.00) does not depend on the
the lines disappear, and only the point reflections remain; ithickness of the deposited layén our case 50, 100, and
this case the brightness of the diffuse background increasé®0 A), but rather is determined by the anneal temperature.
(Fig. 2b. Decreasing the temperature further leads to disrupin films deposited against the background As pressure of
tion of the epitaxial growth, evidence for which is the ab- ~1.0x10 8 Torr, the (2x2) diffraction pattern appeared
sence of diffraction from the surface and a strong diffusewhen the substrate was heated above 500 °C. Amorphous Si
background that is characteristic of an amorphous layer. Itleposited at an As pressure-ofl.0x 10 8 Torr crystallized
should be noted that these changes are not irreversible: heatt higher temperatures, 62®50 °C.
ing the surface to 650 °C leads to recovery of the original  Figures 3a and 3b show STM images of portions of the
(2% 2) surface structure of the growing layer. Si (100 surface obtaine¢h) at T;=350°C in an arsenic flux

From our studies of the formation of quantum-well InAs of 1.3x10 8 Torr (with a cold arsenic sourgeand (b) at
clusters on Si100 surfaces we established that the maxi-Ts=450°C in an arsenic flux of 138107 Torr (with an As
mum substrate temperature at which crystalline islands fornsource heated to 300 JCThe surfaces shown in Fig. 3a are
on the surface wa3,=450°C?> Below this temperature, characterized by the presence of indentations of pyramidal
stable formation of quantum dots takes place. For this reaform with a crystalline structure in predominantly smooth
son, we conducted another growth series in which we invesregions. The lateral dimensions of the indentations-at€0
tigated the conditions for crystallization of amorphous Sinm, their depth is 15 nm, and their average density-is
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FIG. 3. STM images of portions of the surface of autoepitaxial19i0)
grown atT,=350 °C and a residual pressure of X80 8 Torr (a), and at
T¢=450 °C in an arsenic flux at a pressure of 217 Torr (b). The edges
) o N of the image are parallel to crystallographic directip@$1] and[011].
FIG. 2. RHEED patterns measured during autoepitaxial growth of silicon at

a substrate temperatufg=400 °C in a residual pressure of X30 8 Torr
(@) and in an arsenic flux at a pressure of 410’ Torr (b).

atoms to the growing layer. Increasing the partial pressure by
an order of magnitude, for example, increases the number of
incorporated As atoms by approximately two orders of mag-
X10° cm™?, with their sides parallel tp001] and[010]. Be-  nitude, regardless of the rate of silicon deposition. Decreas-
cause the density of indentations is not large, they do nghg the substrate temperature also increases the probability of
have much effect on the diffraction patteiffig. 2a. These incorporation of arsenic into the growing layer. Changing the
morphological peculiarities are most likely associated withgrowth rate has a smaller effect on the concentration of As
defects in the crystal lattice, and appear during chemicaitoms in silicon. Obviously this is a consequence of the lim-
preparation of the films. When the arsenic background prested solubility of arsenic in a silicon host. We note that
sure was increased, we observed a very different picture: wgnalysis of the diffraction patterri§igs. 2a and 2bleads to
saw a collection of equidistant, wire-shaped nano-objectsesults that are in qualitative agreement with the secondary-
whose characteristic cross-sectional dimensions were 25 nfgn mass spectroscopy data.
and a height of 15 nn(Fig. 3b. These objects were oriented  Thus, we have investigated several features of MBE au-
in the [031] and [031] directions, which agrees with the toepitaxial growth of silicon in an arsenic atmosphere. We
RHEED data shown in Fig. 2b. have established that the temperature of crystallization of
In Fig. 4 we show data from our studies of silicon layersamorphous silicon deposited on a cold substrate depends on
grown at various growth rates and background arsenic preshe background arsenic pressure and lies in the range 500 to
sures using secondary-ion mass spectroscopy. The figuBs0 °C. Increasing the background arsenic pressure leads to
shows that increasing the background arsenic pressure leaigorporation of a larger number of As atoms into the silicon
to a considerably higher probability of attachment of arsenichost, which is also observed when the substrate temperature
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The method of spin-dependent recombination was used to record electron spin re&@&Rce
spectra of recombination centers in a thin{xm) surface layer op-type silicon grown

by the Czochralski method and irradiated by protons with energiesld®f0 keV. Spectra of
excited triplet states of the oxygehn vacancy complexA-center$ were observed along

with complexes consisting of two carbon atoms and an interstitial silicon atam $i>-Cs
complexes The intensity of the ESR spectra of these radiation-induced defects was

found to be largest at irradiation doses-e0'3cm™?, and decreased with increasing dose,

which is probably attributable to passivation of the radiation-induced defects by hydrogen.
© 1999 American Institute of Physids$1063-782809)00310-3

Irradiation of silicon with protons leads to the appear-higher than traditional ESR methods. The possibility of using
ance of point defects analogous to defects that appear wheéhese methods to record ESR spectra of surface recombina-
silicon is irradiated with electronsy-rays, and neutrons®  tion centers and defects that form on a silicon surface during
Because of their high mobility and chemical activity, hydro- x-ray irradiation was demonstrated in Ref. 6.
gen atoms can enter into the composition of radiation- In this paper we present the results of experiments in
induced defects, and also can compensate for unpaired eleghich we detected ESR spectra of radiation defects in silicon
trons at defect dangling bonds. The presence of hydrogegreated in a thin layer near the surface irradiated by protons
atoms in radiation-induced defects was established by theith energies of~100 keV, using spin-dependent recombi-
method of electron spin resonan@SR) using the hyperfine nation.
structure of spectra from the hydrogen nucl@w@efects in
which the hydrogen atoms compensate for unpaired electrons
are nonparamagnetic, and cannot be observed by ESR. 1. EXPERIMENTAL PROCEDURE

The protons used to irradiate the silicon samples used in These experiments were conducted usimpgtype
the ESR investigations of radiation-induced defects were priCzochra|ski_grown silicon doped with boron, and having a
marily high-energy protong3—30 Me\), with ion currents  resistivity p=400 -cm. Samples in the form of films with
corresponding to irradiation doses of'4010cm™2 At dimensions 183X 3 mm were irradiated at room tempera-
these proton energies and irradiation doses, the radiationare with protons having energies of 100keV at doses
induced defects are distributed in a silicon layer whose thiCkfanging from 162 to 10t cm~2. The surface of the samples
ness ranges from 100m to several millimeters. The number was processed in a polishing etch before irradiation.
of radiation defects induced is large enough to be recorded The ESR spectra of paramagnetic centers was recorded
by ESR*™® using a three-centimeter band ESR spectrometer at tempera-

At this time, implantation of low-energy protori#ess tures of 4—-80 K, using the spin-dependent recombination
than 150 keV at rather low doses on the order of'40 (SDR) effect’~® The samples were illuminated through a
—10"cm 2 is a widely used processing technique in semi-window in the spectrometer resonator by a 100-W incandes-
conductor electronics. For this reason there is interest iment lamp. The change in sample photoconductivity as the
studying the composition and microstructure of the defectsransitions between magnetic sublevels of the recombination
that form in a thin surface layer of silicon during this irra- centers were saturated was recorded as changes in the
diation. However, because of the small number of paramagR-factor of the resonator of the ESR spectrometer caused by
netic centers, the sensitivity to the ordinary ESR methodabsorption of the electric contribution of the microwave field
turns out to be insufficient to record their spectra. It is, how-by the photoexcited carriers. In these experiments, the power
ever, possible to achieve this goal by detecting the ESR speof the microwave field used was as high as 400 mW.
trum via spin-dependent recombinatid8DR) effects’® In detecting the signals we used double modulation of
which have a sensitivity that is four orders of magnitudethe magnetic field at frequencies of 100 kHz and 100 Hz and

1063-7826/99/33(10)/3/$15.00 1059 © 1999 American Institute of Physics
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FIG. 1. SDR-ESR spectrum recordedTat 17 K in silicon irradiated by

100-keV brot tad £ B2 FIG. 2. Dependence of the intensity of the Si—SL1 spectrum on the proton
-keV protons at a dose o m™<.

irradiation doseb.

synchronous detection. This allowed us to record signals pro-
portional to the second derivative of the absorption with re-samples irradiated by a proton dosedof-10"cm™? is the
spect to magnetic field and to significantly suppress theame order as the intensity of these spectra from the
broad cyclotron resonance lines and changes in the zero leveime silicon samples irradiated by-rays at a dose
of output voltage of the synchronous detector, associatef®,~10"cm™2. This allows us to make an order of magni-
with changes in the sample resistance as the magnetic fieltide estimate of the number of defects responsible for the
was scanned over wide limits. appearance of the Si—SL1 and Si—PT1 spectra. The rate of
introduction of radiation-induced defectsk during
y-irradiation does not exceed 1®cm ! (Ref. 1), while the
number of defects in the bulk sampé~102cm 3 is
Figure 1 shows SDR—ESR spectra of defects recorded iN=kdV~10°. The ESR spectra from this number of de-
proton-irradiated silicon samples. Examination of the angulafects is easily recorded by SDR. Increasing the irradiation
dependences of the positions of lines in these spectra revealsse ofy-rays to 10’—10®cm™? increases the number of
that the two groups of lines at values of the magnetic fielddefects. This decreases the intensity of the SDR—ESR spec-
B=305 and 340 mT correspond to the Si—-SL1 specttim, tra, and the usual EPR spectrum appédrs.
which arises from excited triplet states of a neutkatenter In proton-irradiated silicon, the decrease in intensity of
(an oxygen+ vacancy complex The two lines aB=278 the SDR—ESR spectra as the irradiation dose is increased is
and 364 mT belong to the Si—PT1 spectrlfrwhich arises  found to be more abrupt than forirradiated silicon, and the
from excitation of a triplet state of a complex consisting ofusual ESR spectra ofA-centers and carbon complexes
two carbon atoms located on neighboring lattice sites of th&€€s— Sj—Cg is not observed. In samples irradiated with pro-
silicon and an interstitial silicon atom which forms bondston doses of order #0cm™?, isotropic ESR lines appear
with these carbon atoms. Figure 1 also shows a spectral lingith g-factors of 2.0055, corresponding to disordered regions
at B=323mT, arising from centers with spiB=1/2 and a and dangling bonds at the silicon surface. In this case the
g-factor close tog~2. This spectrum consists of poorly re- change in the state of the irradiated surface can be observed
solved lines and was not identified. We observed no paravisually as blistering of the surface, i.e., the peeling off of
magnetic recombination centers that incorporated hydrogesilicon flakes after high-dose implantation.
atoms into their composition, which would lead to hyperfine ~ When the silicon is irradiated with-100-keV protons,
splitting of the lines caused by the hyperfine interaction withradiation-induced defects form in a layer abeut um thick
the hydrogen nuclei. near the irradiated surface. For our samples this corresponds
All the spectra observed in proton-irradiated silicon dis-to a volumeV~3x10 °cm 3. The number of paramag-
appear when a surface layer of thicknesd.5um is re- netic recombination centers in a sample irradiated with a
moved by etching. This indicates that the paramagnetic redose®~103cm 2, estimated above by comparing the in-
combination centers under study are localized in a thin layetensity of spectra for samples irradiated with protons and
near the irradiated surface. y-rays, is on the order of-10°, which is considerably less
We found that the samples that exhibited the most inthan the number of implanted hydrogen atodgH=®S
tense spectra were those irradiated with protons at a dose ef3x 10*?) (here S~0.3cnt is the area of the irradiated
®~10"cm 2. As an example, in Fig. 2 we plot the depen- sample surfade This allows us to argue that most of the
dence of the intensity of the Si—SL1 spectrum on irradiatiorradiation-induced defects are passivated by hydrogen, and
dose. The intensity of the Si—SL1 and Si—PT1 spectra fronthat they are not paramagnetic. There are two phenomena

2. RESULTS AND DISCUSSION
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T : L ' Si—SL1 and Si—PT1 spectra are observed in the temperature
4 range 4—140 K; the decrease in intensity of the Si—PT1 spec-
trum with increasing temperature in the range 30-140 K is
nonmonotonic in character and has several peaks. This dif-
4 ference in the temperature dependences of the ESR spectral
intensity could indicate that conditions for spin-dependent
recombination of photoexcited carriers generated by light in
i the crystal bulk are different, depending on whether the de-
fects are uniformly distributed throughout the volume or lo-
calized near the proton-irradiated surface. In the latter case,
B the temperature dependence of the diffusion length for pho-
toexcited carriers and the difference in positions of the Fermi
level in the bulk of the crystal and in the skin layer, which
] contains the radiation-induced defects, should probably play
an important role in SDR. These problems will be addressed
in a separate publication.
/] T T T Thus, in the course of these investigations we have re-
o0 5 10 15 20 25 30 35 40 corded ESR spectra of excited triplet state®afenters and
LK carbon-containing complexes for the first time, using the
FIG. 3. Dependence of the intensity of the Si—SL1 spectrum on temperatur@'"athOd of spin-dependent recombination in a thin skin layer
T. of silicon irradiated by protons with energiesl00 keV. Op-
timal conditions were established for recording SDR—ESR
spectra inp-type Czochralski-grown silicon, corresponding
that limit the increase in the number of defects containing© irradiation doses ofb~10'*cm™® and an observation
oxygen and carbon as the irradiation dose increases. First &mperaturel ~12—18K. The abrupt decrease observed in
all, the number of these defects cannot exceed the number 8¥€ intensity of the spectra with increasing irradiation dose
impurity oxygen and carbon atoms, whose concentrations iRY Protons above #cm™2 could be due to passivation of
Czochralski-grown silicon is on the order of 0and the A-centers and carbon complexes with hydrogen.
10'"cm™3, respectively. The number of such atoms in a  We wish to thank B. P. Zakharchena and Rikte for
layer irradiated by protons is-3x 10'2—3x 10, which is  useful discussions of the resullts.
comparable to the number of implanted hydrogen atoms This work was carried out with the financial support of
when the irradiation doses are on the order of¥ten 2. the Russian Fund for Fundamental Research, Project No. 97-
The second reason why the number of, eAycenters or 02-18062, and with the partial support of the goal-oriented
carbon complexes & Si—Cs, cannot increase indefinitely scientific-engineering program “Promising Technology and
is that they can convert into more complicated defécts.Apparatus for Micro- and Nanoelectronics™ of the Science
Thus, it is found that the maximum numberAfcenters and and Technology Ministry of the Russian Federation, Project
Cs—Sii—Cs complexes in a layer irradiated by protons doesNo. 02.04.330.89.1.2.
not exceed a value of 10'2. However, the number of hy-
drogen atoms increases proportional to the irradiation dose
®, and for ®~10-10cm ? it can exceed by several
orders of magnitude the numberAfcenters and &-Si—Cg
complexes. We can thus conclude that the abrupt decrease iff.rovlems in the Radiation Processing of Semiconductedited by L. S.
h . . . Smirnov(Nauka, Novosibirsk, Siber. Dept. of the Sov. Acad. Sci., 2980
the intensity of the Si—SL1 spectru(eee Fig. 2 and the 2V. V. Kozlovski, V. N. Lomasov, and L. S. Vlasenko, Radiat. Eif@6, 37
same decrease in the intensity of the Si—PT1 spectrum with(19ss.
increasing irradiation dose whan> 1083cm ™2 is associated  ®Radiation-Induced Processes in Materials Technology and Electronics

; _ Manufacturing edited by V. V. Kozlovski and V. S. lvanoVEnergoat-
with the capture of hydrogen atoms bi-centers and omizdat, Moscow, 1997
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18 K. This behavior of the spectra as the temperature is (1985 [Sov. Tech. Phys. Letl, 375(1985].

varied differs significantly from the temperature depen-9| s viasenko, inProceedings of the 20th International Conference in
dences of Si—SL1 and Si—PT1 spectra detected by SDRPhysics of Semiconductoredited by E. V. Anastassakis and J. D.

when the same silicon is irradiated by 1-MeV electrons or byloJoal‘_””SPOU'%;EESSZ'ONk&G{SZ;&lSEQ’- 714.
y-rays. In these latter cases, the radiation-induced defects ard - Brower: Phys. Rev. Bi, 1968(1973.
created throughout the volume of the crystal. In this case th&ranslated by Frank J. Crowne
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The luminescence properties jpf and n-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 abrypt n junctions. The structures grown were used

to make light-emitting diodes operating at wavelengths of 311 (T= 77 K) and 3.7um

(T= 300 K). © 1999 American Institute of Physids$$1063-7829)00410-X]

INTRODUCTION EXPERIMENT

The growth of indium arsenide layers by metallorganic  InAs layers were grown by MOVPE at atmospheric
vapor-phase epitaxfMOVPE) has been discussed in several pressure in a reactor of planetary type with a diameter of 30
papers, whose authors are primarily interested in investigaem. The graphite substrate holders were heated by a three-
ing the electrical properties of their samptes? Iwamura  zone resistive heater separated from the inner volume of the
et al. ¥ investigated the process of thermal diffusion of zincchamber by a quartz bell. The gas-vapor mixture was fed in
into an InAs substrate in a MOVPE reactor at low pressurefrom the periphery of the bell towards the center. In order to
The diffusion takes place in an atmosphere of hydrogen corachieve uniform growth on the surface of the substrate, the
taining tributylarsing TBAs), with diethyl zinc(DeZn) used  substrate holder was rotated around the central axis of the
as a source of zinc. It was established that the dependence @&factor and around its own axis. The sources of arsenic and
the diffusion depth of Zinc on substrate temperature had @ndium were respectively arsine (AgH diluted to 20% in
complex character, with a minimum at=530°C. Fang hydrogen, and TMI. The temperature of the TMI evaporator
et all* investigated the effect of growth temperature on thewas +18°C. In all these experiments the hydrogen flux
photoluminescencePL) of InAs grown by MOVPE at atmo- through the TMI evaporator was 600 &min. The rate of
spheric pressure. The PL was measured at 10 K. For  additional hydrogen flux was 25 liters/min. The experiments
growth temperatures above 400 °C the authors observed vaere carried out in the range of substrate temperatures 350—
single peak at 415 meYrecombination of electrons at the 600 °C. The mole fraction ratios of group—IIl and group—V
bottom of the conduction bandef) with holes at the top of elements in the gas phase were in the range WI1-40. In
the valence bandHy), or of bound excitonls For samples order to obtainp-type conductivity in the InAs, the layers
grown at temperatures below 400 °C additional peaks weraere doped with zinc. The source of zinc was DeZn. The
observed at wavelengths of 3.08 and 3.2B. Lacroix = DeZn evaporator was held at a temperature of 5°C. In these
et al!® presented PL measurements of the properties of highexperiments we used InAs substrates oriented along the
purity InAs grown at low pressure using trimethyl indium (100, (111)A, and(111)B axes. The properties of the struc-
(TMI) and TBAs as sources. These authors observed in thieires grown were investigated by studying the PL excited by
PL spectra(380—420 meV, 1.4 Kof films grown at 540°C a GaAs diode lasefwavelengthA=0.8um, emitted power
intense emission peaks at 397 m@nor-acceptor paifjsat P=10 W in pulse regimer=5us, f= 500 H2, whose light
413 meV (excitons bound to acceptgorand at 415 meV was directed onto the grown InAs layers in a “reflection”
(excitons bound to donorsAnother topic of interest is the geometry. The test sample was heldrat 77 K. The grown
thermodynamics of layered growth. The diverse construcstructures were used to make light-emitting diodes. The
tions of MOVPE reactors and the number of sources usetight-emitting structures were made by standard photolithog-
lead to various results, so that at this time there is muchaphy in the form of mesa-diodes. The diameter of the mesas
disagreement in the literature regarding the nature of thevas 300um. A continuous ohmic contact was created at the
mechanisms of InAs layer growth. substrate. The diameter of the point contact above the epi-

In this paper we investigate the PL properties of layergaxial structure was 5@&m. Ohmic contacts were made by
of n- and p-type InAs grown by MOVPE at atmospheric depositing gold with tellurium(for an n-type conductivity
pressure in a reactor of planetary type, and also electrolumlayer and gold with zinc(for a p-type conductivity layer
nescence spectra measured from light-emitting diodes baséwr the structures obtained we measured the PL spectrum,
on abrupt InAsp—n junctions, with the goal of determining and also the current-voltagdV) and capacitance-voltage
mechanisms for radiative transitions. characteristics of the light-emitting diode structures at tem-

1063-7826/99/33(10)/5/$15.00 1062 © 1999 American Institute of Physics
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FIG. 3. PL spectra of InAs layers grown on InA%11)B substrates at
FIG. 1. Dependence of growth rate on V/IIl ratio for InAs layers grown at various growth temperatures, °C:— 565,2 — 350.
T=565°C on an InA4100) substrate.

) the substrate surface. At substrate temperatures above 570 °C
peratures of 77 and 300 K. The capacitance was measured Ry growth rate begins to fall off abruptly. In our view, the

standard bridge methods at a frequency of 1 MHz. Usingeason for this decrease is the almost complete decomposi-
secondary-ion mass spectroscopy, we determined the distiinn of TMI just in front of the substrate, which decreases the
bution of impurities with respect to depth into the sample. group-Iil element flux through the boundary layer at the sub-
strate surface, thereby causing the growth rate to fall off. It

RESULTS AND DISCUSSION should be noted that surface kinetics is found to affect
growth over the entire temperature range. Evidence for this
behavior is the influence of InAs substrate orientation on the

Using the results of these experiments, we establishegrowth rate and how it varies with increasing growth tem-
that the rate of growth of the layers is a strong function of theperature. At 565 °C and a V/III ratio of 7.5 for layers grown
VIl molar ratio in the gas phase. Figure 1 shows the depenopn InAs substrates with orientati¢h11)B, the growth rate is
dence of the growth rate on the V/lll ratio for layers grown at1 5 ym/h. On substrates with different orientation the layer
T=565°C on InAs substrates witi00 orientation. Similar growth occurs more slowly(11))A — 0.8 u/h, (100 —
dependences were observed at other growth temperaturgs u/h].
and on InAs substrates witt111) orientation. In Fig. 2 we From galvanomagnetic measurements we established
plot the growth rate of the layers versus substrate temperahat conductivity was-type in all the intentionally undoped
ture. Thermal decomposition of TMI is incomplete in the |ayers. Depending on the growth regime, we observed differ-
temperature range 350400 Ref. 16 and the growth is ent positions for the peaks in the PL spectrum. Figure 3
determined by kinetic processes at the substrate surface. TBRows a PL spectrum from one of the purest InAs layers
effect of surface kinetics is confirmed by the increase in(n~5x10®cm™2), grown at 565 °C on a substrate of InAs
growth rate with increasing substrate temperature. In thyith orientation(111)B. The layers have a mirror-smooth
temperature range 400-570 °C the growth is determined prisyrface. The energy of the single peak is 408 meV, which
marily by diffusion of reagents through the boundary layer aicorresponds to the width of the bandggg in InAs (Ref.
17), i.e., interband radiative transitions are occurring.

The width of the PL spectrum at half-height is 11 meV,

InAs layers

1‘5: which is close tokT at 77 K. This result shows that the

Wb grown layers are structurally perfect. Secondary-ion mass

r spectroscopy measurements show that the concentration of
< 12E background impurity atoms such as carbon and oxygen in
E°r these layers is below the threshold for detection by our mea-
%: 10k surement equipment{5x 10°cm3).
; E Allaberenovet all” showed that in InAs with increasing
B o8k electron densuity the emission peak, which tracks the Fermi
5 f levels

06 1 h2 312

H il F *)=—n
B T R A R AR g (Zm*kT

Temperature, °C moves toward higher energies. We found that the concentra-

FIG. 2. Dependence of growth rate on substrate temperature for InAs layeldON Of electrons incrgas_es with decreasing growth tempera-
grown with a V/III ratio of 7.5 on InA(111)B substrates. ture, and that the emission peak shifts toward shorter wave-
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lengths. The PL spectrum of a sample grown at 350° iorientation(100 exhibit both interband radiative recombina-
shown in Fig. 3. The energy of the peakhat,,= 430 meV tion and radiative transitions with the participation of accep-
and the width of the spectrum at half-height for the peak ator levels located roughly 10 meV above the top of the va-
78 meV corresponds to an electron concentration4 lence band.
X 10 cm 2 (Ref. 17. Our studies show that it is desirable to avoid the use of
Using the method of secondary-ion mass spectroscopy-type substrates doped with zinc when investigating PL
we established that decreasing the growth temperature lea@soperties. It is clear from Fig. 4 that even at 350 °C diffu-
to an increase in the concentration of background impuritiesion of zinc atoms takes place from the substrate into the
in the layer. The distribution of background impurities overlayer. Diffusion and the formation ai—p junctions lower
the thickness of the sample is shown in Fig. 4. As we havehe PL efficiency of the grown layer.
already noted, at temperatures below 400°C TMI decom- Measurements of PL spectra pftype InAg100 sub-
poses only partially, and carbon atoms can be incorporatestrates p=6x 10°cm %) show that there is only one peak
into the lattice instead of indium atoms. lat al!® investi-  present at an energy of 350 meV, which corresponds to a
gated the behavior of carbon in Ggln,As layers grown by recombination transition from the bottom of the conduction
molecular beam epitaxy. As soon as the In content in thdand to a deep acceptor level.
layer exceeded 60%, the conductivity switched frpmype
to n-type. It is likely that the strength of the chemical bond
between carbon and the group-Ill element determines th
conductivity type in the layer. In GaAs, the carbon is incor- In our initial attempts to make light-emitting diodes, we
porated into the sublattice of the group-V element, and hencased structures consisting pflnAs (100 substrates [f=6
is an acceptor impurity. The In—C bond is weaker than thex 10"°cm™3, T=77 K) doped with zinc ana-type InAs lay-
Ga-C bhond; therefore, in contrast to GaAs, in InAs carbon iers which were not doped intentionally. The photoelectric
incorporated into the group-lll sublattice and is a back-properties of these structures were discussed in Ref. 21. Fig-
ground donor impurity. ure 5 shows the electroluminescen@l) spectrum of an
From Fig. 4 it is clear that oxygen is present in the layer.SS-100 diode at 77 K. The dominant peak corresponds to a
Huanget al!° studied controlled introduction of oxygen into recombination transition from the bottom of the conduction
In,Ga, _,As films, and established that in InAs all the energyband to a deep acceptor level located approximately 35 meV
levels connected with oxygen are located in the conductiombove the top of the valence band. The peak with lower
band. In our work, oxygen behaves as a neutral impurity anthtensity corresponds to interband recombination. At room
its presence in the InAs layer is most likely associated withtemperature the EL intensity is weak.
the low growth temperature, since oxygen is found to appear In order to obtain light-emitting diodes operating at
in GaAs layers during low-temperature MBE grovwtht is  room temperature, we grew fully epitaxial structures consist-
obvious that increasing the growth temperature decreases tig of a n-InAs (111)B substrate §~3x 10°cm™3), an
embedding level of of oxygen. Evidence for this behavior isn-type layer with thickness Lm which was not doped in-
found in secondary-ion mass spectroscopy measurements @htionally, and gp-type layer with the same thickness. As
InAs layers grown at a temperature of 565 °C. we have already mentionegs;type conductivity in InAs is
The PL spectra of layers grown on InAs substrates withobtained by doping the layers with zinc. The structures were

g]As p—n structures
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FIG. 5. EL spectrum of an SS—100 InAs diode at a temperature of 77 K.pj5 6. gL spectra of a SS—161 diode in the pulse regime at various

temperatures.1—T= 300K, current I=1.5A. 2—T=77K, current
1=0.5A.

grown at a temperature of 565 °C and a V/IIl molar ratio of Data on the power characteristics of an SS—161 diode
7.5. The choice of growth temperature was made on the bas@perated in the cw regime are listed in Table I.

of optimal conditions for growing InAs layers and our desire

to obtain abrupp—n junctions. The concentration of holes CONCLUSIONS

in the p-type layer was estimated from PL spectra. It in- | this paper we have investigated the thermodynamics
creased linearly with increasing I?an partlal.pressure DeZiyt growth of InAs layers in an MOVPE reactor of planetary
(Ppezn)- Ppeza= 0.35 Pa was sufficient to achieve a concen-type. At substrate temperatures below 400 °C the growth is
trationp=1x 10"*cm™>. The maximum of the PL spectrum |imited by surface kinetics. In the temperature range 400—
for a layer doped with zinc with a carrier concentration570°C , the growth is determined by diffusion of reagents.
p=1x10"®cm 3 corresponds to an energy of 387 meV; i.e., At substrate temperatures above 570°C , the growth rate
recombination takes place from the bottom of the conductiorialls off due to nearly complete decomposition of TMI in
band to an acceptor levelEf) located roughly 20 meV front of the substrate. We investigated the luminescence
above the top of the valence band. properties of InAs layers witlp- and n-type conductivity.
The I-V and capacitance—voltage characteristics werdVe identified acceptor levels in InAs with energies of 350,

measured for diodes consisting of fully epitaxial structures372, 387, and 397 meV relative to the bottom of the conduc-
with carrier concentrations af = 77 K. They were tion band. We established that low growth temperatures lead

1x10"cm 2 in the player and 5<10cm 2 in the t[O an increase in the co_ncentraj[ion of bapl_<ground impurities
_y inthe layer. We determined optimal conditions for growth of

cHﬁAs layers in a reactor of planetary type at atmospheric
pressure using trimethyl indium and arsine as sources: an

n-layer. The cutoff voltage for the forward branch of the |
characteristic at 77 K was 0.4 V. The voltage dependence

Lhnecgagf ;l':agg(raufonljlgv;s_Lhnecli)vr\:ﬂz_h\e/,\;gﬁjgas? ?ht:eczrzsci- InAs substrate with orientatiofil11)B, growth temperature

. . J . . - cap 565°C, and a V/IlI ratio of 7.5. Fully epitaxial structures
tance lay in the interval 100—200 pF for diodes with an areg, o e grown with abrupp— n junctions, and these structures
‘?f 0.1 mn¥. From capamtance-yoltage characteristics we €Sivere used along with standard photolithographic methods to
timated the carrier concentrations in the layer tore4 make light-emitting diodes operating at wavelengths
X 10cm 3 (T= 300K) and the width of the space-charge A=3.1um (T= 77K) and\=3.7um (T= 300K). The re-

region to be X 10"°cm (V=0). ~sults which we obtained are a basis for making infrared light-
Figure 6 shows the EL spectrum of an SS-161 diodemitting diodes that operate at room temperature.
measured in the pulse reginte=5us, f= 500 H2 at tem- This work was supported in part by the InCo-—

peratures 77 and 300 K. At = 77 K the peak with high Copernicus contract 1C15-CT97-08(2G12-CDPF.
intensity at 408 meV corresponds to interband recombina-

tion. The two peaks with lower intensity at energies 397 andTABLE |
387 meV correspond to conduction band—acceptor transi- '
tions. At room temperature the width of the EL spectrum at Power, uW
half-height was 35 meV. Using for the coefficient of tem-
perature variation oEg a valueAEy/AT=2.3X 10 “eVIK,

we can compute that the maximum in the spectrum with ?8 28 19035
energy 336 meV af= 300 K corresponds to a transition 100 7 140

with hv= 387 meV atT = 77 K.

Current, mA T=300K T=77K
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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 gapE, in the temperature range=6—600 K is well described by the expression
Ey(T)=3.51-7.4x10 * T(T+600) * eV. It is estimated that values of the free electron
concentration in these crystals do not exceetf@® . 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. 99 American Institute of Physics.
[S1063-782629)00510-4

1. INTRODUCTION fabrication regime, was varied from 1 to @dn/h. A descrip-

tion of the distinctive features of this technology can be
found in Refs. 6—11. In order to investigate optical properties
we used single crystals of GaN with thicknesses-1200

&m separated from the substrate by plasma-chemical etching

The creation of high-efficiency blue and green light-
emitting diodes based on gallium nitridend the fabrication
of a violet injection lasérhave advanced this material to the
ranks of the most intensely studied semiconductors. At thi

2 ity i k-
time, an important factor that retards progress in developin f the Iat;ccelr% and 2'?0 (_apltaxtl_al Itqyers ?f tGal;l W'Ith thick
this material is the lack of an ideal substrate material, ali|€Sses 0 —#m. Prior investigations of structural proper-

though single crystals of GaAs, ZnO, MgO, Mg, and ties of bulk GaN crystals usingray diffractior? showed that

especially A}O; and SiC are actively used as substrates fthe tsimplels tobtan;d cHon|?|st_ dc;:]blofc K s:(r?gle crystaI? of the
heteroepitaxial growth of GaRiThe cardinal solution to the wurtzite polytype (21). Hal-widths of rocking curves from

mismatch probleniwith regard to crystal lattice parameters the N-faget [|.e:, from the (0002 plang obtained n the
and thermal expansion coefficignbetween the epitaxial w-scanning regime were less than 130 arc-sec. Detailed stud-

: . ies of the structural properties of GaN/SiC layers obtained by
layer of GaN and the substrate is obviously to use homoepi loride HVPE and published by us previouSlyalso

taxial methods to make device structures based on GaN. Fg/g d that th 't of bulk sinal al
this reason, methods for obtaining GaN substrates have be&hOWed that tney consist of bulk single crystais. .
PhotoluminescencdL) of the samples was investigated

intensely pursued However, until now only a few publica- . .
tions have addressed the problem of obtaining and charactel: the temperature range=6-600 K. At low temperatures

izing bulk single crystals of GaK;'° a problem which, it 6-50 K the PL was excited by a DRSh-250 mercury lamp

must be asserted, is accompanied by serious technologicglf”th UFS2 f”md ZhS3 filtejs Comparatively low mtensmes.
difficulties. were used in order to exclude the effect of concentration

In this paper we discuss the optical properties of bulksaturation of the optical transitions with participation of im-
purities and defects. The samples were placed in a helium

GaN crystals obtained by the chloride version of halide tat. which all 4 us to obtai . et
vapor-phase epitax§HVPE). We compare the properties of cryostat, which aliowed us to obtain a minimum sampie tem-
perature of 4.2 K. In the high-temperature range we excited

bulk GaN crystals grown in this way with structurally perfect ; : : .
epitaxial layers of GaN grown by the same method on Sub'ghe photoluminescence with a nitrogen laser for convenience
strates of &1-SiC, and also published data on gallium ni- (vyavelength 337.1 nmand the samples were placed in a
tride. nitrogen cryostat, where the sample temperature could be

regulated from 77 to 900 K. By defocusing the laser beam
we were able to decrease the excitation pulse power density
to 100 W/cn? (corresponding to an average pump power
Samples of GaN were obtained at atmospheric pressumensity of 104 W/cn?), which also ensured a low level of
in a horizontal reactor placed in a multizone furnace withexcitation. The spectrum of the luminescence was recorded
resistive heating. As substrates we used crystals of siliconsing an MDR-23 monochromator with a dispersion of 1.3
carbide in its 61 polytype. Growth temperatures were in the nm/mm. The spectral resolution of the apparatus was 0.1 nm
rangeT ;= 950-1050 °C. The growth rate, depending on theor better. In order to obtain absorption spectra in the ultra-

2. TEST SAMPLES AND MEASUREMENT PROCEDURE

1063-7826/99/33(10)/5/$15.00 1067 © 1999 American Institute of Physics
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free excitong**® The ratio of intensities of the “yellow”

\ band caused by defects, with a maximum at an enékgy
34676V I =2.2 eV_, tq the intensity of the exciton peak was less than
FWHM 0.033 eV n 0.01. It is important to note that _for our very best_GaN
i samples the value of the full widths at half-maximum
(FWHM) of the exciton bands agreed closely with values
quoted in the literature for structurally perfect epitaxial GaN
layers(see, e.g., Ref. 36which in turn indicates the rather
high structural perfection of our bulk crystals. This also fol-
lows from Figs. 1a and 1b, where we compare PL spectra
from our best bulk GaN crystal with that of a structurally
perfect epitaxial GaN layer, also grown by us, at two tem-
peratures 77 and 300 K. As for the positions of the exciton

J. 409 eV ! band maxima, it is obvious from Figs. 1la and 1b that the
FWHM 0.068eV, peaks of the bulk crystal spectra are shifted$y0.01 eV
A towards higher energies compared to those of the epitaxial
. , , . o . , , GaN layer(for different samples of epitaxial GaN layers on
20 22 24 26 28 30 32 34 36 SiC substrates with different thicknesses and technological

PL intensity , arb. units

how, eV growth regimes, this shift can have values from 0.01 to 0.02
eV). A similar shift in the PL spectra of GaN/SiC layers
b 3457 eV ’ compared to bulk GaN crystals was reported previously by
. e

FWHM 0.025 eV :ll Buyanovaet al.® where it was explained by residual tensile
' i mechanical stresses that arise along the axis of the epitaxial
i layer (i.e., along a plane perpendicular to the principal crys-
i tallographic axisc) when the samples are cooled after epi-
ﬂ taxial growth, primarily due to differences in values of the
" thermal expansion coefficients of GaN and $iThe GaN
f layers used in Ref. 15 were obtained by metallorganic
: chemical vapor depositiofMOCVD) with a buffer layer, in
] contrast to the layers investigated by us, which may explain
|| the somewhat lower values of residual mechanical stresses in
3. 397eV | them, and consequently the lower values of the energy shift,
'.
)
|
\

PL intensity, arb. units

FWHM 0.068 ev observed in that study,in the position of the exciton lines
within the layer compared to bulk materiat-0.008 eVj.
A Using the average value of the energy shift of exciton lines
! L L L L ' 2N obtained in Ref. 17 for a biaxial mechanical stress of 1 GPa
2.0 22 24 26 28 30 32 34 36 in the plane of the GaN epitaxial layér24 meV/GPg we
ho, ev can estimate a value of0.5 GPa for the average tensile
FIG. 1. Photoluminescence spectra of a bulk GaN crysiand a thin(1.5 mechanical stress in the best epitaxial layers obtained by us.
um) epitaxial layer of GaNb) at a temperature of 77 Kdashed curveand We observed the presence of both free and bound exci-
300 K (solid curve. The excitation light comes from a nitrogen laser. tonic states in the low-temperature luminescence shifts. Fig-
ure 2 shows an example of low-temperature photolumines-
violet range we used the MDR-23 monochromator and gence spectra containing the largest number of features for

DDS-30 deuterium lamp. Room-temperature infrared refleco'C of our samples of bulk GaN in the temperature range

. . . 6—-45 K. AtT = 6 K this sample exhibits a peak correspond-
tion spectra in the range 2.5—28n were measured using an . . :
. ing to an exciton bound to a neutral don@BE) with an
IKS-29 two-beam IR spectrometer and two IPO-22 reflection . L .
; ; energy maximumhw= 3.472 eV. In addition, it is easy to
attachments. As a reflection reference we used a mirror layer . .
made of aluminum deposited on glass See two other exciton peaks, which we assume are from an
' exciton bound to an acceptdiABE) with energiesfw
=3.449 and 3.421 eV. On the long-wavelength side we see
the first two donor-acceptor recombination peaks—a zero-
During photoexcitation the GaN crystals luminesced in-phonon peak(3.263 eV} and its LO-phonon (energy ~92
tensely, with a luminescence that was distributed uniformlymeV) replica (3.171 eVj. On the short-wavelength side, in
over the sample area. The luminescence spectrum of bulkhe region 3.48—3.49 eV we see a weakly expressed shoulder
GaN crystals, like that of epitaxial GaN layers, is dominatedwhose energy position corresponds to the free exotdn
by the exciton luminescence bar(ig. 1). In the low- =1)."*ltis clear from Fig. 2 that the donor-bound exciton
temperature region, the dominant band of luminescenckne at 3.472 eV, which corresponds to the lowest binding
arises from excitons bound at a neutral donor, while at higtenergy(~ 4 meV), quenches most rapidly with increasing

temperatures the dominant band is from recombination ofemperature. The two emission lines of the acceptor-bound

3. EXPERIMENTAL RESULTS AND DISCUSSION
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stressed bulk GaN crystals. In our view, all these results
point to the absence, or at least weakness, of mechanical
stresses in our samples after their removal from the substrate.
At the same time, the ratio of intensities of lines from bound
excitons for our samples differ somewhat from those re-
ported in Ref. 19, e.g., for the sample in Fig. 2, the acceptor-
bound exciton lines are rather intense and broad. A possible
explanation for this could be stoichiometric nonuniformity of
our sample, and also local electric fields which cause fluc-
tuations in charged impurities leading to Stark shifts. We
note that the more structually perfect the samples of GaN
are, the weaker are the inhomogeneous broadening and
acceptor-bound exciton lines and the narrower the exciton
spectrum(for example, even at high temperatures the values
of the FWHM for the bulk sample of GaN shown in Fig. 1la
are considerably smaller— 0.033 eV at 77 K and 0.068 eV at
300 K— than for the sample shown in Fig. 2, i.e., 0.086 eV
at 6 K). The temperature broadening of the exciton spectrum
== ‘ ) . we obtained for the highest-quality samples of bulk GaN is
3.1 3.2 3.3 J.4 J.§ J.6 well described by a linear law with a slope of X80 4
fiw, eV eV/K in the temperature range 77-600 K.
. When we increased the temperature to 300 K, we ob-
FIG. 2. Low-temperature photoluminescence spectra of a sample of bulk .. . .
GaN crystal at temperaturésom top to bottorh of 6, 10, 15, 20, 30, and 45 served an additional temperature- induced quenching of the
K. Excitation light comes from a DRSh- 250 lamp. luminescence spectrum for all the bands, with the bound-
exciton bands decaying more rapidly than the free-exciton
bands due to the considerably larger binding energy of the
exciton atfiw= 3.449 and 3.421 eV quench much more |atter (~30 meV for the ground state of theexcitort*2%-2},
slowly, so that atT=45 K the predominant line for this At higher temperaturesT(= 500—-60(K) the temperature-
sample is still the emission line at 3.449 eV, the most intenséhduced quenching of the exciton luminescence bands occurs
line in the spectrum. The emission peaks due to donormore rapidly than we would expect, starting from values of
acceptor pairs shift towards shorter wavelengths as the tenhe binding energy for freé\-excitons mentioned above;
perature increases, which corresponds to the decay of paitRerefore, we assume that nonradiative recombination pro-
with the lowest binding energ§i.e., the most distant pais  cesses play a dominant role.
The transition from donor-acceptor emission to emission via  Figure 3 shows the temperature dependence of the width
band-acceptor transitions occurs at a temperalur80 K,  of the bandgajE, obtained by analyzing the position of the
since atT>80 K the observed emission is no longer de-free-exciton luminescence band for bulk crystals of GaN and
scribed by the donor-acceptor mechanism. The energy posépitaxial GaN layeré? There we plot data from Ref. 23 on
tion of an exciton bound to a neutral donor is in rather goodthe temperature dependence of the band gap calculated from
agreement with the energy position of the donor-bound exthe optical absorption spectra of bulk crystals of GaN ob-
citon published in Refs. 14 and 15 for bulk GaN without tajned at high pressur@ig. 3, curve2). Using the standard
mechanical stressé¢$able ). On the other hand, the donor- empirical expression for the temperature dependence of the

bound exciton appears at an energy position thatid0  band gap of semiconductors to approximate the experimental
meV lower in the PL spectra of thi~1um) epitaxial layers  data shown in Fig. 3Ref. 24.

of GaN grown by the same method in our apparatus, and not

detached from a SiC substrdfeThe energy positions of Eg=E4(0)—yTAT+pB) "1, (1)
excitons bound at an accept@¥ig. 2) are likewise close to

the numbers published in Ref. 19 for mechanically un-whereEgy(0) is the band gap at 0 K, anfl and y are em-

ardb. units

PL intensity,

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

Thickness, FE DBE ABE Mechanical

pum Substrate  T4,°C Method fw, eV (T, K) ho, eV (T, K) fo, eV (T, K) stress Literature
100-200 None ~1000 HVPE 3.48-3.49(6) 3.472(6) 3.449(6) None Data from Refs.

3.421(6)
>500 None ~1000 HVPE 3.479-3.480(2) 3.473-3.474(2) None 14,15,19
2 6H-SiC ~1000 HVPE 3.4726) 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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36 —— 7T 7 TABLE Il. Nonlinear coefficients of the temperature dependeBgéT)

obtained for bulk crystals and epitaxial layers of gallium nitride.

~ 2 Sample type Experimental methogt, 10 % eV/K B, K Literature

— N Layer GaN/ALO; Luminescence 7.2 600 (Ref. 30

5 1 N\ n Layer GaN/ALO; Optical absorption 9.39 772 (Ref. 23
"~ }\ N Layer GaN/SiC Luminescence 7.7 600Ref. 22
~. \ Bulk GaN crystal Optical absorption 10.8 745Ref. 23

o~ \ Bulk GaN crystal Luminescence 7.4 600 This work

3.5

T

suming a classical parabolic band and ignoring exciton ef-
"N\ fect9 lies in the range 3.31-3.32 eV for various samples of
. GaN, which is roughly 0.13 eV lower in energy than the
3.3r *\'*§ value expected from the photoluminescence re$aksindi-
' ted by the data shown in Fig. 1a, the value of the band gap
=3.51-0.0007% - T%/(T+ \ ca ’
| £ (7)=3.9770.0007-T7/(T+600) at T= 300 K should beE,(300 K)= 3.436 eV,
In the infrared reflection spectrum, the lattice resonance
— (reststrahl band which extends from 13.7 to 18,8m and
500 600 - .
whose boundaries correspond to energies for the transverse
(TO) and longitudinal LO) optical phonons,is quite in-
FIG. 3. Temperature dependence of the width of the optical ban&g@  tense, which also attests to the relatively high structural qual-
for bulk crystals of GaN grown by chloride HVP@). For comparison we  jty of the crystals obtainedFig. 4). In Fig. 4 we show for
show the dependence of the energy po_sition of the optical absorption edg@omparison the reflection spectrum of a structurally perfect
for bulk crystals of GaN obtained at high pressRef. 23 (2) and the itaxial GaN | sic bstraigashed W
function E¢(T) obtained from the exciton luminescence data of Ref. 22 for EPI@XIAl LA fayer on a 1L subs refgashe CUM? e .
thin (~1um) epitaxial layers of GaN grown by MOCVDma 6 H-sic  hote the good agreement between the two spectra in Fig. 4 in
substrate(3). the lattice resonancg@eststrahl bandof GaN, and also the
appearance in the spectrum of the epitaxial layer of an addi-

irical h h i oft q tional resonance in the region 16-32.8 um, which corre-
pirical constantshere the parametef is often connecte sponds to the silicon carbide substrateEstimates of the

}N'thhthe Def?y_e tem_peéatli)r,e/r\]/e opta|n thifogowmg values values of theTO- and LO-phonon frequencie$560 and
or the coefficients in Eq(1) that give us the best agreement 730-749 cm?, respectively from the IR reflection spectra

with the experimental datéFig. 3, curvel): E4(0)=3.51 of the bulk GaN crystals are in good agreement with results

eV, y=7.4x10 * eV/K, and3=600 K. It is clear from Fig. - -
obtained previously by Raman spectroscbmnd for the
3 that, ignoring the effect of residual mechanical stresses, the P y P =4

agreement between the curves for our bulk crystals and epi-

1 ! L ! ! ! 1 J
0 100 200 300 400
T, K

3.2

taxial layers of GaN is good. On the other hand, the bulk Wavelength pm

crystals of GaN grown in Ref. 23 at high pressuFég. 3, 4 5 10 20
curve2) exhibit a considerably larger value for the band gap '

compared to our samples of GaN. This is most likely due to LO: 730-740 cm~"

the Burstein—Moss effeéb, given the high concentration of T0: 560 cm 1

free electrons in these crystdlen the order of 1€cm 3 a0

(Ref. 23]. In contrast, the concentration of free electrons is
relatively low in the samples of GaN we investigated,; in fact,

it never exceeds the Mott linfft (this is confirmed by the & 5|

existence of an excitonic luminescence bamaah estimate for - A
which is ny=(0.26k5)°=7%x10"cm 2 (hereag=2.9nm g 1 :
is the Bohr radius of an excitonThe values reported above 5 :

T

LS

for the nonlinear coefficients in the temperature dependencez 40
of E4 are in satisfactory agreement with those obtained pre- &
viously for epitaxial GaN layefé (Table I). The difference
in values of the nonlinear coefficiengand y for bulk crys- 20}
tals of GaN obtained at high pressufieble Il) can be quali- — ==~
tatively explaine@® by the temperature dependence of the
Burstein-Moss effect. \ ) X )
The most structurally perfect of all the GaN crystals ob- 02500 2000 1500 1000 500
tained by us was visually colorless and in the visible region Wave number, cm~1

. . o
possessed a rather hlgh optlcal tranSpareanyund 60% for FIG. 4. IR reflection spectra for a bulk crystal of G&dblid curvg and an

a thickness of 10@um). The value of the band gap obtained gpjtaxial layer of GaN with thickness 3,m on a SiC substratédashed
by measuring the optical absorption edgelat 300 K (as-  curve. T = 300 K.

/

!
{
1
t

'

)
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LO-phonon there is good agreement with the photolumines- Krivolapchyuk, M. P. Scheglov, and Yu. V. Zhilyaev, Inst. Phys. Conf.
cence datésee the text above and Fig. Zhe location of the ~ Ser.155 191(1997.
minimum in the reflection near the resonance, which is sen-,E - Mokhovand Y. A. Vodakov, Inst. Phys. Conf. S£65, 177(1997.

" . é?& ds t R. J. Molnar, P. Maki, R. Aggarwal, Z. L. Liau, E. R. Brown, |. Meln-
va? to the Concentratlonpf free carri orresponds 1o a gailis, W. Gotz, L. T. Romano, and N. M. Johnson, Mater. Res. Soc.
relatively low concentration of free electrongess than Symp. Proc423 221(1996.

10¥cm™3; see Ref. 29 which again agrees with lumines- *°V. A. Ivantsov, V. A. Sukhoveev, V. I. Nikolaev, I. P. Nikolaev, and V. A.
cence data Dmitriev, Fiz. Tverd. Tela(St. Petersbung39, 858 (1997 [Phys. Solid

. . . State39, 946 (1997)].
Thus, we have investigated several features of the Optiniy,, . Melnik, I. P. Nikitina, A. S. Zubrilov, A. A. Sitnikova, Yu. G.

cal properties of bulk GaN crystals obtained by using the musikhin, and V. A. Dmitriev, Inst. Phys. Conf. Ser42, 863 (1996.
chloride version of HVPE. We have established that theséZV._E. Sizov and K. V. Vassilevski, NATO ASI, Ser. 3. High Technology,
crystals have a bright excitonic luminescence, and that theirW'de Ba_ndgap ‘Electronlc Materialedited by M. A. Prelast al. (Kluwer
tra are similar to those of structurally perfect thin epi Academic Publishers, 1998, p. 427.
Spec s yp ) PlRsyy, v, Melnik, I. P. Nikitina, A. E. Nikolaev, D. V. Tsvetkov, A. A.
taxial layers of GaN. What differences there are primarily sitnikova, and V. A. Dmitriev, Abstracts 1st Europ. Conf. on Silicon
involve exact energy positions of excitonic bands, which in Carbide and Related MateiHeraklion, Greece, 1996p. 79.
. 14 .
the case of bulk crystals correspond to mechanically un- :B.A'\I(llonekmahl;;Ré IP-t Bergg‘a’:l‘;t !-dA-SBUYa”O(;’aé&Vg-Z'HQ';éAma”O' and
. o . asakl, nternet J. Nitriae semicona. .
stressed states of gallium nitride. We have shown that the:,I_A_ Buyanova, J. P. Bergman, and B. Monemar, Appl. Phys. Bet9),
temperature dependence of the band gap for these GaN cryss (199¢.
tals in the temperature range 6—600 K can be described byA. S. Zubrilov, Yu. V. Melnik, D. V. Tsvetkov, V. E. Bugrov, A. E.
the expressiofEy(T)=3.51-7.4x10 4 TXT+600) !, eV. 2'1';0('?3;7)8[; Stmanovsy and V. g-nggr(i%b ;']z Tekh. Poluprovc@ih.
H H H _ oV. yS. Ssemicon , .
l_JSIhg photollummescencg and IR reflection, we have eStahJW. Rieger, T. Metzger, H. Angerer, R. Dimitrov, O. Ambacher, and M.
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Single-crystal and hot-pressed samples of PbSe 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 :@ 1999 American
Institute of Physics.S1063-78269)00610-9

It is knownt 3 that intergrain layers give rise to unusual In some of these original samples we varied the concen-
and often irreproducible behavior when polycrystalline filmstration of anion vacancieg.,. To increase the vacancy con-
of lead chalcogenides are grown on dielectric substriddes centration, in accordance with Refs. 5—7 we introduced tin
grain sizess1um) and annealed in an oxygen atmospherg2 at. %9, sodium via molecular impuritieqp to 0.2 mole%
or in air. Therefore, experimental study of the energy specNaSe, and superstoichiometric lead into the growth batches.
trum of oxygen in lead chalcogenides requires the use ofll the initial samples were subjected to a homogenizing
samples doped by ion implantation and annealed in vacuunanneal in vacuum quartz cells for 100 hours at a temperature
In this case it turns out to be possible to use single crystalsl,= 650 °C, and hag-type conductivity. Values of the Hall
thereby eliminating the influence of intergrain layers on theconcentrations of holegy in these samples were—13
results of the measurements. When we performed similax 10"8cm™3,
experiments on PbTéwe found that a quasilocal level lo- As in Ref. 4, oxygen ions were implanted into the PbSe
cated deep in the valence band could be associated with oxyhrough the previously prepared optical surface by an ILU-1
gen impurities in PbTe. We observed no other features thamplanter (ion energies of 100 keV, ion current
we could assign to oxygen in the energy spectrum of PbTe).5uA/cm?). The dose D) of implanted ions was varied in
including its band gap. the range 1000 4250 uC/cn?. The samples were subjected

In this paper we continue the investigations started into a post-implantation anneal in vacuum for 1 or 2 hours at
Ref. 4. The object of our studies is lead selenide. The goal of ;=300 °C. After ion implantation and annealing, the ex-
this work is to identify localized states in the energy spec-perimental samples were thinned te-24 um by mechani-
trum of oxygen-implanted PbSe that are connected with theal grinding and polishing their back sidé., the side not
incorporated impurity, and to establish the types of defectsised for implantation
that generate these states. Such studies have not been done Some of the experimental results we obtained in this
previously for PbSe: O. work are shown in Fig. 1, where we compare them with data

In order to achieve these goals, in this paper we investitaken from Ref. 5 for the original samples. Comparison of
gated the optical reflection spectruriand absorption coef- the results as shown in Fig. 1 with the data of Ref. 4 shows
ficient « of PbSe: 0, as we did in Ref. 4. These experi- that the changes observed in the spectra of the absorption
ments were supplemented by measurements of theoefficienta(% w) caused by ion implantation and annealing
thermoelectric powes made by placing a probe directly on are similar for PbSe and PbTe. As in Ph{Ref. 4, implan-
the thin samples. All the experiments were carried out at @ation of oxygen impurities into PbSe inverts its conductivity
temperaturel =300 K. type p—n and leads to the appearance in thepectrum of

In these experiments we used single crystals grown bgomponents connected with singlet;) and doublet &,)
the Bridgman—Stockbarger method and polycrystallineerms in the chalcogenide vacancy and with complexes
samples prepared by hot pressing. The optical properties @ix3).% The energy scheme for unannealed PbSé:i®
the hot-pressed samples, as a multitude of experiments hagdown in Fig. 2.
shown, do not differ in any important way from the proper- Annealing the samples in vacuum is accompanied by
ties of single crystals. For average grain sizes of g60and  reconversion of the conductivity type from electronic back to
sample thicknesses of-10 um, the regions near grain hole-like. The results of our studies of the thermoelectric
boundaries occupy a small fraction of the surface and bulk opower confirm this change, in that the sign®bnce more
these samples, and therefore do not contribute to the olisecomes positive in all the samples. An important change
served optical properties. With regard to PbSe, evidence faarises in the optical absorption spectra as well. As is clear
this comes from the results of an experimental stuly  from Fig. 1, two bell-shaped features, and a5 appear in
which we conducted similar investigations and analyzed théhese spectra, indicating that two quasilocal le¥gjsandE;
properties of the “original” (i.e., unimplantel samples have appeared deep in the valence band of PbSea®
(both single crystals and hot-pressed sampleat are im- nealed in vacuunisee the energy scheme shown in Fig. 2
planted and investigated in this study. Although the first of these featuresvf), which was ob-

1063-7826/99/33(10)/4/$15.00 1072 © 1999 American Institute of Physics
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i FIG. 2. Energy scheme of PbSe ¥ efore(a) and after(b) annealing in
vacuum. The vertical arrows show electronic transitions between band and
localized state&, — Eg, which lead the appearance of an additional absorp-
tion band in the optical spectra.
z -
data showed that the magnitude pf in all samples im-
planted with oxygen impurities and annealed in vacuum was
A ‘ : L in the range 2.2 2.8x 108 cm™3. Therefore, in calculating
107 107 2 5 the spectra ofv,q we used expressions that were correct for
fiw, eV a gas of free carriers with nondegenerate statistics.

The bands ofx,q were extracted from the experimental
spectra and their frequency dependences calculated by using
a method similar to that described in Refs. 5, 7, and 9. Some
2—6— samples implanted with Oions, before 2) and after 8—6) an-  Of the results obtained are shown in Fig. 1. The dots denote
nealing in vacuum. Dose of implanted iobs uClcn?: 1,7 — 0; 2 —  the experimental spectia,;— a4+ a5, the curves represent
1000; 3, 5, 6 — 2000; 4 — 4250. The Hall concentration of holes in the the results of calculations based on Eq) of Ref. 8. It
initial statepy, , 10°cm *: (1-5) — 2.8;(6, ) — 3.0. Sample thicknes ¢, naqy ot that the optical charge-transfer energies of the
um:1—91;2—36;3,5—50;4— 69,6 — 10.0;7 — 4.5. For . . . .
functions5— 7 the value ofa,q was increased by a factor of 50. The points various localized and quasHocaI states in PbSé \@ere:
are experiment, the curves calculations based on(Bf Ref. 8. Eipt: (0.270+0.015) eV, Egpt: (0.195+0.020) eV, Egpt

=—(0.050+0.005) eV, ESP'=(0.200+0.015) eV, ande2™

=(0.140+0.010) eV. Using these calculations, we also esti-
served previously in lead selenidé has been assigned to mated half-widths of the quasilocal bands based on 0.606 of
anion vacancies, the seconds) has no analog in the litera- the maximum of the density functions for the resonance
ture data. This allows us to associate its presence with thstates: I'; 5= (0.009+0.005) eV, I',=(0.013+0.008) eV,
action of implanted oxygen. I';=0, andl',=(0.017=0.007) eV. Note that the values of

The energy positions of these quasilocal levels inEJ”, E2, 'y, andl's given above were obtained by aver-
PbSe:J were determined from calculations of the fre- aging data for eight samples according to the method de-
guency dependence of the additional absorption coefficiergcribed in Ref. 10, using the Student distribution with a con-
asg- The required values of the Fermi energy in thesefidence coefficien=0.95.
samples were estimated by studying the thermoelectric Comparison of the results obtained for PbSé : @ith
power and reflection spectiR(% ). Our analysis of these known values of the optical charge-transfer energies of vari-

FIG. 1. Spectral dependence of the absorption coefficierii— 4) and
additional absorption coefficienta,y (5-7) in PbSe:0J and
Ply oSy o.Se : O (6,7) at T=300 K. 1,7— original samples(Ref. 5,
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ous centers in lead selenide shows that the quan@&fgs ot
—ES™ are in good agreement with data for chalcogen vacan-
cies and complexes!® At the same time, the values &2

in fact have no analogs in the literature data. This does not = 20k e

contradict our assertion that tlag bands are related to oxy- 3 -7
gen, which we inferred from qualitative analysis of the § -7
a(hw) spectra. Additional evidence for this is the increase né;‘m

in intensity of theas bands as the dose of implanted ions
increases.

”~
L

e
//
-~
p
1
1

Certain assertions can be made regarding the nature of i | ) N .
the center responsible for the appearance of |&gein the 0 s 3 4 5
energy spectrum of PbSe!Q based on analysis of how D, 70 /LC/WLz

the integrated absorption cross sect@®nof the as bands
{85=f§a5(ﬁw)d(ﬁw)} depends on the dose of implanted FIQ. 3. Plst of the int_egrated absorption cross sec&bnreduceq Ipy the
ions. If levelE5 is associated with a point defect, the value oftsh'c!(ness-j- =5.0 um in PbSe prepared from a batch not containing Na or
8 n impurities, implanted with oxygen and annealed in vacuum, versus the

Ss should be proportional t®. For complexes a stronger doseD of incorporated ions.
dependence obs on D is characteristic? It is obvious that
these statements about the character of the fun@igb)
are accurate only if the average valuepgfin the implanted
region remains constant as the dose of implanted ions varies. . )
As we mentioned above, this is the very situation that occurf@t in order to compare data obtained from samples of vary-
in our samples. However, we must take into account thd"d thickness using Ed1) it is enough to refere_nlce the data
different thicknesses of our samples. In ion-implanted cryst® @ single numbed*>x,,I'; (S5 =Ssk(d*)k™*(d)). In
tals the distribution of impurities with respect to depth is thiS paper, we choose fa* a value of 5.qum. The function
nonuniform; therefore, the intensity of thes bands(and S5 (D) obtained in this way for samples that do not contain
consequently the value of the cross sect8a should vary sodium or tin |mpur|t|es_ is shown in Fig. 3. Thesg samples
not only with the dose of incorporated oxygen but also withWere chosen for analysis because the concentration of chal-
the thickness of the samples under study. cogen vacancies in them in their original state, based on Ref.

In Ref. 12 it was shown that when lead chalcogenide$ did not exceed 23x10'%cm 2, i.e., it was not large.
are subjected to ion implantation and annealing, the distribul herefore, even if its value changed from sample to sample,
tion of impurities with respect to depth that results is close tdhe changes would not have any effect on the concentration
Gaussian, differing from the latter only by the presence of arPf centers that make up levek. Figure 3 shows clearly that
extensive “tail” that extends deep into the ion-implanted the functionS; (D) can be approximated by a straight line
crystal. The concentration of impurities in the tail is consid-Passing through the origin. This allows us to assert that level
erably lower(by more than an order of magnitudiaan itis  Es is associated with a point defect.
at the distribution maximum. This circumstance allows us to  In conclusion we note two features in the experimental
approximate the concentration profile of the oxygen distribu-data that are common to PbTe and PliRef. 4 implanted
tion in annealed PbSe :'Oby a Gaussian. Within the frame- With oxygen. First of all, the intensity of thes bands, as is
work of this assumption, we can show that the ratio of valueglear from Fig. 1, increases with increasing concentration of
of the experimentally measured absorption coefficient in th@&nion vacancies in the original samples. This result can be
as bands to their values in a sample that is uniformly dopedviewed as sufficient confirmation of what was said above
with respect to depth with an oxygen concentration equal téegarding the connection between le¥s) and a point de-
the concentration of impurities at the maximum of thefect. It agrees with existing representations in which the oxy-

Gaussian distribution is gen impurities occupy positions in the chalcogen sublattice,
thereby filling vacancies. Secondly, annealing of these
d (X=Xg)? samples in vacuum cannot completely eliminate intrinsic de-
- [5y—1 _ - 7Y
k(d)=(dl',y2) fo exp( 2 | dx @) fects that arise during ion implantation. Evidence for the ex-
X

istence of such defects in annealed PbSé :#@e thea,
Herexg is the depth at which the maximum of the distribu- bands associated with/,. Usually annealing of ion-
tion is located [, is the half-width of the distribution based implanted lead chalcogenides in vacuifor 25 min atT,
on a level of 0.606 of the maximum, adds the thickness of =250°C) leads to complete elimination of all the radiation-
the sample under study. induced defects, includiny,.'? Apparently this feature is
Note that ford>xg,I", the quantityk(d) turns out to be characteristic of all lead chalcogenides doped with oxygen
independent of eithek, or I'y. Because of this circum- ions. It could be due to the acceptor-like behavior of the
stance, we are able to make a rather accurate comparison iafipurity introduced, which is also compensated by anion
the experimental data obtained from samples that are quiteacancies.
thick since, according to Refs. 12 and 13, the penetration The authors are grateful to I. O. Usov and |. B.
depth of impurities does not exceeduin in ion-implanted  Zakharova who carried out the ion doping and sample an-
and vacuum-annealed lead chalcogenides. It thus followeealing.
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Autosolitons in an electron—hole plasma/excitons system in silicon at 4.2K
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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 autosolitons19€9 American Institute of Physics.
[S1063-782629)00710-3

Ashkinadze and Subashfeveported the discovery of specific system. Such self-maintaining localized eigen-
auto-oscillations of the density of nonequilibrium electron—states—autosolitons of nonequilibrium systems—were de-
hole plasma(EHP) in Si in the low-temperature regiolm  tected experimentally and investigated in Refs. 6 and 7.
=4.2-15K under conditions of photoexcitation of Our experiments were performed on samplep-8i( P)
electron—hole pairs in a microwave field. The appearance ofith impurity concentrationNp—N,=8x102cm™3, pre-
auto-oscillations of the EHP density is explained by impactpared in the form of rectangular parallelepipeds with dimen-
ionization of excitons by electrons heated in the microwavesions 3.2 1.3X 2.1 mm. The crystallographic orientation of
field when the conditionw7,>1 is satisfied. The cause of the sample and the configuration of the action of the electric
the instability is growth of the temperature of the electrons infield and photoexcitation are shown in Fig. 1. The contacts
the microwave field with increase of their concentration. Inwere created by melting-in a ABb) alloy in vacuum on
Refs. 1 and 2 it was shown that under conditions of electro®pposite faces with dimensions X7.3 mm. The face of the
heating, whenw7,<1, (equivalent to electron heating in a sample with dimensions 372.1mm was illuminated by
constant electric fieldauto-oscillations do not arise. rectangular pulses from a monochromatic light source based

Wemanet al detected current auto-oscillations in pho- on infrared GaAs diodes with photon enerfiyo=1.5eV
toexcitedp-Si(B) at 2K in a constant electric field. Auto- >eg. The duration of the photoexcitation pulses (4€)
oscillations were detected only pSi(B) samples with con- ensured the setting up of a steady-state concentration of car-
centration of thermal donor complexed,=10%cm™2  riers and excitons. The maximum photoexcitation intensity
>N, , whereN, is the initial boron impurity concentration |pmax COrresponded to a concentration of the generated
in the silicon matrix. They link the physical mechanism of €lectron—hole pairs equal to>&10"cm™2. Synchronously
the auto-oscillations with critical equilibrium between im- With the photoexcitation pulses, the sample was acted on by
pact ionization of the excitons and their degree of capture tgonstant-electric-field pulses with a duration of J64)
the thermal donors. which were delayed relative to the photoexcitation pulses by

In the present paper we report the experimental detectioie=0—1.0ms. The pulse repetition rate of 3Hz ensured
and study of auto-oscillations in the nonequilibrium systemthat the temperature of the sample recovered to 4.2K at the
EHP/excitons in silicon under conditions of impact ioniza- Peginning of each pulse. Current-voltage characteristics
tion of excitons in a static electric field at liquid-helium tem-
peratures. As the results of our experiments show, the ap-
pearance of auto-oscillations is linked with a disruption of
the uniformity of the plasma density distribution and strati-

fication of the plasma caused by the appearance of a strongly Elltrr]
nonequilibrium state—an autosolitgAS). ‘ |

In Refs. 4 and 5 it was shown that an electron—hole pair _ \y\
is an example of an active system with diffusion; from the [170] 1 =—— __hw=15eV
general nonlinear theory of this diffusion it follows that in T~ ‘_<____
the region of a stable, homogeneous state of such systems an >~
external perturbation can excitautosolitons can also arise m

spontaneously near small inhomogenejtisttionary, iso-
lated stat-es, which do not de.pend on the form of the initiakg, 1. configuration of the action of an electric field and photoexcitation
perturbation, but are determined by the parameters of thelative to the crystallographic axes of the sample.

1063-7826/99/33(10)/4/$15.00 1076 © 1999 American Institute of Physics
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(CVC) were recorded by feeding a sawtooth voltage with a
duration of up to 2Qus.

Figure 2 shows oscillograms of the current through the
sample for different values of the photoexcitation intensity
and the intensity of the applied electric field. As can be seen
from the oscillograms, after feed of an electric field pulse
with some delay, a conduction current pulses appears. The
delay time of this pulse decreases as the electric field inten-
sity and the photoexcitation intensity are increased. A char-
acteristic feature of the time dependence of the conduction
for 7e#0 is the appearance of an initial, solitary current
spike followed by the following types of oscillations: iso-
lated pulses, relaxation oscillations, and random oscillations. &
With simultaneous application of the photoexcitation and <
electric-field pulses, the time delay between the initial peak =
and the subsequent peaks is absent. Figure 3 shows typical
dynamic CVC's of the sample, recorded in the voltage-
generator regime for various values of the delay of the saw-
tooth voltage pulses relative to the photoexcitation pulses
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(7g). The threshold breakdown fieles depends both on the
photoexcitation intensity, and on the delay timeg . With

decrease of the photoexcitation intensity and increase of the
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FIG. 2. Oscillograms of the current for different values of the electric field
strength and the photoexcitation intensity: — E=1.5kVicm, I,
=0.05l pay; Il — E=1.5kV/cm, 1,=0.51ppqy; I — E=2.5kV/cm,

15=0.05! prya; IV — E=2.5kV/em, | ;= 0.51 ey
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FIG. 3. Dynamic current—voltage characteristics of a sample for different
values of the delay of electric field pulse relative to the photoexcitation
pulse (g). | — CVC at the time of photoexcitation] — 7z=1.0us;

I — 7g=10us; IV — 7=30us.

delay timerg, the threshold breakdown fieHg increases.
Depending on the regime in which they were measured, both
S-shaped and\N-shaped segments of negative differential re-
sistance are observed on the CVCs. The initial current peak
is especially pronounced for large values of the delay time
e (Fig. 3, curvedll and1V). Probe measurements for low
electric field intensity reveal the presence of a stationary
high-field domain on the cathode of the sample. As the field
intensity is increased to its threshold value, the current oscil-
lations arise abruptly in the sample. These phenomena were
detected by the author in previous experiments on silicon
samples with a Schottky barriér.

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

As is well known, almost all metals form a Schottky
barrier with n-type silicon, with a relatively large barrier
height (more than 0.5eY Therefore, to lower the contact
potential barrier and obtain an ohmic contact, a thin, heavily
doped layer is created directly at the boundary with the
metal. The depleted region in this case is so thin that field
emission is important, and for small biases the contact has a
small resistanc& However, at low temperatures and moder-
ate impurity concentrations the width of the depleted contact
layer is substantial. In this case, the tunneling component of
the current through the contact decreases and the current is
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mainly due to generation of electron—hole pairs in the de-
pleted regior?. This situation is characterized by nonuniform
breakdown over the area of the barrier due to the micro- 0.1
plasma mechanism of breakdown and localization of the cur-
rent on separate segments with small cross setlidficro-
plasma breakdown of the space charge reg®@R on the I
cathode initiates spontaneous excitation of an autosoliton in 0zr
the sample. Carrier generation in the space charge region
leads to a redistribution of the voltage between the space
charge region and the base of the sample, which in turn leads
to impact ionization of excitons in the base region. To main-
tain breakdown of excitons, it is necessary that the exciton
concentration exceed some critical value for the given field.
This condition is satisfied because of the radial diffusion of
excitons from the peripheral regions of the sample. However,
the exclusion of free carriers and the decrease in the exciton
concentration in the breakdown region for bounded influx of 0.ar
excitons into this region can lead to cessation of ionization of
excitons, and the system returns to its initial state. The initial
current spike observed in the CVC's and the temporal char- L . ;
acteristics is due precisely to ionization of a bounded number
of free excitons. oz v
By absorbing the field energy the free carriers cause the
temperature of the crystalline lattice to grow. This leads to 011
thermal dissociation of bound excitons; i.e., when the lattice , .
temperature reacheB=10K, the excitons go mainly into 0 10 20 30 40
the free state. The lifetimes of the excitons in this case are t, ps
greatly increased!: During breakdown, growth of the con-
centration of free carriers acquires an avalanche-like chara&lG. 4. Oscillograms of the current £ 1V) of segments of the sample with
ter. The exciton concentration in this region decreases corrgP!'t anode contact foE =22 kviem, 7e=104s, andl,=0.1lpmax-
spondingly, forming an isolated stable localized state.
Despite the abrupt growth of the concentration of free carri-,

: L . . the decrease of the exciton flux into the ionization region as
ers in the localization region of the autosoliton, the product g

L . . “a consequence of the nonequilibrium phonon flux, on the
NeDey In it is nearly constant due to compensation of ion- q g P

. . ; e . . .~ other. The evolution of the electron density and the exci-
ized excitons by the exciton diffusion flux into this region. . ; . S
ton densityN, in a static electric field is governed by the

Stratification of the EHP density is confirmed by band mea'equations
surements, and also by studies of the current density distri-
bution in the sample as a result of splitting of the anode ane/at=—e‘1divJe—yng—ne/re+ﬁ Ne Ney, (N)
contact. Figure 4 shows oscillograms of the current . 5
(1—1V) in regions of the sample when the anode contact is ~ ?Nex/ 9t=~diVJet ¥ Ne = Nex/ Tex— BNe Nex, )
split into four equal parts. As can be seen from these figuresyhere r,=1/v, is the electron drift timez,, is the exciton
the autosoliton is localized in regidil of the sample. An |Jifetime, y is the exciton coupling coefficieng is the impact
important factor influencing the kinetic effects of excitons atjonization coefficient of the excitons, add andJ,, are the
liquid-helium temperatures in Si is the nonequilibrium pho-electron and exciton flux densities, respectively. The exciton
non ﬂUX.l2 Heating of free carriers in an electric field gives flux is governed by diffusion and phonon entrainment,

rise to an intense generation of nonequilibrium phonons. The
large mean free path of the long-wavelength phonons at Jex=DexV Nex=Nepd Nex, )
liquid-helium temperatures in Si is comparable with the di-whereD,, is the exciton diffusion coefficient, and, is the
mensions of the sample. This flux is intense enough to erelectron—phonon interaction coefficient;

train excitons with velocity close to the speed of sound, to-

ward the surface of the sample. The abrupt change in the g~1/c p[nee p E*v/V=N/b(T=To)], )
conduction kinetics of the ionized excitof@ope change on c is the specific heatp is the density,u=u,=u, is the
the curve with subsequent rapid falloff almost to zero over aarrier mobility,v/V is the volume fraction corresponding to
short timeg can be explained by the action on the excitons oflocalization of the autosoliton is the thermal conductivity,
the nonequilibrium phonon flux. This factor is also con- b is the thickness of the sample, afiglis the temperature of
nected with the pulsation of autosolitons observed in outhe surrounding medium.

atudy. The nonequilibrium localized region is created by the  In the given mechanism of stratification of the electron—
increasing dependence of the exciton ionization rgt@n  hole pairs the role of activator is played by the free carrier
the free-carrier concentratiam,, on the one hand, and by concentrationi.), and the role of inhibitor is played by the
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exciton flux, which is a function of the interaction with the frequency on the order ofr{ 7.,) %2 a fluctuation of the
phonon flux. Positive feedback via the activator is connecte@xciton flux(inhibitor) ~Ng, D, does not have time to vary;
with the increasing dependence of the exciton ionization ratgnherefore, fluctuations of the concentratimngrow. The sys-

v; on the carrier concentratiam,. The damping role of the tem under consideration is an active system with cross dif-
inhibitor is determined by the fact that an increase in the fregusion and self-generation of particles. According to the clas-
carrier concentration results in an increase in the flux of nonsification of systems given in Ref. 4, the given model
equilibrium phonons generated by the free carriers; thespelongs to the class d€() systems. Th& Q) phenomenon
nonequilibrium phonons entrain excitons and thereby restrictealized in the system is consistent with the existence of
their entry into the ionization region. Because of the strongpulsating autosolitons, whose number and form vary periodi-
dependence of the ionization rate on the exciton concentraally in time.

tion, this circumstance in turn leads to an abrupt decrease of

the carrier concentration in the ionization region. The exis-;B- M. Ashkinadze and A. V. Subashiev, JETP L, 357 (1987).

. . . . E. M. Shakhverdiev and EA. Sadykhov, Fiz. Tekh. Poluprovod28, 424
tence of autosolitons in the given system is governed by the(1994; [Semiconductor®8, 424 (19941,

guantities 3H. Weman, A. Henry, and B. Monemar, Solid-State Electr@®. 1563
(1989.
e=lIL, a=7e/7ey, 4B. S. Kerner and V. V. Osipov, Usp. Fiz. Nauls7, 201 (1989 [Sov.
where Phys. Usp32, 101(1989].

5B. S. Kerner and V. V. Osipov, Usp. Fiz. Nadk0, 1 (1990 [Sov. Phys.
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Low-temperature photoluminescen@l) studies of gallium-arsenide layers grown by molecular-
beam epitaxy at low (200 °C) temperaturésT(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 lind &eV

appears, which is attributable togg+V e, 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 1.9+0.3eV 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 gf-Sig, complexes to 2.5

+0.3eV. 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 Physicg.S1063-782809)00810-§

INTRODUCTION smearing of the interface in isolated quantum wells and in

superlattices (AlAs/GaAs and InAs/GaAs grown by
Gallium vacancies exert a substantial influence on thenolecular-beam epitaxy at low temperatures.

properties of bulk crystals and epitaxial layers of GaAs. = We have performed a photoluminescence study of the

When gallium arsenide is doped with shallow-donor impuri-formation of Sg;—Vg,complexes irL T GaAs : Si layers an-

ties(e.g., S, the interaction of the donors with the vacanciesnealed at various temperatures. We have also investigated

leads to the formation of stable complexes. Such complexgd® influence of indium doping on the formation of these

degrade the efficiency of doping and can have an effect Oﬁomplexes.

the lifetime of the charge carriers. To elucidate and investi-

gate Si-Vg, type complexes, one usually measures the phoSAMPLES AND EXPERIMENTAL PROCEDURE

tolluminescenceéPL) spectr.a, in whict_1 a chgracteristic pand LT GaAs layers were grown on the molecular-beam ep-
with energy near 1.2eV is obser\_/é& Gallium vacancies oy setup “Katun™ on substrates of polished gallium ars-
play an especially important role in GaAs layers grown byenide 40 mm in diameter witfL00) orientation. Growth oc-
molecular-beam epitaxMBE) at low (<300 °C) tempera- cuyrred at the temperature 200 °C at a rate gfmi/h and an
tures. The main peculiarity of this materiaLT GaAs,  arsenic pressure of 710 *Pa. The thickness of theT
which defines its unique properties, is the large arsenic exSaAs layer was 0.am. A layer of AlAs 50 nm in thickness
cess (as high as 1.5at.%0acquired by the layer during was also grown on the surface of the samples to prevent
growth. Although a large fraction of the excess arsenicarsenic evaporation during annealing.

enters into the crystal in the form of antistructural defects ~ Two groups of layers were grown. The first group was
(Asgs), whose concentration reaches?d@m 3 (Ref. 4), dop_ed with only the shallow donor impurity, siIichonc_gn—
the gallium-vacancy concentration is also very large tration 77X %(3)17cm,3), and the second, with silicon
~10%cm™2 (Ref. 5. It is believed that gallium vacancies (7x107cm %) and the isovalent impurity, indium

. . (2x10¥%cm3).
(Ved are the glommant comp.ensatlng acceptorsinGaAs, After the growth procedure the samples were divided
ensuring pinning of the Fermi level near the level of the dee

. . ) Rnto several groups, one of which was held unannealed while
donor Ag,. In addition, it is usually assum?_acﬂhat MIgra- the remaining groups were subjected to annealing at different
tion of gallium vacancies plays a key role in the transportiemperatures. The samples were annealed in an atmosphere
and precipitation of excess arsenic and the formation of theg pure hydrogen for 15 min. The annealing temperature was
system of nanosize As clusters in th€ GaAs matrix during  varied in the limits 606-850 °C.
annealing. It is also assunfetthat diffusion of gallium va- The photoluminescencél) studies were performed at
cancies leads to enhanced interdiffusigm-Ga, Al-Gaand  a temperature of 4.2 K in the spectral range-0182 um. An

1063-7826/99/33(10)/4/$15.00 1080 © 1999 American Institute of Physics



Semiconductors 33 (10), October 1999 Kunitsyn et al. 1081

30 v T v v . " v T v v .
:Si A LT GaAs:Si
20 A PLat42K LT GaAs:Si ol PLat42K Si
3 T :'200°C : Si -V TS—ZOO C
3. s 3. 20} Ga Ga _ o ]
@ 10} T =710°C © T, =800°C
- 5 poy a -
a w 3 v v T
5 sof | | | g LT GaAs:Si,I
g 30 A LT GaAs:Si,In | % 150 aAs:Si,In |
5 - T, = 200°C
= 2 T =200°C = 100} : .
* ‘ * i T =800°C
10f T,=710°C 50 $igm Vo 1T ;
a
n e T re 0 N - R R s .
850 900 950 1000 1050 1100 1150 1200 850 900 950 1000 1050 1100 1150 1200
Wavelength, nm Wavelength, nm
FIG. 1. Low-temperature photoluminescence spectrabfGaAs: Si and ~ FIG. 2. Low-temperature photoluminescence spectra ©fGaAs : Si and
LT GaAs: Si: In samples grown at 200 °C and annealed at 710 °C. LT GaAs: Si: In samples grown at 200 °C and annealed at 802 °C.

Ar™ laser(the 514.5um line) was used to excite emission, the defects responsible for the appearance of these lines since
and the signal was recorded with a B462 cooled photo- the photoluminescence intensity depends not only on the

multiplier. concentration of recombination centers, but also on the life-
time of the charge carriers in the investigated material. It is
EXPERIMENTAL RESULTS well known that during annealing significant changes take

Both the unannealeT GaAs samples doped and not place in the structure of theT GaAs samples associated

doped with indium were characterized by an extremely WeaIYVith the formation of arsenic clusters and a decrease in the
total photoluminescence intensity, which is due to the ex-nﬁmber Off r:'[)r?mt tdeftects. ?Itiarly, Itn _thlethprol_(;e?s of :l:r?h
tremely short lifetime of the charge carriers in this material.c'aNges O1 the structure ol the material the Teime ot the
A single line was observed in the spectra of unannehl&d nonequilibrium charg_e carriers can vary over wide I|r_n|ts.

GaAs which is associated with recombination at shallow ac- "€"éfore, to determine the change in the concentration of

ceptors(1.498 eVf. We did not observe lines associated with M€ Ska~Veacomplexes, instead of the absolute value of the

recombination on free excitons, which is characteristit Bf intensity of the photoluminescence line associated with this
GaAs (Ref. 10 defect we examined its ratio to the recombination line on

Figure 1 shows the photoluminescence spectrd. bf shallow acceptors.

GaAs samples doped and not doped with indium, annealed at Figure 3 shows a ;emllog plot. of the raup of the.mten-
710°C. It can be seen that in addition to tAdine associ- 'Y of the photoluminescence line associated with the
—Vga complexes to the intensity of the edge lumines-

ated with shallow acceptors, a weak wide band appears in th%IGa 3 . .
region of 1.2eV, which is associated with deep centersCeNce line as functions of the annealing te_mp_ergture for
namely, (gallium vacancy-donor complexegin this case samples oL T GaAs doped anld not doped with |nd|gm. It
Sie.—Veo).1 2 It can be seen that in the indium-doped can be seen that at low annealmg temperatures the dn‘ference
samples, the intensity of this band is much less than in thd the concentrations of the &V, complexes is quite
samples not doped with indium, which is evidence of a lower

concentration of $j,—Vg, complexes.

As the annealing temperature is raisg€lg. 2 shows T,°C
photoluminescence spectra of samplesLdf GaAs doped .990 8?0 890 7?0 . 790 6?0
and not doped with indium, annealed at 800 °C), the total | GaAs:Si,In
photoluminescence intensity increases due to intensification 'F=2'5 (£0.3) eﬂ
of the edge photoluminescence lines and due to a significant _ 2
growth of the intensity of the line associated with deep cen- &
ters. The increase in the intensity of the edge luminescence™~¢
lines is apparently explained by an increase in the lifetime of §
the nonequilibrium charge carriers proportional to the extent = _ GaAssSi ___4100
that native lattice defects are annealed out. The intensity of =19 (£ 0.3) eV
the line associated with the &V, complexes, on the a_ :
other hand, grows by two or three orders of magnitude, L - . s s : . 1000
which can be explained only by an increase in the number of 0.85 090 095 1.00 1.05 1.10 1.15 120
these complexes. 1000/T, 1/K

The Varlatlon in the intensities of md!VIdual photolumi- FIG. 3. Semilog plot of the temperature dependence of the ratio of the line
nescence lines in the spectra of the various samples canngensity of recombination on a shallow acceptor to the intensity of the line
be used to judge the variation of the relative concentration oéssociated with the §i-Vg, complexes.

600

[Sig, - Vg, ] au.
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significant while at high annealing temperatures their conment with the data for the activation energy of gallium-
centrations are roughly the same. From the slope of the lineacancy diffusiort?**
obtained by statistical processing of the results, it is possible The data plotted in Fig. 3 indicate that the activation
to determine the activation energy of complex formation. Forenergy of formation of Si;—Vg, complexes differs signifi-
the samples not doped with indium, it is equal to 1.9cantly in the samples doped with indium from those that are
+0.3eV. For the indium-doped samples the activation ennot doped. It can be seen that the activation energy of for-
ergy of formation of Si—Vg, complexes is equal to 2.5 mation of Si,—Vg,complexes in the indium-doped samples
+0.3eV. The difference amounts to 0.6 eV, which exceedgxceeds the activation energy of the complexes in the mate-
the measurement error. rial not doped with indium by~0.6eV. Let us consider
probable reasons for this phenomenon.
Since the concentration of gallium vacancies in our ex-
periments was not measured, we can assume that an increase
The formation of complexes consisting of the pairin the energy of complex formation is associated with an
gallium-vacancy and silicon in the gallium sublattice is typi- insufficient concentration of gallium vacancies in the
cal of single crystals and epitaxial layers of gallium arsenidendium-doped material, which leads to the necessity of gen-
prepared by various methods. It is usually assuthiétht the  eration of additional gallium vacancie®/§,) for complex
formation of (gallium vacancy—(shallow donoy complexes formation to proceed. This assumption, however, is at vari-
in epitaxial layers occurs during crystal growth. Our studiesance with the data obtained in our previous studfiéBaus,
show, however, that in the case of low-temperature moleeptical absorption measurements in the near-infrared show
cular-beam epitaxy the concentration o SiVg,complexes  that indium-doped. T GaAs contains a large concentration
formed during growth of the layers is small. Vigorous for- of excess arsenic and a large concentration of antistructural
mation of complexes takes place during annealingt®f defects (Ag, in comparison with the material not doped
GaAs layers and intensifies as the annealing temperature vgith indium. It is well knowrt® that the concentration ratio
increased. This means that complex formation takes place &ssg,+ /Asgp remains roughly constant over a wide interval
a consequence of migration of defects and impurities, i.e., bpf growth temperatures and flux ratios As/Ga. An increase in
the mechanism characteristic of bulk single crystals. the number of positively charged defects in turn, should ob-
In general, for a sufficiently high concentration of;Si  viously be accompanied by an increase in the concentration
donors obtained as a result of doping, complex formation i®f gallium vacancies, which, as is suggested in Ref. 6, are
the result of two consecutive processes: formation of a fre¢he main compensating acceptors. It should also be noted
vacancy and its migration to a lattice site at which a siliconthat despite the high concentration of shallow Si donors
atom is found. Motion of silicon atoms can be ignored since(7x 10" cm™ %), the unannealed layers were high-resistance
it is well known that the diffusion coefficient of vacancies in layers, i.e., the concentration of compensating acceptors
GaAs significantly exceeds the diffusion coefficient of sub-should be higher than the concentration of shallow donors. In
stitution impurities. The activation energy of diffusion addition, earlier studié3 of LT GaAs by transmission elec-
of gallium vacancies in GaAs is 1#0.5eV according to tron microscopy showed that during annealing the indium-
the data of Ref. 12, and 1#70.3 eV according to the data of doped material contains a higher concentration of large ar-
Ref. 13. senic clusters in comparison withiT GaAs not doped with
The energy of formation of gallium vacancies in GaAs isindium. It is now assumed that the formation of arsenic clus-
very large, 4.600.5eV (Ref. 12. A peculiarity of gallium ters occurs as a result of diffusion of excess arsenic in the
arsenide grown by molecular-beam epitaxy at low temperagallium vacancies. Thus, we can rightfully and confidently
tures is that this material contains a high concentration otonclude that doping df T GaAs with indium should not be
gallium vacancies-10*¥cm™3 (Ref. 5; i.e., the concentra- accompanied by a decrease in the gallium-vacancy concen-
tion of gallium vacancies i T GaAs layers is comparable tration.
with the silicon concentration, and for formation of A probable reason for the increase in the energy of
Sici—Vga complexes additional vacancies are not required. Sig—V g, complex formation in indium-doped samples is an
Thus, in a layer of GaAs: Si grown by molecular-beaminteraction of the gallium vacancies with the indium atoms
epitaxy at low temperatures, the concentration of galliumduring diffusion of vacancies in the crystal. Indeed, in the
vacancies Vg, and of Sg,donors is higHunder conditions investigated samples the indium concentration exceeds the
of a large arsenic excess, silicon atoms are embedded ingilicon concentration by more than an order of magnitude,
the gallium sublatticéRef. 14]. The formation of Si,—Vsa  and although indium is an isovalent impurity and electrically
complexes, however, does not take place since the diffusiomactive in gallium arsenide, the difference in the size of the
of defects and impurities at low temperatures is “frozen.” indium and gallium atoms leads to the appearance of local
During annealing the gallium vacancies presentinGaAs elastic deformations in the vicinity of the lattice sites occu-
become mobile and as they diffuse they are captured by silipied by indium atoms. In other words, a vacancy creates
con atoms with subsequent formation of complexes. The adecal deformations of opposite sign in the material. It is clear
tivation energy of complex formation should be equal to thethat such defects, which create local deformations opposite
activation energy of migration of vacancies. According toin sign, have a tendency to come together and form com-
our data, this energy fdtT GaAs: Si layers not doped with plexes, lowering the free energy of the material. Such com-
indium is 1.9- 0.3 eV. This quantity is indeed in good agree- plexes can have a binding energy on the order of several tens

DISCUSSION OF THE RESULTS



Semiconductors 33 (10), October 1999 Kunitsyn et al. 1083

of electron volts; however, they are less stable than defecte. w. williams, Phys. Rev168 922 (1968.

complexes formed as a result of electrical interaction. As the’E. W. Williams and H. B. Bell, irSemiconductors and Semimetalsl. 8,
annealing temperature is raised, these intermediate com-edited by R. K. Willardson and G. C. Begkcademic Press, New York
plexes decay, and the liberated gallium vacancy continues tqP- 32 - C. BeetAcademic Press, N. Y.-Londp®, 321(1972.

diffuse about the crystal until it forms a more stable complex N. S. Averkiev, A. A. Gutkin, M. A. Reshchikov, and V. E. Sedov, Fiz.
y P Tekh. Poluprovodn30, 1123(1996 [Semiconductor80, 595 (1996)].

with a silicon donor. 4M. Kaminska, Z. Liliental-Weber, E. R. Weber, T. George, J. B. Kor-
tright, F. Smith, B. Y. Tsaur, and A. R. Calawa, Appl. Phys. L84.1881
CONCLUSIONS (1989.

. . 5J. Gebauer, R. Krause-Rehberg, S. Eichler, M. Luysberg, H. Sohn, and
Studies of the photoluminescence spectra at 4.2K of E. R. Weber, Appl. Phys. Letr1, 638 (1997,

GaAs Iayers, which have grown by molecular-beam epita‘XyGX. Liu, A. Prasad, J. Nishio, E. R. Weber, Z. Liliental-Weber, and
at low temperatures and which are doped with silicon . walukiewicz, Appl. Phys. Lett67, 279 (1995.

showed that in the unannealed samples the concentration Gf. Liliental-Weber, X. W. Lin, J. Washburn, and W. Schatff, Appl. Phys.
Sica—Vga cOmplexes is extremely small and is not detected Lett. 66, 2086(1995.

experimenta”y; i_e_, despite the h|gh concentration of ga|_8C. Kisielowski, A. R. Calawa, and Z. Liliental-Weber, J. Appl. Phg6,
lium vacancies and silicon donors, these defects virtually, 56 (1996 -

do not interact with one another during low-temperature N. A. Bert, V. V. Chaldyshev, Yu. G. Musikhin, A. A. Suvorova, V. V.

. . . Preobrazhenskii, M. A. Putyato, B. R. Semyagin, and P. Werner, Appl.
molecular-beam epitaxy. Formation ofgg+V g, complexes Phys. Lett.74, 1442 (1999.

takes place during annealing. ON. A. Bert, A. I. Veinger, M. D. Vilisova, S. I. Goloshchapov, I. V.
From the low-temperature photoluminescence data we ivonin, S. V. Kozyrev, A. E. Kunitsyn, L. G. Lavrent'eva, D. I. Lubyshev,
determined the activation energy of formation ofSiVg, V. V. PreobrazhenskiB. R. Semyagin, V. V. Tret'yakov, V. V. Chaldy-

Comp'exes |n|_T GaAS |ayers doped W|th Si”con_ Th|s en- shev, and M. P. Yakubenya, Fiz. Tverd. TQ& Petersbur)g35, 2609
ergy is 1.9-0.3 eV, which corresponds to the activation en—lll(lgAgaé [Ft:hys' _io“d Sl_tat(fSL 1289({1993],'\/' o Rusaikin. and M. bV
ergy of diffusion of gallium vacancies. - A Bobroviikova, L. . Lavientieva, . 7. susaikin, and . D. Vil

. . . isova, J. Cryst. Growtli23 529(1992.
V_Ve _foun_d that combined (_10p|_ng ofT GaAs by SI|ICQH 123.—L. Rouviere, Y. Kim, J. Cunningham, J. A. Rentschler, A. Bourret, and
and indium increases the activation energy of formation of A ourmazd, Phys. Rev. Let68, 2798(1992.
Siga—Vga complexes to 2.50.3eV. A possible reason for 2p. E. Bliss, W. Walukiewicz, J. W. Ager, E. E. Haller, K. T. Chan, and
this increase is an interaction between the gallium vacanciess. Tanigawa, J. Appl. Phy31, 1699(1992.
with the isovalent indium impurities due to local lattice de- **S-A. McQuaid, R. C. Newman, M. Missous, and S. O'Hagan, Appl. Phys.
formations. Lett. 61, 3008(1992.

s ) .
This work was carried out with the support of the Rus- N. A. Bert, V. V. Chaldyshev, A. E. Kunltsyn.,. Yu. G. Musikhin, N. N.

. . Faleev, V. V. Tretyakov, V. V. Preobrazhenskii, M. A. Putyato, and B. R.
sian Fund for FundamentaI.R'esear@?ropct No. '98'-02- Semyagin, Appl. Phys. LetZ0, 3146(1997.

17617 and the Russian Ministry of Science within the 16y |yysberg, H. Sohn, A. Prasad, P. Specht, Z. Liliental-Weber, E. R.
framework of the program “Fullerenes and Atomic Clus- weber, J. Gebauer, and R. Krause-Rehberg, J. Appl. BBy561(1998.
ters” and “Physics of Solid-State Nanostructure@®rojects

No. 97-2044 and No. 97-1035 Translated by Paul F. Schippnick



SEMICONDUCTORS VOLUME 33, NUMBER 10 OCTOBER 1999

Oxygen and Erbium related donor centers in Czochralski grown silicon implanted
with erbium

V. V. Emtsev, V. V. Emtsev, Jr., D. S. Poloskin, E. |. Shek, and N. A. Sobolev

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia

J. Michel and L. C. Kimerling

Materials Processing Center, MIT, Cambridge, MA 02139, USA
(Submitted June 8, 1999; accepted for publication June 16,)1999
Fiz. Tekh. Poluprovodr33, 1192—-11950October 1999

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 observe# ain the range 20—40 meV and erbium-related
donor centers at=E.— 70 meV and~E;.— 120 meV. Along with the same oxygen-related

shallow thermal donors and donor centers aE.—70meV, other donor centers at
~E.—150meV are formed following the 900 °C anneal, instead of those &t

—120meV. 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. 1®99 American Institute of Physics.
[S1063-782629)00910-2

Studies of erbium impurity in silicon aim to produce the each annealing step. Most of the radiation damage due to ion
impurity-related centers with a strong luminescence band dmplantation is removed at the first step. The annealing at
1.54 um. This goal can be realized by investigating electricalT=900 °C is used for the formation of the well-known cen-
and optical properties of Er-related centers. Implantation oters with light emission at=1.54 um; see, for instance, Ref.

Er is widely used for the doping of Si. Post-implantation 4. This two-step annealing can be used to observe the most
annealing of Si:Er alf=600°C is needed to remove the pronounced modifications of donor centers in the tempera-
radiation damage and activate the Er-related centers. In $iire range of current interest. After the first annealing step
implanted with Er, many deep centers with activation enerthe Er-implanted layers of about Ou6n becamen-type with

gies larger than=0.2 eV have been studied extensively by the exception of those a(Er)=10""cm™2 Under our ex-
means of DLTS(see, for example, Refs. 1)-3n contrast, per|m7entzal3 conditions, the Er peak conc3entr§1£|on was 3
the information available in the current literature about shal-* 10"cm™* at the largest dose b (Er)= 10"cm™2. Elec- _
low donor centers is meagkThe purpose of this commu- trlca_l measurements of the concentration of free electrons in
nication is to present electrical data on these centers, whicﬁ‘e implanted layers versus temperatun€]), were con-

are responsible for the electron conductivity of Si:Er at cryo- ucted by means of the van der Pauw techmqut_a in the tem-
. perature range fromf=20K to T=300K. Analysis of the
genic and room temperatures.

Wafers of carbon-lean Czochralski-grown  silicon n(T) curves was carried out on the basis of the relevant

(Cz-Si) with high oxygen contents~10®¥cm %) were electroneutrality equations.
used; the conversion factor for the well-known absorption
band of oxygen at 1108 cht was taken according to ASTM ANNEALING OF Cz-Si: Er AT T=700°C
7 a2 TP
F 121-83 (2.4% 10" cm2). The boron concentration in the At ®(Er=10"cm 2 the Er-implanted layers remain

starting materials ofp-type was in the range from 3 | {yne even for the nominally undopeSi. It allows us to

X 10" cm™® to 2x10'°cm™°. Erbium ions at 1.2 MeV were  egtimate the total concentration of shallow donors, which is
implanted in Si in dose®(En ranging from 16'cm™? 10 |ess than % 10“cm™3 at this low dose. Starting with
10cm™?, i.e., beyond the onset of amorphization of the ®(Er)=5x 10! cm™2 the donor concentration due to the Er
implanted layers. In some cases, the oxygen concentration ifplantation is well in excess to overcompensate the boron
the samples subjected to Er implantation was increased bycceptors available in the starting materiédee Fig. L
coimplantation of oxygen ions at 0.17 MeV. The implanta- Analysis of then(T) curves ford®(Er) in the range from 5
tion dose of oxygen was always an order-of-magnitudex 10**cm 2 to 103cm™ 2 allowed us to separate and iden-
higher than that of the erbium, i.e(O)=10dP(Er). All tify three kinds of donors with activation energies less than
samples were then annealed in two successive steps @2 eV.

700 °C and 900 °C for 30 min in a chlorine-containing am-  The donor states of the first kind are shallow, with ion-
bient atmosphere. Electrical measurements were taken afteration energies less than 50 meV. They are very similar to

1063-7826/99/33(10)/4/$15.00 1084 © 1999 American Institute of Physics
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The dashed lines are shown to guide the eye only.

EC-1 18 meV that the nature of the shallow donors@z-Si:Er is similar to

] the nature of oxygen-related shallow donorLinSi, which
______ originate from oxygen aggregation at high temperatdifes.
However, there are some distinctions in their behavior in the
implanted layers, because the formation of oxygen-related
donors takes place in the presence of implantation-induced
native defects in sizable concentrations. These defects can
serve as nucleation sites for oxygen atoms. In fact, the total
E_-(28..40) meV g concentration of shallow donors turned out to be dose-
¢ . dependentsee Fig. 2. The involvement of native defects in
5 10 15 oxygen aggregation appears to contribute to higher thermal
stability of the shallow donors as well as to their larger pro-
1000/T, K" duction rate as compared to those formed under the “pure”

FIG. 1 Elect rat , 't wredasi | heat-treatment condition&f. Ref. 5 and our study The
L ectron concentration vs reciprocal temperature I Im- . . .
planted with Er and annealed &, — 700 BC.CD(Er)z%Xlollcm’z_ The Question of whether a fraction of the Er atoms, perhaps in

points represent experimental values; the curves denote calculated valu&Omplex form, may be included in the electrically active core
The n(T) curve atT=70K is shown on the expanded scale in Fig. 1b. Of shallow donors aE;— (20— 40) meV is still open.
Contributions of the donor centers at the saturation plateau are denoted by The donor centers of the second kind are well character-
dashed lines. ized by a single ionization energy of @ meV (Fig. 1).
Their concentration was found to be dependent on the Er
dose (see Fig. 2 Our claim that these donor centers are
the oxygen-related shallow donors formedGaSi (Ref. 5 Er-related has been substantiated by the observation that the
and CzSi doped with Mg(Ref. 6 during heat treatment at doping of the same material with Ho and Yb gives rise to the
T=600°C-700°C. In each cagRefs. 5 and pthese small appearance of other donor centers=aE.—60meV and
oxygen aggregates i6zSi are distributed over the ioniza- ~E.—80meV, respectively.As in the case o€zSi:Er, the
tion energy interval from=20 meV to~40 meV; the maxi- oxygen aggregation affl=700°C also takes place in
mum of their distribution always is placed at about 40 meV.CzSi:Dy, Ho, and Yb and the formation of oxygen-related
It has been found that a simplified model of two donor levelsshallow donor states with ionization energies less than 50
at E;<E.,—30meV andE,~E.,—40meV used in calcula- meV is observed.
tions of n(T) curves can be a reasonable substitute for the Besides the two kinds of donors given above, additional
real donor distribution. This is also the case @#Si:Er. For  donor centers & .— (118+5) meV have been found i@z
all the samples studied by us the calculatéd) curves fit  Si:Er (see Fig. 1 Based on the Fermi level position most
the experimental curves at<80 K using a similar two-level reliable estimates of their concentration can be made for the
model; see, for instance, Fig. 1. This leads us to concludeamples implanted a®(Er)<10%cm 2. At larger doses
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FIG. 3. Electron concentration vs reciprocal temperature GaiSi im-
planted with Er and annealed &j,,=900 °C. ®(Er)=5x 10"t cm~2. The
points represent experimental values; the curves denote calculated values
The contribution of donor centers B=E_.—70 meV at the saturation pla-
teau is shown by the dashed line.

1000/T, K

EC-145 meV

such estimates are less accurate in energies and concentrées
tions. Again, the position of similar donor statesGe Si:Ho =
and CzSi:Yb differs by A=15 meV (Ref. 7) from that in -
CzSi:Er. Consequently, these donor centers appear to be
impurity-related.

So far, DLTS measurements @&Si:Er have provided
some detailed information only for centers with activation
energies greater than 0.15 €Ref. 3.

0% X E_-70 meV

E_-(30339) meV

H 15 1 1 1 1 1
ANNEALING OF Cz-Si:Er AT T=900°C
_ | 7 6 8 10 12 14
Some pronounced changes in the donor formation occur 1000/T, K

at elevated temperatures of the postimplantation annealing

(see Figs. 3 and)4First, although the formation of shallow FiG. 4. Electron concentration vs reciprocal temperature GaiSi im-

donor states aE.—(20—40) meV has also been observed, planted with Er and annealed &t,,=900 °C. ®(Er)=10?cm 2. The

they are formed in appreciable concentrations at heavigtoints represent experimental values; the curves are calculated values. The

doses (Er)=107cm 2, as compared witlezSiEr after  Ji 08 e o platead are given by the dashed

the 700 °C anned(cf. Figs. 1 and B Second, we could not jines.

detect the presence of donor statessdf.—120 meV. In-

stead, new donor statesB{— (145+5) meV are developed

in CzSi:Er annealed af=900 °C (Fig. 3). As is seen from nonequilibrium conditions cannot be considered as the true

Figs. 2 and 5, the concentration of these new donor states isnization energy of these centers at equilibritiifherefore,

comparable to that of donors atE.,—120 meV formed at it is still an open question whether one deals with the same

T=700°C. This is a marked characteristic of the erbium im-centers while carrying out DLTS and Hall effect measure-

purity, because similar donor centers Bf—105meV in  ments. According to Refs. 2 and 3, the centers with an acti-

CzSi:Dy andCzSi:Ho were found to be stable @&700°C  vation energy of 0.15 eV are formed in noticeable concen-

and T=900 °C (Ref. 7). trations only in Si subjected to coimplantation with erbium
Unfortunately, some yet incomplete DLTS data on cen-and oxygen. Reportedly, i6@zSi:Er without coimplantation

ters with activation energies less tha.15 eV are available of oxygen they are not formed at llor are barely

for Si:Er in Refs. 1-3. In Si:Er after implantation and an- observabl€. Under our experimental conditions, the forma-

nealing atT=900 °C the appearance of centers with an actition of donor centers & .— (145+5) meV was readily de-

vation energy of about 0.15 eV has been observed by meansctable in all cases, irrespective of whether coimplantation

of DLTS; see, for example, Refs. 1-3. In general, this acti-of oxygen inCzSi was used or nofsee Fig. .

vation energy estimated on the basis of data recorded under In a recent pap&rthe nonradiative decay of the excited



Semiconductors 33 (10), October 1999 Emtsev et al. 1087

[ — . —— need to put this possible channel of Er de-excitation under
1 0 ¢ T T
: closer scrutiny.
® 1 - < In summary, three kinds of donor centers are formed in
£ I -7 1 CzSi after implantation of erbium and subsequent annealin
o -
. " - A at T=700°C and 900 °C. Shallow energy state€at- (20
8 1016 L P~-en o’ - A —40) meV are attributable to oxygen-related donors. Donor
© ,‘9 -. -7 centers at~E.— 70 meV and~E.— 120 meV appear to be
*E ) ST Er-related. The latter ones are annealed ouTat900 °C.
8 . <>’ 1 : Instead of them, new donor centers~aE.— 150 meV are
S N : observed.
O 4 A .0 | We wish to thank Dr. W. ZulehnefWacker Siltronic,
5 10 o=--=-=""""7 Burghausen, Germaiyfor providing us with silicon
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(] , N (Grant 235 and the Russian Fund for Fundamental Research
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FIG. 5. Donor concentrations vs ionization energies @xSi implanted 2(199])- _ ‘
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Processing in HCl is found to stabilize the system of surface electronic states (@0e

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 HCI
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 HCI is followed by washing in water19@9

American Institute of Physic§S1063-7829)01010-§

The large density of surface electronic states on the re@&XPERIMENTAL METHOD
surface of GaAs, which prevents more widespread use of
GaAs in semiconductor electronics, arises from disordering  In this work we used samples ofGaAs with electron
of the GaAs surface as it is oxidized in etching solutions andoncentrations of 1210"'cm™* and dimensions 1)50.5
held in air’ A number of papers, notably Refs. 2—5, have X 0.05cm. Large facets of the samples were cleaved, pol-
shown that replacement of the oxide film on GaAs by a sulished, etched for 5 min in the mixture 480, : H,0, : H,0,
fide film leads to lowering of the density of surface elec-and washed with distilled water. At first, we studied facets
tronic states and passivation of the GaAs surface with respefith @ so-called real surface, covered with a layer of oxide
to oxidation. Removal of the oxide layer and passivation Ofroughlyé 20A thick, consisting of a mixture of A®; and
the GaAs surface are also observed when GaAs is process&fCs-~ Then we investigated the effect of processing the
in a solution of HCP In this case, experiments conducted "€@! surface in a solution of HGLO% for 5 min, and also
on the(111) surface of GaA$Ref. 7] have shown that GaAs processing with subsequent short-tirfi se¢ washing in

samples processed in HCI exhibit increased values of tthStI"ed water. Analysis of the results of synchrotron and

photoluminescence intensity and small-signal photovoltagex'ray photoelgctron spectrpscopy Sﬁdmat ".Vhe’? GaAs is
rocessed with HCI, the film of intrinsic oxide is removed

which suggest; that the Qen§|ty of surface eIectronlp stat asnd gallium oxychloride GaQD, forms at the surface. Sub-
that take part in recombination of electron-hole pairs has ; . .

Sequent washing with water, which removes the Ga¢l
decreased.

. ... film, leaves a chloride coating at the surface and creates
In this paper we use the temperature and electric-fiel a—Cl bonds

dependences of the surface photovoltage at high levels of The surface potentiab, of the GaAs surfaces under
S

electron-hole pair generation to investigate the eIectroni(‘study was determined by measuring the surfaacitoy
properties of the¢100) surface ofn-GaAs processed in HCl. - ohqiavoltage for a high level of electron-hole pair generation
We show that processing in HCI prevents the reconstructlorBE light pulses® The temperature and electric-field depen-

of the system of surface electronic states present on a regkpces ofp, were studied as the temperature varied in the
surface with an oxide layer as the temperature is lowered ifange 100300 K.

the range 100-300 K> Moreover, processing in HCI, which In the majority of cases, surface potentials exhibit a pho-
removes the oxide film, followed by washing in water, which tomemory effect even at room temperatfifdn essence, this
removes the film of gallium oxychloridedecreases the con- effect involves the following sequence of events. When an
centration of surface electronic states at the boundary benitial light pulse is used to measure the surface potential, it
tween GaAs and surface films, and also the concentration afreates nonequilibrium holes, which are then captured at sur-
electronic states in the films themselves. Processing in HCface traps. This trapped charge then changgs and the
especially when followed by washing in water, also de-change persists after the light pulse is gone. As a result, a
creases the concentration of traps that capture nonequilisecond light pulse measures a changed valyewhich dif-

rium holes, which creates the photomemory of the surfacéers from the valueps; measured by the first pulse. The
potential. difference| o — ¢<,| defines the photomemory of the sur-

1063-7826/99/33(10)/5/$15.00 1088 © 1999 American Institute of Physics
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FIG. 1. Temperature dependences of the surface potentidldfhn-GaAs  FIG. 2. Temperature dependences of the charge in the surface electronic
real surfacesy, 1), HCl-processed surface®,(2'), and HCl-processed states for real surfacé4), HCl-processed surface), and HCl-processed
and water-washed surfac8s3’') 1-3—o¢g;, 1'-3'—oq,. and water-washed surfacé’.

face potential. Studies with a train of light pulses at a fre-ues of¢g; is due to capture of holes at surface traps. While
quency of 1 Hz show that the trapped holes saturate the trager the real and HCI-processed surfaces capture of holes oc-
even after the first light pulse. curs at room temperature, for the surfaces washed in water it
The value ofeg;, which corresponds to the surface po- begins to take place only dt< 230 K.
tential of a sample placed in the dark, can be obtained at a The functione,(T) for a real surface, as was observed
given temperature only after the traps have been emptied gfreviously for(100) and(111) surfaces in several other etch-
their captured holes. To do this, it is necessary to wait for ang regimes® is N-shaped. TheN-shape disappears after
certain time after the previous illumination of the sample, orprocessing in HCI and after processing in HCI followed by
heat the sample to a temperature at which the photomemomyashing in water. An increase |pg;| observed as the tem-
is not observed. At room temperature the time it takes thgerature decreases for cunk<, and3, is caused by filling
traps to capture holes is a few seconds; however, at lowesf surface electron traps with electrons as the Fermi level
temperatures it increases consideraldtyhoursg. Therefore,  shifts into the conduction band. The decreasing segment of
in order to correctly obtain the temperature dependences dfg,| observed as the temperature decreases in the range
¢g1 and ¢y, after each measurement of these quantities at @00—230 K for the real surfadgurve 1) is connected with
given temperature the sample must be heatei=*0300 K  the decrease in the negative charge held in the surface elec-
and then cooled in the dark to the next measurement tentronic states, despite the shift of the Fermi level in the GaAs
perature. bulk into the conduction band. This can be explained only by
We measured the electric-field dependence of the surmssuming that as the temperature decreases, the system of
face potentialpg at certain fixed temperatures in the rangesurface electronic states itself reconstructs on the real sur-
290-160 K. In measuring, we first applied an external face. This reconstruction can be related to reversible struc-
electric voltageV to the measurement capacitor, which var-tural changes at the GaAs-oxide film boundary. The revers-
ied in the range-400 to +400 V. In this case the measure- ibility and reproducibility of the functioneg(T) are
ments were made with the help of the second optical pulse afonfirmed by control measurements. Theshape of the
a train, in order to exclude the influence of photomemoryfunction ¢4 (T) observed at a real surface is due to compe-
effects when the first light pulse saturates the traps at thétion between the mechanism that charges the surface elec-
capacitor surface, and also to exclude nonequilibrium behawronic states with electrons and reconstruction of the system
ior of the electric voltages that deplete the GaAs ofof surface electronic states as the temperature drops.
electron€ The functionse4(V) allow us to calculate the Each specific value obg; corresponds to a chargg,,
density of surface electronic states at fixed temperatureis the surface region, equal with opposite sign to the total
within the band gap near the position of the Fermi level aichargeQq in the surface electronic staté3 Figure 2 shows
the surfaces under study. the computed functio®(T) (in units of an electron charge
q) for the surfaces investigated. For a real surface, the func-
tion Q4(T), like the corresponding functionpg(T), is
N-shaped. The negative charge increases as the temperature
1. Figure 1 shows the temperature dependences of theecreases due to charging of the surface electronic states
surface potentialg; (curvesl, 2, and3) andes, (curvesl’,  with electrons, while it decreases because of the reconstruc-
2', and3') for (100) n-GaAs surfaces that are re@urvesl  tion of the surface electronic state system, which disrupts the
and 1), processed in HClcurves2 and2'), and both pro- pinning of the Fermi level at the surface. Calculations show
cessed in HCI and washed with wateurves3 and3’). The  that for a real surface the position of the Fermi level varies in
values ofpg; andeg, are negative, which indicates depletion the range 0.06— 0.14 eV below the middle of the band gap
of the surface layers of electrons. The fact that the values dE; . Evidence for this reconstruction of the system of surface
¢, are smaller in absolute value than the corresponding valelectronic states is the fact that as the temperature varies

EXPERIMENTAL RESULTS AND DISCUSSION
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from 230 to 200 K, the amount the Fermi level shifts into the
conduction band in the GaAs bulk is 0.02 eV, while at the
surface it is 0.06 eV.

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

Another situation is realized for materials processed in 0.1
HCI, and also those processed in HCI and washed with wa-
ter. No reconstruction of the surface electronic states takes
place, and the negative charge in the surface electronic states
as the temperature decreases only increases due to charging
of the surface electronic states with electrdRgy. 2, curves
2 and 3). The stability of these surfaces obviously is con-
nected with the formation at the boundaries between GaAs
and the surface films of strong Ga—Cl bofidsThe stability
of the system of surface states leads to pinning of the Fermi
level at the surfaces. Calculations show that in the tempera-
ture range 100—-300 K the position of the Fermi level for a
surface processed in HCl is pinned at an energy 6:00.02
eV belowE;, while surfaces processed in HCI and washed
with water pin the Fermi level at an energy 0.680.01 eV
belowE; .

2. The distribution of surface electronic state density in
the band gap of GaAs at the surfaces under study was ob-
tained at certain temperatures from electric-field depen-
dences of the surface photovoltage. Calculations based on

2 -1
eV

cm

N, 10"

1

the ¢4(V) functions obtained were analogous to those in 'S §
Refs. 4 and 5. The dependences of the surface electronic «I:'”
state concentration on the energy of the band (galative to E .

its centerk;) Ng(E) at fixed temperatures 290, 260, 240,
210, 180, and 160K for the surfaces investigated are shown
in Fig. 3. Here especially we note the primary result of this
paper —the dependence of the distribution of surface elec-
tronic state density on the temperature at which the measure- __ .
ment was made. All the functionbls(E) obtained were 0.3 0(€;) 0.1
V-shaped, but their positions shifted along EhandNg axes E,ev
with changes in temperature. Analysis shows that minima of N . Lo
. . FIG. 3. Distribution of surface electronic state density with respect to en-
the functionNg(E) are found at energiesthat correspond to ergy E within the band gap of GaAs for a real surfa@, a surface pro-
the position of the Fermi level at the surface at a given meacessed in HCIb), and a surface processed in HCI and washed in wajer
surement temperature without an applied external voltage at temperatures, Kt — 290,2 — 260,3 — 240,4 — 210,5 — 180, and
When a voltageV is applied to an accumulation layer of &— 160
electrons in GaAs, we observe a steeper right-hand branch of
the functionNg(E), while when a depleting voltag¥ is
applied the left-hand branch &f(E) has the larger slope. charge carriers between itself and the semiconductor due to
All the facts presented above give us reason to concludthe differing electric transport mechanisfishen an accu-
that the density of surface electronic states measured with thaulating voltageV is applied, the electric field in the film is
help of an external electric field is an effective density. Itlarger, which ensures more intense electrical transfer of car-
includes in itself not only states at the boundary betweemiers and accounts for the fact that the right-hand branch of
GaAs and the surface film, but also electronic states of théhe functionNg(E) is steeper than the left-hand branch, ob-
film itself. The manifestation of this depends on the value oftained for a depletingy.
the electric field in the film which is capable of exchanging At each measurement temperature, minimum values of

N, 0%
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capture holes increases as well. This is because the traps that
participate in hole capture are located at various energies
above the valence band, and as the temperature decreases,
the captured holes begin to accumulate at traps that are closer
and closer to the latter, due to the increasing time for reverse

-2

£ ejection of a hole into the band.
® It is clear from Fig. 4 that all the functior3(T) have a
:: tendency to saturate near 100 K, while cuntesnd2 have

“hollows” in the region 220— 230 K. This gives us grounds
to conclude that on real and HCI-processed surfaces there are
two groups of traps: deeper traps located closg;towhich
determine the capture of holes at higher temperatures, and
L L shallower traps located close to the valence band, which de-
0w 1307. K 220 260 300 termine the capture of holes at lower temperatures. The con-
’ centrations of deep traps on a real surface with an oxide film
FIG. 4. Temperature dependences of the concentration of holes captured @guals 1.& 10'*cm™2, while on a HCl-processed surface
traps for a reain-GaAs surface(1), one processed in HGR), and one  with a film of GacClo, itis 1.3x 10 cm 2. On a HCI pro-
processed in HC and washed in wa@y. cessed surface washed with water with a chloride film, there
are no deep trap&urve 3). The concentrations of shallow
traps on real, HCl-processed, and water-washed surfaces

N were obtained at low depleting voltages. From this weamount to 2.& 10, 1.9< 10", and 1.4 10" cm?, respec-
may conclude that the density of surface electronic states dively. Thus, as we go from a real to a chloridized surface
the GaAs-surface film boundary will not exceed these mini-upon removal of the oxide, the concentration of shallow
mum values ofN, at fixed values of. Such estimates of the traps decreases, while the deep traps disappear.
densities of surface electronic states for a real surface show
that at the boundary between GaAs and the oxide layer the
density of surface electronic states in an energy range 0.1~oncLusions
0.3 eV aboveE; is 1.5- 1.7x 10"%cm 2. eV~ 1 (Fig. 3a. Itis
somewhat lower at the GaAs— GaQ, film boundary: 1.0 1. Processing th€l00 surface ofn-GaAs in a solution
—1.6x102cm 2.eV ™1 in the range 0.1-0.4 eV aboe  of HCI, and also subsequent washing in water, block the
(Fig. 3b. The lowest density of surface electronic states is ateconstruction of the system of surface electron traps ob-
the GaAs-chloride layer boundary, equal to-Bx 10 served at real surfaces as the temperature decreases in the
cm 2.eV ! in the range 0-0.3 eV abo\® (Fig. 30. range 100-300 K, leading to pinning of the Fermi level at
Thus, replacing the oxide film with a film of Ga@,, the surface at 0.07 eV aboue and 0.08 eV belowk;,
especially one that is almost a monolayer chloride film, detespectively.
creases the density of surface electronic states at the bound- 2. It was established that the distribution of the density
ary of GaAs with the surface film. As we have already notedof surface electronic statéé,(E) in energy within the band
this is associated with the lower degree of disorder at thgap of GaAs, which isv-shaped, depends strongly on the
boundary due to the formation of strong Ga—Cl bonds. Commeasurement temperature. We conclude from electric-field
paring Figs. 3a—3c also reveals that surfaces with @CI studies of the surface potential that an effective surface elec-
films, and especially chloride films, also have lower concenironic state density is being determined. The smaller part of
trations of effective surface electronic states, because the déiese electronic states are at the boundary between GaAs and
pendencedN (E) at these surfaces are smoother than thos¢he surface film, while the larger part is in the film itself.
of a real surface. This can be explained by lower disorder 3. Using the minimum values dlg for the functions
and the fact that the films that form after being processedN(E) obtained at various temperatures, we determined the
with HCI, and especially after washing with water, are thin-energy distribution of the density of surface electronic states
ner than oxide films, in which there is a high density of at the boundary between GaAs and the film surface. When
electronic states that exchange carriers with the semiconduthe oxide layer of a real surface is replaced by a film of
tor via electrical transport mechanists. gallium oxychloride after processing in HCI, and also by a
3. Let us consider photomemory effects of the surfacechloride film after additional washing in water, both the den-
potential. Knowing the valueg; and ¢, (Fig. 1), we can  sity of surface electronic states at the boundary and the ef-
computé® the concentration of holeB captured by surface fective density of surface electronic states as a whole de-
traps at a given temperature. Figure 4 shows temperaturease.
dependenceB(T) for real (curve 1), HCI-processedcurve 4. Processing the surface of GaAs in HCI decreases the
2), and HCl-processed and water-washed surféces/e 3). concentration of deep and shallow traps for nonequilibrium
It is clear that the number of captured holes increases witholes that create photomemory of the surface potential. Pro-
decreasing temperature. For cases where the traps are satessing in HCI with subsequent washing in water not only
rated with holes by the first light pulse, an increas® iwith decreases the concentration of shallow traps but also com-
decreasingT indicates that the concentration of traps thatpletely eliminates the deep traps.
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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 energ§.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 Physid§1063-7829)01110-2

1. INTRODUCTION 2. EXPERIMENTAL PART

The properties of various classes of heterocontdt®) CdTe crystals were grown by two methods. One was
are now being studied extensively, opening up entirely newonaj recrystallization of a melt with composition similar in
and, in the initial stages of study, unexpected possibilities otgjchiometry to CdTe in the controlled vapor phase. This
these unique objectsHowever, along with solid-state Struc- method made it possible to obtain electrically uniform crys-
tures of the kind semiconductor/semiconductor —andgjs withn-type conductivity in which the Hall mobility grew
semiconductor/metal, an increasing amount of attention igg the temperature was lowered below 300 K, which is char-
being given to semiconductor contacts with electrolytes and-ieristic of lattice scattering. Wafers were obtained from
substances of biological origf? In this paper we report the slabs of these newly grown crystals by cleavage and there-
results of the creation of a new class of converters consisting, .o hag speculaf00l) planes, which did not require further
of contacts of cadmium telluride and its ternary analogs Wit%rocessing. The second type of sample was grown by the
natural protein.. _ _ gas-phase method, which led to doping of the resulting CdTe

As the semiconductor materials for creation of the het- qtai5 with iodine. The crystals obtained in this way were
erocontacts we used crystals of CdTe and its ternary analoggmi_insylating and also did not require further processing.
from the group I-Ill-V}, which can be formally repre- Crystals of the ternary compounds I-lll-VIwere
sented as the result of substitution of two atoms from thegrown from melt (CulnSg CulnS, and AgInS) or from
sec.om_j group by atoms from the first and third groups of the[he gas phase (CulaSand CuGag). The surfaces of the
periodic table(see Table latter did not require processing and had orientatibh2),

whereas the samples obtained from melt, after being cut,

were mechanically processed and then chemically polished.
TABLE I. Photoelectric properties of the contacts of CdTe and its ternary ~ AS a result of a multipart study, we developed the fol-
analogs I-I1l-V} with protein (T=300 K). lowing technique for creating a new class of photoconvert-
ers. On a glass substrate with a semitransparent metal layer
(Mo, Ni, d=0.5u,) we placed a drop of natural protein. The
semiconductor wafer was placed into contact with the sur-
CdTe n 10° 151 38 16 45 182  face of the protein in such a way that the liquid protein was
Culnse 0 3>}c1)8017 1;32 28 ;760 "1'8 500 “compressed” between the me_tgllized surface of the glass
cuins, D 510 153 60 1x10* 7 202 andthe semmontjuctor wafer, filling the gap between t.hem.
CuGas p 10 248 40 K1 - 1.84 After completing the procedure of putting the semicon-
ductor in contact with the substrate through the layer of pro-

Type of 1R-e, hw,;, S Su, S, Sy
Compound conductivity cm™® ev eVl viw mAW eV

1063-7826/99/33(10)/4/$15.00 1093 © 1999 American Institute of Physics
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tein, the position of the wafer was fixed relative to the glass /
with the help of a dielectric lacquer. The system 0.5
semiconductor/protein/metéFig. 1) was oultfitted with elec-
trical contacts making it possible to study photoelectric phe-
nomena in two different geometries of illumination. —

¢
g /
~
3. DISCUSSION OF THE RESULTS
L - X
The steady-state current—voltage characteristic of one of -2 -1 )(/
the structures is shown in Fig. 2. For all of the investigated ' ' L '
9. <. 9 x—X—X10 1 2

heterocontacts in which we used crystalsnefand p-type X" | uv
conductivity for thicknesses of the protein layer10 )(
—50um the current—voltage characteristics manifest a dis- =
tinct rectification effect, which for different semiconductors fiG, 2. steady-state current—voltage characteristic oh&dTe/protein
varied in the limit 1.8—4.5 for voltages up to 5V. The re- heterocontact af = 300 K. (The transmitting direction corresponds to posi-
verse characteristic, as a rule, obeys a power law with expdive polarity of the external bias on the protgin.
nent close to one. The residual resistance of the structures
depends strongly on the properties of the semiconductors and
varies in the limits 18-101°Q at 300 K. In the course of our Value of 7 in the interval between the width of the band gap
studies the characteristics of the structures were essentialff the semiconductoEg (Ref. 8 and the short-wavelength
constant and showed good reproducib”ity_ falloff of the photosenSitiVity near 3.5eV. This is the “win-
When heterocontacts with different Semiconduc(@& dow effect,” typlcal for ideal solid-state heterOjUnCtiOEhS,
Table |) were i”uminated, a photovoltaic effect was repro- which in the giVen case does not I’equil’e a careful choice of
ducibly observed; its sign remained unchanged for both gethe semiconductor with definite lattice parameters, type of
ometries of illumination, for different positions of the light Structure, etc. The appearance in all the heterocontacts of a
probe on the surface of the Structu[(mmeterg 0.2 mn’), ShOI‘t-Wavelength boundary near 3.5eV allows us to take this
and variation of the energy of the incident radiation over theenergy as the pseudogap in the energy spectrum of the pro-
entire range of photosensitivity of each of the investigated€in. The long-wavelength boundary of photosensitivity of
heteropairs. It is important to emphasize that the photosensthe investigated heterocontacts is movable and depends on
tivity always predominates when the heterocontacts are illuthe value ofEg in the semiconductor used in the heterocon-
minated from the protein-layer side. The table shows thdact. The long-wavelength edge gfis exponential and its
maximum values of the voltag®, and currentS; photosen-
sitivity. Comparison of these data with the data known for
other classes of photoconverters on crystals of similar
quality’®>~’ gives reason to believe that the new heterocon-
tacts while still in the first stage of their development are at
least as good as photoconverters presently available.
Typical curves of the spectral dependence of the relative
guantum efficiency of photoconversion for the obtained
heterocontacts are shown in Fig. 3. It can be seen from the
figure that the photosensitivity of the heterocontacts based on
CdTe and its ternary analogs with illumination from the pro-
tein side has a wideband character, revealing a maximum

7,arb. units

; ~ASSSSSYe o

—{H—

FIG. 3. Spectral dependence of the relative quantum efficiency of photocon-
FIG. 1. Design and illumination scheme of a semiconductor/protein heteroversion of semiconductor/protein heterocontacts in natural light at
contact(1 — glass plate2 — semitransparent metal laye3,— layer of T=300K. (1 — CulnSg, 2 — CdTe,3,4— CulnS,, 5 — AgInS,, 6 —
natural protein4 — semiconductor5 — insulating lacquer CuGas. lllumination from the protein side
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FIG. 4. Polarization indicatrix of the short-circuit photocurrapt of a I
CuGa$/protein heterocontact dt=300 K. (lllumination along the normal [
to the (112 plane of CuGag, iw=2.48 eVj. ’ \

logarithmic slopeS= é(Infiw)/S(hw) is high, which corre-

sponds to direct interband transitions in these semiconduc-
tors. The exponential growth ofj comes to an end dtw1, 01 ! i : . ) L 1
which is close to the band gap, of the semiconductdt. heo,ev -

Note that the energ§ w, also depends on the doping of the
semiconductor. In the case of CdTe crystals, where growtlfIG. 5. Spectral dependence of the natural photopleochroism coeffijgnt

from the gas phase is accompanied by the incorporation dff a CuGag/protein heterostructure &t=300 K. The inset shows band
structure and selection rules for interband transitions at the center of the

an iodine impurity, for examplef w4 is shifted to 1.47— Brillouin zone.

1.49 eV due to the participation in the photoconductivity of

shallow-center levels. In the case of heterocontacts based on

CuGa$ with orientation of the contacting plar@12), sev-  characteristic of uniaxial semiconductors, on the azimuthal
eral steps show up in the long-wavelength edgeyaipon  anglee between the electric field vector of the light walie
illumination by natural light, which are due to splitting of the and the tetragonal axisof the crystal

levels in the tetragonal fieflin the case of heterocontacts il co@ o+ it sir?

based on CulnS(Fig. 3), we also see a pronounced short- l,=17Cos g +1msim e, @)
wavelength falloff of (curve 3), which is characteristic of whereil is measured in the polarizatid®|c, andi* is mea-
surface recombination of charge carriers. This falloff showssured in the polarizatiofE L ¢. Since the(112) plane is not

up in heterocontacts which are obtained using mechanicallgoplanar withc, the polarizatiorE||c in these experiments is
processed semiconductor surfaces, whereas when using thealized only nominally. Therefore, the experimentally ob-
post-growth natural plangl12), the short-wavelength falloff tained ratioi l/it~2 is actually even larger.

disappearsFig. 3, curved). This feature was also confirmed The main conclusion that should be drawn from the po-
when using heterocontacts made from CdTe and CylnSe larization indicatrices,, is that as in the case of solid-state

As a result of changes i and the state of the semi- structure$, the maximum photocurrent corresponds to the
conductor surface, the FWHMull-width at half-maximum  polarizationE|c and, consequently, penetration of the lin-
of the » spectra,fy», changes. As follows from the table, early polarized light into the active region of the heterocon-
the largest values ob;, are obtained for heterocontacts tact takes place without distortions of the parameters of the
made from CulnSgeand CulnS. incident light.

If the heterocontact is now illuminated on the semicon-  The spectral contour of the natural photopleochroizm
ductor side, they spectra become narrowly selective with a of the heterocontact CuGRrotein(Fig. 5 is also similar to
maximum nearEg, which is a natural consequence of the that established for In/CuGaSchottky barrier§.According
influence of strong absorption of radiation in direct-bandto the selection rules for interbar&transitions, the natural
crystals forhw=Eg. photopleochroism in CuGafprotein structures exhibits a

For the new class of heterocontacts based on orientegositive sign and reaches a maximum near the energy of the
anisotropic semiconductors, one can also expect the appeak-transition. Transition to the short-wavelength range ini-
ance of natural photopleochroisthwhich was obtained for tiates principally the opticaB and C transitions, allowed in
the CuGag/protein structures. the EL c polarization, from the detached valence subbands of

As can be seen from Fig. 4, when these structures arthe valence band, which governs the decaypgf(Fig. 5).
illuminated with linearly polarized lightLPL) along the nor- It follows from Fig. 5 that the maximum d® is shifted
mal to the (112) plane, the polarization indicatrix of the somewhat toward longer wavelengths relative to the energy
short-circuit photocurrenit, exhibits a periodic dependence, of the A transitions. Taking the results of Ref. 11 into ac-
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count, this fact points to the presence in the investigatedunctional capability, consisting in the appearance of polar-
CuGas$ crystals of shallow centers which give rise to anization photosensitivity.
anisotropy of the photoconductivity comparable with the in-

terbandA transitions. The positive sign d?y for Zw<Eg b 1Al Fir Tekh. Pol 4182 3 (1998 [Semiconductor?
suggests that the levels responsible for this absorption are;, (ig'gafrov’ i2. Tekh. Poluprovodr82, 3 (1999 [Semiconductors2,

formed from wave functions of the nearest free bands. 2Yu. A. Gurevich and Yu. V. Peskov, iRhoto-electrochemistry of Semi-
conductorg[in Russian, Nauka, Moscow, 1983.
4. CONCLUSION 3J. Simon and J.-J. Andr&jolecular Semiconductors: Photoelectric Prop-

erties and Solar Cell§Springer-Verlag, Berlin, 1985

To summary, heterocontacts of binary 11-VI semicon- V. Yu. Rud’, Yu. V. Rud’, V. Ch. Shpunt, and S. lida, Inst. Phys. Conf.
ductors(in the case of CdTeand their ternary analogs of the ﬁer' No. 152[ICTVC-11, Salford, 1997 (IOP Publishing, Ltd., 1998
type I-1lI-Vl, with natural pFOtem possess a phO'[OVOltaI(.: 5N. N. Konstantinova, V. D. Prochukhan, Yu. V. Rud’, and M. A. Tairov
effect and can be used as wideband photosensors of opticakiz. Tekh. Poluprovodn22(6), 1699 (1988 [Sov. Phys. Semicon®2,
light. They also make it possible to observe variations in the61072(19d8&]- ¢ and ] . Pol ;

. : : : : i 1. V. Bodnar, V. Yu. Rud’, and Yu. V. Rud’, Fiz. Tekh. Poluprovodn.
_optlcal prc_Jpertles_ of protelns. A systematic feature is str_lk 28(10), 2007(1994 [Semiconductores, 1106(1994].
ingly mamf_ested n this nhew c_lass of photoconverte_zrs which7y vy, Rud’, Yu. V. Rud’, and V. Kh. Shpunt, Fiz. Tekh. Poluprovodn.
was established in the investigated crystals of various other3i(1), 97 (1997 [Semiconductor$1, 85 (1997].
groups. This feature can be described as follows: an in-"Handbook of Physical-Chemical Properties of SemicondudiorsRus-

. . " . sian], Nauka, Moscow, 1979.

Creas?d !evel ,Of cpmplexny of the ato,mlc composition in °B. L. Sharma and R. K. Purohi§emiconductor Heterojunctiori®erga-
complnatlon with dlamond—h_ke phases is the source of NeW mon press, Oxford, 1974
functional dependences which lead to the creation of newW’F. M. Kesamanly, V. Yu. Rud’, and Yu. V. Rud’, Fiz. Tekh. Polupro-
devices. In the context of the above remarks, our stud)fl‘\’("d’bﬁ;(?; ?13(1999 [ggggog_d‘ﬂkcmfﬁ& 223;3299]-
shows that the transition from the binary phd€sTe to u- V. Rud, fzv. vuzov : Fizike9(1), 68 (198.

ternary compounds endows such heterocontacts with a hewanslated by Paul F. Schippnick
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AgInSe 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 IlI-#hSe, GaSpsemiconductors.

The maximum photosensitivity of such heterostructures is 18VAW. It is concluded

that the prepared structures can be used as wideband selective photoreceivé899 @merican
Institute of Physicg.S1063-782809)01210-7

INTRODUCTION The as-grown crystals were larg@iameter 12mm and
length 30 mm and homogeneous blocks, as was determined
by x-ray measurements.

Films were sputtered in a vacuum of about ¥ orr
%\/ith the help of a laser operating in the free lasing regime

- —10-3 _ 6 8
possess a high optical absorption coefficient (100 (A=1.06pm, t,=10 S E,=150-180J." As the sub
cm™1) in the limits of the solar spectrum and higher radia_strates we used chemically cleaned glass plates, whose tem-

tion hardness in comparison with photoconverters based Oyaerature was held at 4580°C. The thickness of the ob-

silicon and gallium arsenide® Thin-film solar cells based on tained layers was 0:60.8 um.

the solid solutions Cin,GaSe, have already made it pos- b The combposmon of th? Aglng_efllms IW"’TS df\term(ljrlledt
sible to attain efficiencies about 18% on areas of 2 cm Yy MICTOprobe X-ray Spectroscopic analysis. According to

(Refs. 1 and 2 For a commercial unit consisting of 15 cells the data obtained, the atomic composition corresponds to the

on glass substrates with dimensionsxiD cnt, an effi- stoichiometric fqrmulg of the compound AglrpSeand
ciency of 13.9% has been obtaineBurther optimization of showed gqoq uniformity over theoarea of t.he entlrg f(lm

the parameters of such photoconverters lies along the path Pfe error Iw_mts of the method-5 A’.)' Thefilms exhibited
detailed physicotechnological studies of the relationship be- |gh_adhe5|on and pqssessec_j a m_|rror-smooth surface. X-ray
tween production processes and the properties of speciflsétUd'eS showed _that n th? diffraction patterns of grou_nd-gp
types of structures, and of developing numerous system rystals and of films obtained from them by evaporation in

based on the wide class of ternary semiconductors |y yacuum only a system of lines corresponding to chalcopyrite

VI structure shows up. As a rule, the films hatlype conduc-
2.

L . . . 73
in this paper we report the results of initial experimentalt'v'ﬁ/ Wlthl'free—carrlﬁé concentration-1.6x 10"em™> and
studies of the photoelectric properties of isotypic heterojunc!_|a mobility ~95 cnt/(V-s) at 300K.
tions fabricated by placing the natural cleavage faces of the

layered semiconductors InSe and GaSe in optical contagtxpERIMENTAL RESULTS
with the outer post-growth surface of thin polycrystalline

AgInSe films prepared by pulsed laser evaporation. Initial studies of contact phenomena showed that sput-
tering of layers of metaléln, Cu, Au, etc) onto the surface

of AginSe, films does not produce rectification or a photo-
voltaic effect. Therefore, to obtain photosensitive structures,
As the targets for film deposition, we used AglpStabs  we examined the possibilities of placing the natural cleavage
grown by the Bridgman—Stockbarger method. In the synthefaces of layered 1l1-VI semiconductors in optical contact
sis we used ingredients with semiconductor degree of puritywith post-growth outer surfaces of sufficiently high quality

Ternary semiconductor compounds of the class I-1l1—
VI, and their solid solutions form a wide class of materials
which have attracted attention for the purpose of creatin
high-efficiency photoconverters of solar enelgy. They

PREPARATION OF AgInSe , FILMS

1063-7826/99/33(10)/3/$15.00 1097 © 1999 American Institute of Physics
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FIG. 1. a— Design ofi-AgInSe, /n-(In,Se, GaSEheterojunctions and their
illumination schemes$l — n-AgInSe, film, 2 — glass substrat — InSe

Rud’ et al.

rectification. The transmitting direction of these structures
corresponds to the positive polarity of the external bias on
the AgInSe film. An example of a stationary current—
voltage characteristic of one of these heterojunctions is
shown in Fig. 1b. In the forward bias regidhi>2 V the
current—voltage characteristics obey the law

U=Uy+Ry-1. (1)

The residual resistand®, of the InSe-based heterojunctions
is usually~10° ), whereas in the case of GaSe it grows to
10°—108Q at 300K. Taking into account the electrical
properties of AginSgfilms it may be assumed that the main
contribution to Ry is governed by the properties of the
I1I-VI wafers. The cutoff voltaged), in the InSe structures
are usually found in the limits 0-71.0 V, while for the GaSe
structures they increase to +3.8V.

The n-AginSe /n-1lI-VI heterojunctions prepared by
the optical contact method reveal a photovoltaic effect. The
sign of the photovoltage does not depend on either the en-
ergy of the incident photons or on where the light prédot
diameter~0.2 mm is incident on the surface of the struc-

or GaSe wafer b — steady-state current—voltage characteristics of antUreés with illumination geometried and B (Fig. 1a. Here

n-AginSe /n-GaSe heterojunction &t=300 K (transmitting direction cor-
responds to positive polarity of the external bias onrih&gInSe, film).

of thin polycrystalline AginSgfilms prepared by pulsed la-

the AgInSe films are always charged positively, which cor-
responds to the rectifying direction of the structures. Typical
spectral curves of the relative quantum efficiency of photo-
conversiony, obtained as the ratio of the photocurrent to the
number of incident photons fon-AginSe /n-InSe and

ser evaporation:'° Single-crystal bars of InSe and GaSe n-AgInSe,/n-GaSe heterojunctions in both illumination ge-
were prepared by directed crystallization of a nearly stoichioometries are shown in Fig. 2. The maximumpfor InSe-
metric melt of these compounds. The InSe crystals had and GaSe-based heterojunctions is observed in the region of

3

free-electron concentratiom~10"“cm 2 and resistivity

fundamental absorption of these semiconductér€,which

p~10°Q-cm and the GaSe crystals had the correspondingnay be due to the existing relations between the electrical

valuesn~102cm 2 andp~10° Q-cm atT=300K.

parameters of the contacting phases, as a result of which the

When structures are created by cleavage in air fromactive region in the heterojunctions is localized mainly in
single-crystal bars, plane-parallel wafers with high-qualitytheir high-resistance component—thelll-VI compound.

mirror-smooth surfaces are obtained with ares mnt
and thickness 0:20.05 mm.

The long-wavelength photosensitivity edge of the hetero-
junctions illuminated by unpolarized light in the geometries

The design of heterocontacts of single-crystal wafers oA and B is exponential and has a steep sldpa a semilog
[11-VI compounds with the outer surface of the thin poly- scale S= §(Inn)/(hw) (see Table), which is characteristic

crystalline AginSe films and the illumination geometrie’

of direct interband transitions in IlI-VI crystals. The narrow-

andB used in the photosensitivity measurements are showing of the spectral bang for illumination in theA geometry
in Fig. 1a, and the heterojunction parameters are listed iis noteworthy. It follows from the table that the FWH(¥ll-
Table 1. The main results of the experiments are the follow-width at half-maximum &;,, of the » spectra is an order of

ing.
Isotypic heterocontacts af-AginSe films with [lI-VI
crystals ofn-type conductivity reproducibly exhibit distinct

TABLE |. Photoelectric properties ofi-AgIinSe, /n-InSgGaSe¢ isotypic
heterojunctions at =300 K.

lllumination lllumination

from the llI-VI side from then-AgInSe, side
Type of hv, 6y, S, S., hv, &y, S, S,
heterojunction eV meV eV VW eV meV eVl VW
n-AginSe / 1.21 40 70 15 1.21 700 70 10
n-InSe
n-AginSe,/  1.97 60 29 K10® 2.05 460 29 120
n-GaSe

magnitude less than in tHillumination geometry. This fact
has its origin in peculiarities of absorption in the AglpSe
films and the IlI-VI compounds. The large thickness of the
InSe (=100um) and GaSe wafers<50 «m) in comparison
with the thickness of the AgInSdilm (0.8 uwm) is the main
factor behind the increase in the short-wavelength falloff of
7 in comparison with thdB illumination geometry.

As can be seen from the table, the maximum voltage
photosensitivityS,, in the prepared heterojunctions is ob-
served when they are illuminated from the I1I-VI wafer side.
In this case, a narrow peak is reproducibly present insthe
spectra in the region of the fundamental absorption edge,
which is characteristic of the photoconductivity of layered
I1I-VI semiconductors and is usually attributed to exciton
effects’!! The presence of this feature in the photosensitiv-
ity spectra of the prepared heterojunctions may be evidence
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jret 197} periments was~20x40mnt and in the developed tech-

N 2.03 nigue of laser deposition is fundamentally unlimited. Experi-
ments in which the optical contact of the same 1lI-VI wafer
was placed in optical contact with different segments of the
AgInSe film confirm the high reproducibility of the photo-
electric parameters listed in the table, which testifies to the
high local uniformity of photosensitivity of the laser-
evaporation prepared Agingélms. Also note that the pa-
rameters of the prepared heterojunctions do not reveal any
degradation.

When the heterojunctions are illuminated with linearly
polarized light along the normal to the photoreceiver surface
in the A andB geometries, photopleochroism is not observed.

2w This is because, on the one hand, light enters the IlI-VI
2 medium along its isotropic direction and, on the other, be-
3 cause of the polycrystalline nature of the Aglp$ein films.

E

&

CONCLUSIONS

To sum up, a heterocontact of AginSein films with
II-VI layered crystals can be used to create wideband se-
lective photoconverters of unpolarized radiation, whose
spectral range is governed by the atomic composition of the
I1I-VI crystals. In addition, the contacts can find application
in express diagnostics of the properties of AglnSkin
films. The spectral range of the photosensitivity of
n-AginSe /n-InSe heterojunctions prepared by the optical
contact method points to the possibility of applying this sys-
tem to create high-efficiency thin-film solar cells. To realize
this potential, in our view, requires the use of laser deposi-

7 1 1 1 |

2 3 tion of InSe onto the surface of Aging&ims in a combined
hv,ev production cycle.

FIG. 2. Spectral dependence of the relative quantum efficiency of photocon-
version ofn-AginSe /n-InSe (1, 2) and n-AgInSe, /n-GaSe(3, 4 hetero-

junctions. 1, 3 — illumination from the side of the IlI-VI wafer2, 4 —

from then-AginSe; side. 1T. Negami,Abstracts of the Fifth International Conference on Polycrys-
talline Semiconductors “POLYSE’'98” (Schwabisch Gmund, Germany,
1998, p. 18.

2T. Negami, M. Nishitani, N. Kohara, Y. Hashimoto, and T. Wada, MRS
of the preservation of the high quality of the IlI-VI crystals _Symposium Proceedings, Vol. 426996, p. 267.
even after formation of their contact with Agln§e 3B. Dimmler and H. W. Schock, Prog. Photovoltai&s425(1996.
Th incid f th it fth hot 4V. Yu. Rud’ and H. W. SchockAbstracts of the Fifth International Con-
. e C0|.nC| ence .O € energy position or the pholosen- (o ence on Polycrystalline SemiconducterSPOLYSE’'98” (Schwabisch
sitivity maximum#z o in the case oh-AginSe, /n-InSe het- Gmund, Germany, 1998p. 35.
erojunctions in two different illumination geometriésig. 2, ®Yu. V. Rud’, V. F. Gremenok, V. Yu. Rud’, I. V. Bodnar, S. I. Sergeev-
sonilar ; Nekrasov, and D. D. KrivolapAbstracts of the Fifth International Con-
curvesl and?) reflects the Slmllarlty (.)f the widths of the ference on Polycrystalline SemiconducterSPOLYSE’98” (Schwabisch
band gaps &) of the contacting semiconductors AgInSe  gmyng, Germany, 1998p. 36.
and InSe, which agrees with the data of studies of the opticabl. v. Bodnar, V. F. Gremenok, and E. P. Zaretskya, Thin Solid F203
absorption of these materidfsThis explanation finds reflec- 54 (1992.
tion in the transformation of the spectral contogrupon "F. Adduci, M. Ferrara, P. Fantalino, and A. Cingolani, Phys. Status Solidi
" . A 15, 303(1973. ;
transition to the het?rOStrUCtiureAngQ/n'Gase(F|g- ?1 8N. M. Mekhtaev, Yu. V. Rud’, and EYu. Samiev, Fiz. Tekh. Polupro-
curves3 and4). For illumination in theB geometry the in- vodn. 12, 1566(1978 [Sov. Phys. Semicond.2, 924 (1978)].
fluence of absorption by the-AginSe film increases and a  °N. N. Konstantinova, M. A. Magomedov, V. Yu. Rud’, and Yu. V. Rud’,
maximum in77 arises near the band gap energy of the ternary Fiz. Tekh. Poluprovodn26, 558 (1992 [Sov. Phys. Semicon®6, 317
(1992].
compound. _ 101, v. Bodnar, V. Yu. Rud’, and Yu. V. Rud’, Cryst. Res. Techn8LS
When the area of the InSe and GaSe wafers is decrease®61 (1996.
to 1x 1 mn¥, the possibility arises of probing the photoelec- llg'- L. Be('jeln(')kﬁﬁ';izl-ggekh- Poluprovodn10, 1206 (1976 [Sov. Phys.
tric quality of the AginSg layers as a result of shifting the ~ Scmicond-10 716 (1976].
heterocontact along the film surface, whose area in our eXrranslated by Paul F. Schippnick
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Tunneling scanning electron microscofySEM) has been used to study the properties of
n-GaAs(100 epilayers treated in a flow of atomic hydrogéAH). 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 ratip 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{bss than 0.05

um), poorly conducting surface layer, which probably greatly affects the static device parameters
of Schottky-barrier diodes. €999 American Institute of Physid§1063-782609)01310-]

1. INTRODUCTION subsequent annealing at 450 °C for five minutes. The sub-
strate was then divided into two wafers. The protective,SiO
film was removed from half of the surface of each wafer
)(Jsing a buffered etchant. In this procedure, as studies on a
g/lll-4 commercial interferometer showed, no steps were ob-

It is known that atomic hydrogefAH), by interacting
with semiconductor surfaces, has the capacity to radicall
alter their electrical characteristits® Clearly, the action of
atomic hydrogen on the properties of the surface and th .
material itself(hydrogenatiop is of great practical interest. serv:d on the dSlQ—f;e_e SRur:a(l:Z boundary. i AH f ¢
Studies that have been conducted so far show that passiva- S was Indicated in Rei. 18, treatment in an ow o

tion by atomic hydrogen can be used to protect the surfaced? Unprotected-GaAs surface leads to an improvement of
of silicont®*2and gallium-arsenid@ diodes, to enhance the the static device characteristics of metal—semiconductor con-

efficiency of silicon solar batteridé;*® enhance the direct @cts when the AH-treatment temperatuiB,) is raised

and reverse current—voltage characteristiGVC) of from 100 to 150°C, specifically, a_grovx_/th_of the reverse

Schottky-barrier diodeSBD),'°"!® and substantially im- Vvoltages ¥) and a decrease of the ideality index) (

prove the characteristics of silicon field-effect devites. The surfaces of the investigated samples were subjected

In the present study we have used tunneling scanniné® AH treatment at a temperatufig,= 150 °C for 5min.

electron microscopyTSEM) to investigate the reaction of The residual pressure in the vacuum chamber, which was

the surface oh-GaAs epitaxial layers treated in an AH flow Pumped out by a turbomolecular pump, was>310™°® Torr.

to the standard chemical treatment used in photolithographyhe hydrogen flow-rate in all of the experiments was held at

to remove a photoresist. 700 atmcm®/h, and the hydrogen pressure in the vacuum
chamber was held at <110 “Torr. The surface of the
treated wafers was oriented perpendicular to atomic-

2. EXPERIMENTAL PROCEDURE hydrogen flow. The pressure and spatial orientation of the

Epitaxial layers of GaAs : Sn of thickness Qufn, grown ~ Sample relative to the effusion opening in the atomic-
onn*-GaAs: Te substrates with orientatitt00), were sub- hydrogen generatttgive reason to assume that the angle of
jected to hydrogenation. The charge-carrier concentration iHicidence of the hydrogen atoms did not exceed 15° relative
the epitaxial layer was 3:610°cm™3, and in the substrate, © the normal to the surface of the epitaxial layer. The un-
2x10"8cm 2. After preliminary chemical cleaning, the ep- treated wafer in the figures and in the text is referred to as the
itaxial layers were treated with an aqueous solution of amoriginal wafer.
monium hydroxide NHOH : H,O = 1:5 (referred to below The morphology and structure of the surfaces of the
as “ammonia etchant)’'to remove the native oxide. To pro- samples were studied with the help of a TM-2000 commer-
tect the surface of the-layer, the 40-mm-diam substrate was cial tunneling microscope. The surfaces were scanned in air
therefore convered, using a plasma-chemical technique, witat standard temperature and pressure in the constant-current
a thin insulating film of Si@, 50 A in thickness. An ohmic regime. The obtained TSEM images are positive, i.e., the
contact(OC) based on the alloy GeNi Au was formed on darker areas of relief correspond to depressions, and the
the n*-substrate side by electrochemical deposition withlighter ones, to elevations. To obtain a relatively sharp im-

1063-7826/99/33(10)/8/$15.00 1100 © 1999 American Institute of Physics
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age, the potential difference between the needle and the sur-
face of the originaluntreated wafer was chosen to be equal
to 2-3V. 6
In this work we present images of the surfaces of the o r
investigated structures with magnifications of?2and
215716 The 2? magnification(4 194 304 makes it possible
to study the surface at the atomic level. At the magnification
of 215 (327683 the resolution of the TSEM allows one to
distinguish details in the surface with dimensions less than Q)
0.01 um. Therefore, in view of the development of the tech- L 7 g% Se
nology of Schottky-barrier field-effect transistors with 2k é@
submicron-sized gates it is important to be able to examine L d
the surface morphology at this level. P N ;
To investigate the character of the effect of AH treat- 0 0.2 04 0.6
ment on the electrical properties of the surface region of the
n-layer, we used another substrate with similar parameters. It
was then cleaved into six wafers. Five of the wafers were 17+ b
subjected to AH treatment 8t,q,= 150 °C for 5min. They i
were then etched on thelayer side in the standard citric-
acid etchant with different etching times. The thickness of 15
the etched layer was determined using an MlI-4 optical in- B
terferometer from the size of the step at the Sifbee sur-
face boundary and was found to be equal to 0, 0.03, 0.05, RO S
0.08, and 0.1um. The spread in the data did not exceed 13-
30%. Next, to study the effect of the surface region on the
reverse voltagd/,, a Schottky barrier was created on each
wafer using optical photolithography. Schottky barriers of 71
325—um diameter were formed by electrochemical deposi- -
tion of a gold film in photoresist windows or in windows in lIJ : 0’['74 -+ 0.t|78 : 0_1'2
the SiQ . The reverse voltage was measured at a current of h R
10 pA. The variation inV, over the wafer did not exceed
25%. FIG. 1. Concentration profiles of an ionized shallow-donor impurity of AH-
In the formation of the Schottky barriers by optical li- treated samples as a function of the thickness of the etched surface layer:

thography on the original wafers we noted the appearance df__ 2"9inal 2 — after atomic-hydrogen treatmet— 0.03um, 4 —0.05
. : _ um, 5 — 0.08 um, 6 — 0.1 um (a), and the reverse bias voltage ,
a step at the Sig-free surface boundary. A detailed analysis measured at a current of 104, of a diode structure treated in a flow of

of the fabrication process showed that the step appears asa@mic hydrogen as a function of the thickness of the etched surface layer
result of the interaction of the surface of theGaAs layer (®)-
with the dimethylformamide : monoethanolamirel : 3 so-
lution (in what follows we call it simply DM solutiohp In
light of the fact that the DM solution is widely used in the treatment leads to a decrease in the etching rate ®aAs.
fabrication of semiconductor devicésm particular, to re-  The magnitude oh of the original wafer, for example, was
move photoresisisand in these situations it often comes into 0.08 um, and for the treated wafein=0.05xm.
direct contact with the surface of the semiconductor, it is  Figure 1 plotsv, values of diode structures as a function
important to investigate its possible influence on the morof the thickness of the etched surface layer after AH treat-
phology and structure of the surface. To study the nature ofnent. An inverse dependence \¢f on the thickness of the
the interaction of DM solution with a treateeGaAs surface, etched surface layer is clearly visible. At a thickness of the
the wafers were also boiled in this solution for 20 min. Theetched surface |ayer of about Oudn the values of\/r have
surface coated with a SiOfilm did not react with the nearly reached the original values.
etchant. After washing in isopropyl alcohol and drying in TSEM images of the surface of the epitaxial layer of the
nitrogen, the etching rate was estimated from the magnitudgriginal wafer and the AH treated wafer are shown in Fig. 2
of the step, measured using an optical interferometer, and thgith a magnification of 22. In the image of the surface of
morphology and structure of the surfaces were examined ushe original wafefFig. 24 periodicity is absent, and rough-
ing TSEM. ness in the form of islands of irregular growth, probably
caused by oxidation of the surface, is visible. The shape of
the surface treated in AH is smootHgéig. 2b). It lacks sig-
nificant roughness, but to make up for it, scattered uniformly
Optical-interferometric studies of the samples treated irover its surface are isolated pits, which, judging from their
the DM solution revealed a difference in the size of the steglimensions, can be identified as vacancies. In addition, iso-
h at the SiQ film—free surface boundary. Atomic-hydrogen lated “flat” segments are visible, occupying the space be-
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FIG. 2. Images oh-GaAs surfaces: origindh) and AH-treatedb). Magnification 2< 10?2.

tween the vacancies. For the AH-treated surface, as our stuthe electrical properties of the surface, which leads to stabi-
ies have shown, the appearance of such segments ligation of the tunneling current in the “flat” segments. To
completely regular and possibly attributable to a change imbtain a relatively sharp image in this case, it was necessary
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FIG. 3. Images oh-GaAs surfaces: origindh) and AH-treatedb). Magnification 2< 10'°.

to increase the potential difference between the surface arntdxial layer of the original wafer and an AH-treated wafer
the needle to 7-8V. This is a direct indication of a strongwith a magnification of 2°.. The surface of the original
lowering of the conductivity of the surface layer after AH wafer[Fig. 34| reveals hilly formations with a characteristic
treatment. It is clearly noticeable from a comparison of Figsdimension of 0.03—0.05um and reminiscent of a two-
2a and 2b that AH treatment of a Ga@90 surface, in dimensional standing wave. The characteristic size of the
addition to etching away the native oxide, results in a fineroughness along the vertical is approximately 389 nm. The
polishing of the surface since the effective size of the roughimage of the AH-treated surfa¢€ig. 3b] at the given mag-
nesses along the vertic@d axis) in this case is significantly nification differs hardly at all in its character from the origi-
smaller. The observed surface structure after AH treatmental, but the effective size of the irregularities is nearly half
remained unchanged for several hours. that of the original surface. To obtain a clearer picture, the
Figure 3 shows TSEM images of the surface of the epiimage was artificially stretched in th&direction.
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FIG. 4. Images of the origindh) and AH-treatedb) n-GaAs surface, etched with a solution of monoethanolamine : dimethylformamitle3 for 20 min.
Magpnification 2x< 10'°.

Figure 4a shows an image of the original surface at a&an image of a DM-treated surface that had previously been
magpnification of #? of samples treated with the DM solu- subjected to AH treatment. In this case, vacancies are essen-
tion. The presence of individual vacancies and of its clustersially absent on the surface. Extend@ilimbbell-like shape
is clearly visible. The surface segments free of vacancies af@rmations, oriented perpendicular to one another, are vis-
homotypic. The surfac has a<ll structure. Figure 4b shows ible.
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FIG. 5. Images of the origindk) and
AH-treated(b) n-GaAs surface, etched
with a solution of monoethanola-
mine : dimethylformamide= 1:3 for
20 min. Magnification X 107.

1.96

Figure 5 shows TSEM images of the same surfaces as iis 0.005—-0.008«m, on the average. Thus, treatment of the
Fig. 4, but at a magnification of*2. It can be seen that the samples in a flow of atomic hydrogen leads, on the one hand,
original GaAs surfac¢Fig. 54 after etching is strongly de- to micropolishing of the surface and, on the other, to a pres-
veloped. Irregularities formed by individual clusters of ob- ervation of this effect after treatment with a solution of dim-
jects of rounded shape less than Ot in size, are visible. ethylformamide and monoethanolamine.

The AH-processed surfa¢€ig. 5b| after treatment with the
DM solution has a dlﬁerent morpholog.y_. The sqrface st(qc-‘l_ DISCUSSION OF EXPERIMENTAL RESULTS
ture has become more uniform. In addition, the irregularities
of the AH-treated surface is significantly lower. Their verti- Our TSEM studies have shown that changes in the sur-
cal size on the AH-treated surfa€Eig. 5b| is significantly ~ face morphology are observed. As can be seen from Fig. 3,
smaller than in Fig. 3a, and small differences in scale ar¢he size of the grains of the AH-treated surface is signifi-
explained by the large slope of the surface shown in Fig. 5bcantly smaller than on the untreated surface. Studies of the
The irregularities on the surface are distributed more uniGaAs surface at significantly higher magnificati@fig. 4)
formly and their shape is less rounded. Their horizontal sizeevealed a change in the structure of the surface treated with
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DM solution: a decrease in the number of surface disloca- From the available experimental data it is hard to come
tions, and formation of dimer$ydride phases or paired dan- to any conclusion about the reasons for the decrease in the
gling bonds of surface atomdt can be seen that dimers of conductivity of this layer. On the one hand, it may be due to
the higher-lying and below-lying layers are arranged perpena lowering of the mobility of the majority charge carriers
dicular to each other and form a structure on th&aAs because of disruption of the crystal structure of the surface
surface. In their study of a silicon surface the authors of Reflayer; on the other hand, it may be due to a strong lowering
3 showed that the state of the surface depends on the angle @ftheir concentration and a distortion of the potential formed
incidence of the atomic hydrogen. At an angle of incidencedy the metal-semiconductor contact with the Schottky bar-
of the atomic hydrogen exceeding 50°, for example, dimefier. It was suggestédthat the conductivity decreases due to
formation is observed on the silicon surface, i.e., the H atomge formation of a thin, semi-insulating surface layer. This
do not settle on the dangling bonds, but facilitate their pairsuggestion was based on an interpretation of the unusual
wise joining to neighboring atoms. An increase in the ang|é:h§1rqcter of the behavior of the current—capacitance charac-
at which atomic hydrogen strikes the GaA80) surface, as teristics.

is indicated in Ref. 2, leads to a lowering of the probability
of etching-out of surface atoms, and the G&230) surface
remains atomically flat. It was shown in Ref. 2 that after
completion of the process of cleaning with an AH flow, the Our results demonstrate a strong dependence of the state
dimensionality of the cells of the crystalline lattice on the of the surface on the means of its chemical treatment and the
surface remains 1. It was also shown that in this case possibility of enhancing the surface by treatment in a flow of
enrichment of the surface with gallium atoms is possibleatomic hydrogen, which etches out the oxide layer, mi-
along with a breakdown of the stoichiometry due to evapo-cropolishes the surface, and stabilizes it in relation to treat-
ration of the arsenic atoms in the form of hydrides. In ourment in a solution of dimethylformamide : monoethano-
case, the angle of incidence of the atomic hydrogen did ndgmine= 1:3 and in relation to oxidation, and also alters the
exceed 15°. In this case, dimer formation on the surface wagurface structure with formation of dimers.

also observed. In Ref. 20, similar formations on an AH- Itis found that AH treatment leads not only to a change
cleaned silicon surface was linked by the authors with fordn the surface and the properties of the surface itself, but also

mation of Si-dimers of the hydride phase. Dimer formation,t0 the formation of a thir(<1 wm), poorly conducting sur-

on the one hand, can be interpreted as hydride phases of A&C€ layer, which possibly plays a defining role in the in-
and Ga. On the other hand, it is entirely possible that th&'€ase inV,. Further studies are needed to explain the
dumbbell-like formations can form as a result of pairing of Mechanism that lowers the conductivity of the surface layer.

dangling bonds of neighboring surface atoms of the crysta] W& Wish to thank Cand. Phys.—Math. Sci. A.V. Panin

host. According to our data, this conjecture is supported bg;or making a tunneling microscope available for these these
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We have obtained In/HgG8, 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
T=2300 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 Hgffaasingle crystals as wide-band
photodetectors. €1999 American Institute of PhysidsS§1063-782809)01410-9

One of the most important results of fundamental inves-  Electrical measurements performed on single-crystal wa-
tigations of multicomponent diamond-like semiconductdrs fers which were not oriented deliberately show that such
is the discovery of new nonlinear media, with record-highcrystals possess free-electron densit§y-100° cm™2 and re-
nonlinear polarizability. Variations of the atomic compo- sistivity 1—10° Q-cm atT=300 K.
sition of such materials can result in a further increase of the 2. The contact of pure indium layers, deposited by
radiation conversion efficiendywhile the level of optical vacuum thermal sputtering, with a cleaved or polished
absorption in their transmission range is still holding backHgG&S, surface shows sharp rectification, and the transmis-
extensive use of the new materials in nonlinear optics. Suckion direction in In/HgGgS, Schottky barriers is always ob-
semiconductors also include the little-studied ternary comtained with positive external bias on the semiconductor.
pound HgGaS, with a thiogallate latticé:® This material Figure 1 shows a typical stationary current—voltage
holds promise for converting Cflaser radiation with an characteristic of one of the In/[HgG®, Schottky barriers.
efficiency of up to 60%, for detecting radiation in the atmo- The rectification coefficient in the best barriers reached 15,
spheric transmission window 10—%dm, and for visualizing and the reverse current increased with voltage according to a
the spectra of fast processes in the range 8«1?*°Inthe  power law and did not exceed {5)x 10" ° A for U<5 V
present paper, we report the results of the first investigationand T= 300 K.
of the physical properties of HgG$, single crystals, mak- When the Schottky barriers are illuminated with natural
ing it possible to obtain the first photosensitive structuregadiation, a photovoltage is generated and the semiconductor
based on them, and to demonstrate the new possibilities dfecomes positively charged, in agreement with the direction
photoelectric spectroscopy in the diagnostics of the perfecef rectification. The voltage photosensitivity of the best
tion of this material. Schottky barriers reaches 200 V/W Bt 300 K and domi-

1. The HgGaS, single crystals were grown by the Lock- nates for barrier contact side illumination.
heed SanderdJSA) Company using directed crystallization The typical spectral dependences of the relative quantum
of a melt close to stoichiometry of the ternary compound inefficiency » of photoconversion for the barriers obtained are
a horizontal glassy carbon boat. During slow directed coolshown in Fig. 2. It is evident that for barrier contact side
ing of the melt at rates of 0.1-0.3 °C/h, the axial temperaturdlumination photosensitivity “arises” at incident photon en-
gradient was 1-3 °C/cm, which effectively suppressed crackrgy z«>0.8 eV, and is observed in a wide spectral range
formation, mass transfer, and composition disturbances afp to~3.8 eV (Fig. 2, curvesl and2). If such barriers are
the solid phase. The ingots obtained had average dimensioilkiminated on the semiconductor wafer sifleig. 2, curve
10X 15X 200 mm and a uniform bright-orange color. The 3), then a sharp short-wavelength boundary arises inzthe
cell parameters of these crystals were the same as the knowpectra and the photoresponse nkar=2.48 eV virtually
parameters for HgG&,.”® vanishes for wafer thicknesses 0.1-0.2 mm. This shows that
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FIG. 3. Spectral dependences of the stationary photoluminescence of
-01F HgG&S, single crystals afT=77 K. (Excitation photon energyiweyc

=2.88 eV.1, 2—Sample 6;3—sample 10; pump intensity/Pg: 1, 3— 1,
FIG. 1. Stationary current—voltage characteristic of an InH@pa 2—0.1)
Schottky barrier atT=300 K. (Positive external bias corresponds to
HgG&S,).
of the Schottky barrier and, for this reason, photosensitivity
vanishes. It is important to underscore thatfies<2.25 eV
for #w>2.3 eV optical absorption in HgG&, increases the 5 spectra are essentially independent of the barrier illu-
rapidly, the carrier photogeneration region is localized in amination geometryFig. 2, curvesl and?2). This attests to a
thin layer near the surface, and because of the short diffusioolume character of photoconductivity, and the observed dif-
length, the photoelectrons no longer enter the active regioferences in the long-wavelength photosensitivity and the par-
ticular features of they spectra in the regioh w<<2.3 eV
should be interpreted primarily as being a manifestation of
2 the dependence of the density and nature of point lattice
defects on the technological conditions under which the
HgGa S, single crystals are obtaindéig. 2). It is also ob-
vious that measurements of the photosensitivity of Schottky
barriers could find application for adjusting the technological
process, and, correspondingly, increasing the optical quality
of single crystals in their transmission range.

For all InfTHgGaS, Schottky barriers obtained, the pho-
tosensivity forh w>2.3 eV increases sharply at the location
of the short-wavelength dropoff of, typical of substrate
side illumination, with a transition to barrier contact side
illumination (Fig. 2, curvesl and?2). From 2.3 to 2.8 eV this
increase is close to a square-root law, as is indicated by the
rectification of the photosensitivity spectra in the coordinates
(nhw)?—tw (see the inset in Fig.)2 Extrapolating this
= dependence % w)?>—0, we obtain the energ,;=2.32
& eV, which, with allowance for Refs. 10 and 11, can be cor-
pb—~—t o related with indirect optical transitions in Hg&®. For
hw>2.85 eV the increase in photosensitivity becomes
nearly exponential, and it can be characterized by the slope
s=d(In p)/dhw)=12 eV, which, with allowance for Ref.
12, justifies correlating it with the onset of direct interband
- 7.0 2.0 30 20 transitions with energye=2.85 eV, which is close to the

heo, eV published estimate of the band gap in Hg&a'® The
growth of » in the rangefiw>E, up to 3.5 eV (Fig. 2,
FIG. 2. Spectral dependences of the relative quantum photoconversion ef;r/es1 and 2) shows that the Schottky barriers obtained are

ficiency of In/[HgGaS, Schottky barriers af =300 K (1, 3—sample 62— . . . :
sample 101, 2—barrier contact side illuminatio3—HgGaS, side illumi- adequate with respect to collection of the pairs photogener

nation. Inset: (7 w)Y2 versushw for an InfHgGas, Schottky barrier at ~ ated at .the SemicondUCtolr surface. _
T=300 K (sample 6, barrier contact side illuminatjon 3. Figure 3 shows typical photoluminescen&d.) spec-
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tra of the HgGaS, single crystals used to produce Schottky €rgyiw<2.7 eV. At the same time, it should also be under-

barriers. Photoluminescence was excited by focusegcored that investigations of the photosensitivity spectra of

He—Cd laser light {fwe=2.88 eV, P=10%-10° Schottky barriers can be used for rapid diagnostics of the

photons{cn?-s)} which is strongly absorbed HgG®,. The  optical quality HgGaS, single crystals in their transmission

PL spectra were corrected for transmission of the radiatiofiange ¢ w<2.3 eV) and therefore for perfecting the technol-

by the optical channel and the spectral sensitivity of the phoogy of making this material which is so promising for non-

todetector; the resolution of the apparatus was not less thdinear optics.

1 meV. We thank A. A. Vdpolin for performing the x-ray inves-
The PL spectra at 77 K of all single crystals grown gen-tigations of the HgGz5, single crystals.

erally include several competing wide bands. The large

width of the PL bands indicates that the observed radiativelN- A. Goryunova,Crystal and Chemistry of Diamond-Like Semiconduc-

transitior)s are not elementary. The ratio of the inte_nsities absrséégfggﬁﬂhﬁ]d ;ﬂl’yfns_oguld?siiz_ Tekh. Poluprovod®, 209

the maxima of the PL bands for our crystals varied from (1978 [Sov. Phys. Semicond2, 121 (1978)].

sample to sampléFig. 3, curvesl and 2). This correlates  3N. A. Goryunova, A. A. Grinberg, S. M. Ryvkin, I. M. Fishman, G. P.

with the changes in the spectea of the Schottky barriers Spen‘ko}:/, and I. D. YaroshetdkiFiz. Tekh. Poluprovodr2, 1525(1968

based on the same s_amples. The energy positipn_of the PLE O(\;'. Ehﬁl‘ JS;T IJC.ORgbl.lghzyg; 6685]é (1993.

spectra, as indicated in Fig. 3, falls in the transmission range€m. c. ohmer and R. Pandey, MRS Bulle®3, 16 (1999.

of HgGaS, substantially belowE; and therefore it can be °B. F. Levine, Phys. Rev. B, 2600(1973.

attributed to radiative transitions with the participation of 'a-g';gh”' G. Frank, W. Klinger, and Z. Anorg, Allgem. CheBY3, 241

levels of lattice d_efeCtS' _ 83. A. Beun, R. Nitsche, and M. Lichtensteiger, Physiaesterdan 26,

As the pumping level decreas€@sg. 3, curvesl and3), 647 (1960).
the contribution of the |ong_Wa\/e|ength components of thegs: A. Komarov, A. N'. Meleshko, A. N. Pleshanov, and V. S. Solomatin,
photoluminescence increases and the long-wavelength Wing':l';gc‘;]‘ Zh. Tekh. Fiz6, 870 (1980 [Sov. Tech. Phys. Lett6, 375
of the PIT b.and.s' shifts into.the long-wavelength spectrgl r€10p G Schunemann and T. M. Pollak, MRS B8, 23 (1998.
gion. This justifies attributing the observed photolumines-'1J. J. PankoveQptical Processes in SemiconductéPrentice—Hall, New
cence to the donor—acceptor recombination. Jersey, 1971

. : 12A. A, Abdurakhimov, A. V. Lunev, Yu. V. Rud’, V. E. Skoryukin, and
In summary, the Schottky barriers obtained on the basis Yu. K. Undalov, Izv. Vyssh. Uchebn. Zaved. SSSR, Fiz. No. 71985,

of HgGaS, single crystals could find application as photo- 13ppysicotechnical Properties of Semiconductor Materidiauka, Mos-
detectors for natural light, and with allowance for high te- cow, 1978.

tragonal CompreSS|on of the Crystal Iattfbenearly polar_ 14F. P. Kesamanly, V. YU RUd’, and Yu. V. RUdY, Fiz. Tekh. POIUprOVOdn.
ized light* in the spectral range 2.9-3.6 eV. In addition, °0 1921(1996 [SemiconductorS0, 1001(1996].

they are “blind” with respect to radiation with photon en- Translated by M. E. Alferieff
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Effect of hydrogen on the current—voltage characteristics of Pd/ p-InGaAsP
and Pd/ n-InGaAs batrrier structures

V. P. Voronkov and L. S. Khludkova

V. D. Kuznetsov Siberian Physicotechnical Institute, Tomsk State University, 634050 Tomsk, Russia
(Submitted April 8, 1999; accepted for publication April 27, 1999
Fiz. Tekh. Poluprovodr33, 1220—-1223 October 1999

The effect of hydrogen on the current—voltage characteristics of palladium—semiconductor

barrier structures based on the solid solutionggJBa; 0gASy 17083 and InysdGay 4AS 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 surfacel99® American Institute of
Physics[S1063-782809)01510-7

The effect of hydrogen on the electric and photoelectridayer was produced by annealing indium. The electric char-
characteristics of palladium—semiconductor Schottky barriacteristics of the barrier structures were measured at 300 K in
ers has been studied rather extensively. Barrier structuremn airtight chamber equipped with a fan for mixing the gas
based on silicon? indium phosphidé* gallium  mixture.
phosphide, and gallium arsenidd have been investigated Investigation of the current-voltage characteristics
experimentally. At present, there is, nonetheless, no gener@VCs) of Pdp-InGaAsP structures showed that the direct
agreement concerning the mechanism of the hydrogen send¥C branch(Fig. 1) can be described by an exponential func-
tivity of such structures. According to the model encounteredion and can be represented in the form
most often in the literature, the effect of hydrogen on the i qVv
characteristics of a Schottky barrier with a palladium contact | =AT? ex;{ - ﬁ) ( eXp T 1) , 1)
is due to a change in the electron work function of palla-
dium. At the same time, according to Ref. 4, hydrogenWhel‘eA is the effective Richardson constadty is the bar-
changes the density of surface states of the semiconductdier height, andh is the nonideality coefficient. The nonide-
which changes the height of the Schottky barrier. ality coefficientn for the various diodes falls in the range

In the present paper we report the results of an investi3-3—3.8. The barrier height estimated from the IVCs is 0.67
gation of the effect of hydrogen on the current—voltage char-
acteristics of barrier structures based on the solid solutions -5
INo.9/5.06AS0.170.83 aNd Iy sGap 47AS. The results ob- ”
tained are discussed from the standpoint of the adsorption of
hydrogen atoms in the semiconductor surface.

The barrier structures were prepared on the basis of ep-
itaxial layers of a solid solution, which were grown by
liquid-phase epitaxy on semi-insulating InP substrates. Lay- 10'5
ers of the solid solution with various compositions, degrees
of doping, and type of conductivity were used to obtain the <
samples: R

1) zinc-dopedp-Ing o/Gay 0gASy 170,83 layers Eq=1.21

eV, p=5.8x 10 cm™9), 7

2) n-IngsGay 4As layers E,=0.75 eV,n=1.8x10' 10

cm %), grown from europium-doped melts,

3) undoped n-Ing5§Ga 4As layers Ey=0.75 eV,

n=7.0x10'% cm™3).
The barrier contact was produced by thermal evapora-

T T TTTTT] T

tion of palladium in vacuum with residual pressure $@nm 70-8 A T TR S T NN G M R B
Hg. The thickness of the deposited palladium was 40 nm, 02 03 04 05 06 07
and the contact area was<40 2 cn?. No special surface v,V

treatm_e,nt(Other than degreasm\g/vas. performed prior to FIG. 1. Direct(1,2) and reversé3,4) branches of the current—voltage char-
deposition. The structures were fabricated in a planar CONgcteristics of a PgtinGaAsP structure without H(1,3) and in air contain-

figuration. The ohmic contact to the epitaxial solid-solutioning 0.5% H (2,4).

1063-7826/99/33(10)/4/$15.00 1111 © 1999 American Institute of Physics
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eV. In Ref. 8, for a Schottky barrier obtained by depositing 140 a.00

gold on a solid solution Pg/InGaAsP with the same com- 120 o N

position as oursgy=1.21 eV), the value o determined -\ «— % 7 17

from the photoelectric measurements was 0.69 eV. The re- 700: H-0.10

verse branches of the IVCs for PdhGaAsP structures can < 80} <

be approximated by a power law with exponent 3.0-3.5. = ool :"0' o :3:
When hydrogen was introduced into the measurement § = | — 4-0.20 =

chamber, both the direct and reverse currents were observed 40T, 4 A

to decrease for Pg/inGaAsP structures. In air with 0.5% 20 1-0.25

hydrogen, the direct current decreases by a factor of 1.5 and 1 R T X

the reverse current decreases by a factor of 2. Since the non- 0 2 4 6 8 10

ideality coefficient in a hydrogen-containing medium t, min

changes very little, the ratio of the currents in a medium WithFIG_ 3. Change in the current of RelhGaAs (1) and Pdp-InGaAsP (2)

and without hydrogen can be written as structures as a function of time after hydrogen is introduced into the mea-

surement chambeNHz=0.5%).

Iy Adg

TZZeXF’(_ kT ) @
where Adyg is the hydrogen-induced change of the barriershown in Fig. 3. The current was measured with a direct bias
height. A decrease in the direct current by a factor of 1.5/=0.3 v. The time for establishing a stationary value of the
(with 0.5% hydrogehcorresponds to an increase of the bar-cyrrent is 5—7 min.

rier height by 0.01 eV. As follows from Eq.(2), the change\®g in the barrier

For structures based on the narrower gap solid solutiofeight is proportional to the logarithm of the current ratio
N-INgsdGay 4 AS (Eq=0.75 eV with both low (n=1.8 Ly /1,

X 10' cm™3) and high o=7.0x 10'® cm™3) charge-carrier
density, the direct and reverse branches of the IVC were Iy, Adg
virtually identical and had the form of the curve described by ~ In T kT 3
a power-law function with an exponent of 1(Big. 2, curve
1). This form of the IVC seems to be due to the low height of Thus, the time-dependence of Inz(/l) is determined by the
the potential barrier for electrons in a Rdhys:GaysAS  time-dependence of the barrier height. It is known that the
contact. We note that in Ref. 9 linear IVCs were obtained forbarrier height in structures based on I11-V semiconductors is
a Pdh-Ing 54G& 4As structure. essentially independent of the electronic work function of the
Hydrogen increased the direct and reverse currents ahetal and is determined by the energy states on the semicon-
Pdh-InGaAs structures, and in the process the IVC ap-ductor surfacé® At the same time, it has been shown that
proached a linear depender{€ég. 2, curve2). The sensitiv-  treatment of a semiconductor surface with atomic hydrogen
ity of the structure decreased somewhat with increasing apzan change the barrier heightTherefore it can be inferred
plied bias. In air with 0.5% hydrogen, for example, thethat the hydrogen-induced change in the barrier height of
current(both direct and revergéncreased by a factor of 2.4 metal—semiconductor structures is due to a change in the
under a voltage of 0.1 V and by a factor of 1.6 under aglectronic work function of the semiconductor as a result of
voltage of 0.5 V. The dependences of the current increasthe adsorption of hydrogen atoms on its surface. Since the
Al=1y,—1 in the structures on the time elasped after thekinetics of adsorption is described, as a rule, by an exponen-
introduction of hydrogen into the measurement chamber artial law, the surface characteristics of a semiconductor, such
as the electric conductivity and work functions, change ex-
ponentially in time as a result of the adsorption of molecules.

600 In Ref. 12, for example, it is shown that for adsorption of
i 2 gases on germanium and silicon surfaces the kinetic curves
of the electronic work function of the semiconductor the
w0k 1 region of small variations of the work functipcan be ap-
proximated by an exponential dependence. Taking into ac-
fL L count the exponential character of the time-dependence of
- the barrier height, we can write expressi@) in the form
200 I H2 ACDBST t
i In|—=— T 1—exr{—;) . (4)
0 L ) ! ! ) Let — (Adgsr/KT) =In(lyys7/1), Wherel, sy is the station-
00 071 02 03 04 05 06 ary value of the current. We then obtain

VoV

©)

In—=In —In ——

| | |
FIG. 2. Current—voltage characteristics of arPliiGaAs structure without Ha HoST HZSTeX t
H, (1) and in air with 0.5% H (2). | I | T
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FIG. 4. The quantity characterizing the change in the current of 7
Pdp-InGaAsP(1) and Pdh-InGaAs(2, 3) structures versus time for various 0. N %
hydrogen concentrations in eﬁtHz, %: 1—0.1,2—0.5,3—1.0. Hy? °

FIG. 5. The response time of a RdhGaAs structure versus the hydrogen
concentration in air.

It thus follows that the time-dependence qufz is linear in
the coordinates IBD versust, where
IHZST |H2 e )
—In —= (6) ment of an equilibrium state on the inner surface of palla-
I I dium can last for 10 min. At the same time, it was shown that
The time dependence of;, for p-InGaAsP-based structures for adsorption the surface of semiconductors such as germa-

in the indicated coordinates is shown in Figictirve1). The ~ hium and silicon is charged slowly, and the time for estab-
characteristic timer appearing in the argument of the expo- lishing a stationary value of the electronic work function of

nent is 2 min. Figure 4 also showsDnversus the time for the semiconductor reaches 100 nin.

structures based on the solid solutioiinGaAs for various In summary, our investigations have shown that the ki-
hydrogen concentrationgurves2 and 3). As the hydrogen netics of the hydrogen-induced change in the current in Pd/
concentratiorNH2 increases from 0.1 to 1%, the characteris-p-InGaAsP and PdtIinGaAs barrier structures can be de-

tic time = decreases from 5 min to 1 min. The hydrogenscribed on the basis of a model of adsorption of hydrogen
concentration dependence of the timéFig. 5 can be ap- atoms on the semiconductor surface. It was established that

proximated by a power-law function~ Ngzm for adsorption  the response time of the structures decreases with increasing

processes, where the exponentis 0.7. Extrapolation of hydrogen concentration in the gas mixture. o
the dependence of on Ni,, which we obtained for We thank S. V. Ponomarev for growing the epitaxial

Pdh-InGaAs structures, to lower and higher hydrogen Con_layer_s of the solid solutions and V. P. Germogenov for help-
centrations gives good agreement with the response times f(f)llJI discussions.

Pdh-InP structures investigated in Ref. 42 min for a

0.01% H in nitrogen and 1.3 s for 100%}l In Ref. 12 a

similar dependence af on Ny, was obtained for adsorption

on germanium of mOIeCUIeS.Of SUEStances SlfIChlaS aICOhOL’G. G. Kovalevskaya, M. M. Meredov, E. V. Russu, Kh. M. Salikhov, and
acetone, and carbon monoxide. The expomens close 10 s v siohodchikov, zh. Tekh. Fif3(2), 185(1993 [Tech. Phys38, 149
0.5, irrespective of the type of adsorbed molecules. (1993].

Comparing the response times of barrier structures base@V. 1. Gaman, P. N. Drobot, M. O. Duchenko, and V. M. Kalygina, Pov-
on solid solutions and the RESi structures which we inves- ,érkhnost, No. 11, 641996. _
. d sh d that i | ti f he sili G. G. Kovalevskaya, L. Kratena, M. M. Meredov, A. M. Marinova, and
tigated showed that Is several times greater for the silicon- g, “gjohodchikov, Pis'ma zh. Tekh. Fiz5(12), 55 (1989 [Sov. Tech.
based structures. For a 0.5% hydrogen concentration it is 12phys. Lett.15, 478(1989].
min. The dependence of the response time on the type ofM. Yousuf, B. Kuliyev, B. Lalevic, and T. L. Poteat, Solid-State Electron.
semiconductor serves as an argument in favor of the modegg5'v75gl(1t?8d3-h_k & . Kovalevskava. M. M. Meredov. E. V. R
that explains the hydrogen sensitivity of barrier structures by ., kh_oMf)SZ“Lr?g’\'/’ b 'Tel?r\]’_ ape(;ﬁ p?gsédzé, 1'1558(?9;%( [Semic Oﬁ_ss”’
the interaction of hydrogen with the semiconductor surface. gyctors28, 659 (1994].
Another argument in favor of such a model is that the re-°Ss. V. Tikhov, V. P. Lesnikov, V. V. Podol'ski and M. V. Shilova, Zh.
sponse timgespecially for silicon-based barrier structyres _Tekh. Fiz.65(11), 120(1999 [Tech. Phys40, 1154(1993].

. . . . . 7V, I. Gaman, M. O. Duchenko, and V. M. Kalygina, Izv. Viyssh. Uchebn.
assumes rather high values. Since the hydrogen diffusion N2 ved. Fiz. No. 1, 691998,

. . . 7 . -
palladium is high (-10" cn/s at room temperatutd, it is 8J. S. Escher, L. W. James, R. Sankaran, G. A. Antypas, R. L. Moon, and
difficult to imagine that the process leading to the establish- R. L. Bell, J. Vac. Sci. Technoll3, 874 (1976.
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LOW-DIMENSIONAL SYSTEM

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

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

(Submitted May 5, 1998; accepted for publication March 3, 1999

Fiz. Tekh. Poluprovodr33, 1224—-1228 October 1999

The results of experimental and theoretical investigations of the magnetoplasma resonance at
microwave frequenciesa/2m=8 GH2 in AlGaAs/GaAs heterostructures amel

Cd,Hg, _,Te films at liquid-nitrogen temperature are reported. To explain the experimental
results, an expression is derived for the conductivify(w,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 dependences99®American
Institute of Physicg.S1063-782809)01610-3

1. INTRODUCTION also been conducted at liquid-helium temperature and MPRs
) ) .. have been observed in quite high magnetic fields, such that

Magnetoplasma effects in semiconductors are ordinarily . s~ here o.. and o.. are the components of the
. . . . . xy> Oxxs XX X
investigated experimentally in the infrared range, where.,nqyctivity tensor of the 2DEG. The observed resonances
w7>1 (sge, for eximple,iFie.f.).’LThe plasma resonance fre- 5rq called edge magnetoplasmeBE&PS. A rigorous theory
quenpywpznez(m eoe;)  Is determined by the electron ¢ Fyips has been constructed by Volkov and MikbaS
density n and does not depend on the dimensions of the | he present paper we report the results of an experi-
sample. The measured frequency dependences of the maggania| investigation of MPRs in thin-film samples at 77 K in
toplasma reflection of light in a magnetic field perpend|c_uI<";\rmagnetiC fields such that the transmission of a microwave
to the plane of the sampl&araday geometjyalso makes it gigna| at frequencyw< w, is determined by the diagonal
possible to determine the electron effective ma$sand the componenta,, of the conductivity tensor. The microwave

. . . XX "

momentum relaxation time- by comparing the measured ¢qnqyctivity of the sample in this case is a complex quantity
and computed dependences. _ when wr<1. This occurs for sample dimensions that are

DlmenS|ona[ resonan_ce($1ellcgns), which occur when small compared with the microwave wavelength
the sample thickness is an integer multiple of half- <)/ /s so that the microwave field inside the sample
Wavelengths, can be observed in experlment's at MICrOWaVganends on the permittivityos, , the transverse dimensions,
frequencies. Measurement of the wavelength in the sample af,j the shape of the sample. In Ref. 2, a simple theoretical
resonance makes it possible to determine the carrier density, ,qe| \vas used to determine the microwave conductivity for
Here the sample th|ckne_ss_|s much greater than the Sk'”"ay%rsample in the form of an oblate ellipsdibheroid with a
depth in a zero magnetic field. , small thicknesss and depolarizing factor known from elec-

A plasma resonance in small sampl@pproximately  yogatics. We use similar approach here to analyze theoreti-
3X3 um), fabricated using photolithography followed by 41y microwave transmission in a waveguide with a thin-

etching of the AlGaAs/GaAs heterostructure with @& tWo-gi" sample. The briefly described approximate theory of
dimensional electron ga2DEG), was first observed in Ref. microwave measurements is applicable when

2. The plasma frequency was determined by the demsity
and the diameter & of the electron disk: a<N e, w<oalegs,, w<(Poug) Y

where g is the magnetic permeability. The last condition
imposed on the frequency means that the film thickn&ss

In a magnetic fieldB the resonance absorption frequency Must be much less than the skin-layer depth at the micro-
decreased from 575 GHBE0) to 120 GHz B=5 T). The ~ Wave frequency» of the signal.

experiments were performed at 1.4 K temperature and the

condition w7>1 was satisfied. In subsequent works, the
magnetoplasma resonanc@4PR9 were also observed at
low frequencies ¢ 7<<1) in samples with sufficiently large
transverse dimensions, for example<d mm (Ref. 3 and Before discussing the experimental results we shall es-
10x 11 mm? It should be noted that these experiments haveablish the formulas for calculating the microwave transmis-

wgz me’nfam* (1+e,)eq] L

2. CALCULATION OF THE MICROWAVE TRANSMISSION
COEFFICIENTS

1063-7826/99/33(10)/4/$15.00 1115 © 1999 American Institute of Physics
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sion coefficient. The theoretical calculation of the reflection = The MPR effect occurs when the imaginary part in the
coefficientI’ and the transmission coefficiefitfor a con-  denominator of Eq.(4) is zero, i.e., form-(wf,/wz—l)
ducting film that completely covers the cross section of a* w.7=0. Therefore, the MPR frequency is

rectangular waveguide with the basic type of walg has

been gxamined ir? Ref. 6. Fars<1 (y i)s/pthe propaﬁé]ation O= i+ wil4* od2. ®)
constant in a conducting medignand the conductivity is | our case, foro<w, we shall be dealing with the low-
os=od=enu, the formulas forl’ and T have the simple  frequency branch of the MPR, for which the resonance fre-

form quency decreases asBlMith increasing magnetic field,
- since
I'=o(2+0) %, (1)
wi— w? wg 1
T=2(2+0)7", 2 YT T we  w. B
where o= 0iZy, andZy=120m\4/\ is the characteristic As is well known! for right- and left-hand circular mi-

gerowave polarizations the conductivity can be represented in
the formo .. = oy, + oy, . Evidently, the transmission coeffi-
cient will also have two value$, andT_ . In approximate

A=1-T2-T2=2¢(2+ ) 2. (3)  calculations, we shall calculate the modulig| of the trans-

) ) mission coefficient, substituting the conductividy,,= (o
It follows from the expressiornt3) that the microwave ab- — .
o : i +0_)/2 into Eq.(1). Then

sorption is maximum fowr=oZ,=2. However, the micro-

impedance of the waveguide. The microwave absorption ¢
efficient is

wave transmission varies monotonically as functiorraind ORe o2, -

has no minimum, since as the microwave absorption in theTel=| | 1+ o T | ®
film increases, the reflection coefficient, correspondingly, de-

creases. Thus, for active conductivifpr w7<1) the coef-  gpe=FoZy(1+ u?B*+ a?)[(1+ u?B*— a?)?+4a?]*
ficient T(B) for a microwave signal has no minimum. (7)

We note that fokw7>1 the conductivity becomes com- — oo 2 2o 2 P
pleX o= opetioy; the real partrge is determined by the Tim=FosZga(l=p B a)[(1+ p B = a®) +4a7] ®
microwave absorption and the imaginary pétte reactive
conductivity o,, gives rise to a change in phase of the where o= w7(wy/w?~1), and uB=wr. Analysis of the
reflected and transmitted microwave signals. In this case, formulas presented above shows that the minimum of the

minimum can appear in the measurement of the magneticm‘)dums of the transmission coefficient, i.e., the MPR, oc-

field dependence of the modulus of the transmission coefficUrs In @ magnetic fiel =B, determined by the condition

cient_|T(B)|. However, this question falls outside the scope ;B =a[2+/1+ 1/a2— (1+1/a?)]"2, 9
of this work, and in what follows we shall consider the com-
plex conductivity arising in a small sample as a result of uBp,=a for la?<1.

magnetoplasma effects forr<1, o<w,. It is obvious that an MPR is observeddf=1, but this does

Using the theoretical model proposed in Ref. 2, it can b%ot require thatwr>1, sincewr can be quite small when
shown that the microwave conductivity of a small samplewzlwz>1 ’

; Lwp
placed at the center of the cross section of a waveguide is For a small sample, the fraction of the transmitted mi-

given by crowave power that is absorbed by the sample is small, and
= to observe an MPR it is desirable to record the relative

_ O ) o L o

o.(w,B)= (4)  change in the transmission coefficient in a magnetic field:

1-iwn( 0 w?—1)*iwT
P ¢ AT/[To|=[Tgl/[Te=ol — 1.

where the cqefficientf<1, which. takes into accognt the |1 the absence of an MPR, i.e., forz 0, andwr<1, when
degree to which the film sample fills the cross section of thea<1’ a simple formula can be obtained for the relative

waveguide, depends on the dimensions of the sampleyange in the microwave transmission coefficient in a mag-
os=ensu, Ns=nd, u=e/m*r, andw.=e/m*B is the cy- .- field:
; 21-1
1+ —0) } :

clotron frequency. According to the more accurate formula
of Ref. 7, for diskotic film samples the plasma frequency is o0 L,

w’B2+

wi=3me’nd8am*eo(1+e,)] 7,

wherea is the radius of the disk, anel is the relative per- T0=FoZy. (10
mittivity of the substrate. The signs in the denominator of The effect of the substrate was disregarded in the derivation
Eq. (4) correspond to the left- and right-hand circular micro- of the formulas for the approximate calculation of the trans-
wave polarizations. As is well known, a linearly polarized mission coefficientT|. It was assumed that the thickneds
wave can be represented as a superposition of two waved the substrate with permittivitg e, is much less than the
with left- and right-hand polarizations. wavelength <M/ \e,).
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FIG. 1. Magnetic-field dependences of the microwave transmission of a — 0
waveguide with am-AlGaAs/GaAs sample at liquid-nitrogen temperature. [f.’
The numbers on the curves correspond to the sample numbers in Table I. E
S -0.02
3. EXPERIMENTAL RESULTS §—0.04
AlGaAs/GaAs heterostructures andCdHgTe (CHT) < _0.06 ) ) 1 i f ! !
epitaxial films grown on GaAs substrates by molecular-beam 0 01 02 03 04 05 06 0.7
epitaxy were used for the experiments. The dimensions of B, T

the samples in the first group were approximately3mm.
The Sa_lmples with an epitaxial CHT film were prepared Using, iences of the microwave transmission of a waveguide containing the
photolithography followed by etching to obtain &D.7-mm  sample. Samples with anCd,Hg, _,Te film (see Table)lwith composition
mesa structures separated by 0.3 (i mesa structures on and thickness: a —x=0.22,6=9 um; b —x=0.23,5=10.8 um. Tem-
a 4xX4-mm substrat)e peratureT, K: 1—80, 2—130, 3—150.

For microwave measurements the samples were placed
between thin mica sheets in the central part of the cross . . . o
section of a rectangular waveguideX23 mm). The wave- mine the electron mobility. and the effective conduct_lwty
guide section containing the sample was placed between tHEo=FensuZq. For the other two samples an MPR is ob-
poles of an electromagnet and cooled with liquid nitrogen. AServed@ minimum of the microwave transmissidior mag-
similar apparatus is described in greater detail in Ref. 8. Th@€tic fieldsB,=0.09 and 0.167 T. The plasma frequency,
measurements were performed at 8 GHz. The output voltage w,= Jo(w+e/m*B,,), (11)
Ug of the microwave detector, proportional to the modulus ) o )
|Tg| of the transmission coefficiefiinear detection regime @1 be determined from the resonance condit®nf By, is
was measured with a digital voltmeter and fed simulta-KNOWn, and therefore the electron density can be deter-
neously into theY input of a recorder. The voltage from a Mined for the known dimensions of the sample. The param-
Hall sensor, proportional to the magnetic field, was fed into®t€rs for which the computed dependences in Fig. 1 were
the X input. Compensating the voltagé, from the detector determined are presented in Table I. The values'm,
at the initial point 8=0) and using a recorder with 1 =0.068 and:, =13 were used, and the disk diameter\®as
mV/cm sensitivity, it is possible to detect reliably small @5Sumed to be equal to the edge length of a sqisaeeTable
changes in the transmission coefficient by scanning the magfor the dimensions The values ohs andw,/2 for sample
netic field from 0 to 0.7 Twith accuracyAU/U,=10"3). 1 were estimated by comparing the adjustable paranaeter

Figure 1 shows the results of measurements ofvith the similar value ofry for sample 3, whose dimensions
AU(B)/U, and the computed dependendes(B)/|T,| for are approximately the same.
three samples fabricated from AlGaAs/GaAs heterostruc- We did not perform Hall measurements on the experi-
tures with different electron densitiegs. An MPR effect is  mental samples, but we can say that the valugs ahdng in
not observed in sample 1, and Ef0) can be used to deter- Table | agree with the certificate parameters of the structures

IG. 2. Measuredsymbolg and computedsolid lineg magnetic-field de-

TABLE I.

Sample No. Size M, ng, wpl2m,

(structurey in mm 1¢t cn?/(V-s) 10 cm 2 o0 GHz T or(w)w?-1)
1(GA106R 3X3 6.8 3.26 0.104 15.58 0.132 0.37
2(GA17123 2.7X2.8 11.5 5.26 0.28 19.8 0.223 1.15

3(GA33R 3X3.3 9.5 10.3 0.41 25 0.185 1.62
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TABLE II.
n-Cch 2Hgo 7Te n-CdpoHgo 77Te
M Ns, o My Nsg, o
T, K 10* cm?/(V-s) 10 cm™? oo oyl 10* cn?/ (V- s) 10" cm? oo wplw
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 13.75
150 2.1 4.98 0.36 14 1.8 9.88 0.52 16.375

used to prepare the samples. For example, for sample 2 thp agree well with the values,=ns=6.64x 10'* cm™2 and
certificate parametergHall mobility and electron density ne=9.8x 10 cm™2 obtained from the calculation using the
are uy=1.38<10° cm?/(V-)s andng=5.16x10" cm™ 2,  formulas from Ref. 9.

which are close to the values pfandns presented in Table It should also be noted that the formulas for calculating
I It should be noted that when the computed dependencegT(g)/|T,| were obtained without allowance for the Fara-
AT(B)/|To| are fitted to the experimental dependencesyay rotation and the concomitant ellipticity, which could al-
AU(B)/U, using Egs.(6)-(10), the value of the parameter ready be substantial for film thickness on the order ofit0

w Is less critical than that ob,, so that the error in deter- ith sufficiently high electron mobility and density.
mining the electron mobility. is greater than that famg.

The results of the measurements and calculations for tw8- CONCLUSIONS
samples with CdHgTéCHT) films at temperatures 80, 130, On the whole, it can be concluded that the magneto-
and 150 K are shown in Figs. 2a and 2b. As is well known,plasma resonance method at microwave frequencies can be
the electron density increases with temperature and, as onsed as a rapid, contact-free method for determining the den-
can see from Fig. 2, the MPR shifts into the range of highsity and mobility of electrons in small, thin-film samples and
magnetic fields. It should be noted that the electron effectivenesa structures on high-resistance substrates.
massm*/m, also changes appreciably, which was taken into ~ We wish to thank A. I. Toropov, N. T. Moshegov, Yu.
account in the calculationghe data from Ref. 9 were used G. Sidorov, and V. S. Varavin for providing the thin-film
The parameters obtained by comparing the experimental argemiconductor structures. We also thank V. V. Vasil'ev and
the computed dependences are presented in Table Il. THe |. Zakhar'yash for preparing samples with Eit); _,Te
first sample, fabricated from an epitaxial structure with film films.
thicknessd=9 um, possess.es dt=80 K the esaabhsﬁgd K. Seeger,Semiconductor PhysidsSpringer-Verlag, New York, 1973;
values of the volume density=ny/6=1.66x 10" cm Mir, Moscow, 1977, p. 14B
and mobility u=7.2x10* cn?/(V-s), close to the Hall pa-  2s. A. Allen, Jr., H. L. Stamer, and J. C. M. Hwang, Phys. Rev.Z8,
rameters of the initial structure at liquid-nitrogen tempera- 4875(1983.

n — 4m3 — . 3S. A. Govorkov, M. I. Reznikov, A. P. Senichkin, and V. I. Tal'yariski
ture:ny=2.3x10“cm 3 andu,=7.8x 10* cn?/(V - s). For JETP Lott 44 457(1986.

the second sample, with film thickne8s=10.8 um, the pa- 4y \assermeier, J. Oshinow, J. P. Cotthaus, A. H. Mac Donald, C. T.
rametersn=5.15x 10 cm 2 and u=2.9x10* cn?/(V-9) Foxon, and J. J. Harris, Phys. Rev.4 10 287(1990.
established at 80 K differ substantially from the Hall mea- °V- A. Volkov and S. A. Mikhalov, Zh. Eksp. Teor. Fiz94, 217 (1988
surements for the initial epitaxial structune; =10 cm3 50V Phys. JETR7, 121(1988]

N . R. L. Ramey and T. S. Lewis, J. Appl. Phy&9, 1747(1968.
anduy=1.2<10° cn?/(V - 9). This discrepancy could possi- 7r_p. Leavitt and J. W. Little, Phys. Rev. B}, 2450(1986.
bly be explained by the nonuniformity of the film parameters ®pP. A. Borodovski, A. F. Buldygin, and S. A. Studenikin, Avtometriya,
over the area, and Hall measurements directly on the experiggO-L4vH59(196@- g ehmi | Phae. 1963(198
mental samples are required. At temperatures 130 and 150 K& & Hansen and J. L. Schmit, J. Appl. Phiid, 1963(1983.

the electron densities established from the M@Be Table Translated by M. E. Alferieff
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The potential and electron density distributions in AIGaAs/Ga&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 Physids$1063-782609)01710-X

Low-dimensional structures with vicinal interfaces, of the filament and the minimum density occurs midway
which make it possible to obtaié-layered, laterally modu- between two filaments. The degree of modulation of the den-
lated doping in the structures and thereby to influence thsity, i.e., the difference between the maximum and minimum
charge-carrier transport, have recently been stutffdtlis of ~ values, is large in structures with extremely small spacer
interest to investigate the effect of the technological paramthickness. As the spacer thickness increases, the degree of
eters on the distribution of the potential and the density oimodulation decreases appreciably. For example, for a struc-
two-dimensional electrons in such structures. We have adure with periodd=16 nm and spacer thickness 10 nm
cordingly performed model calculations of these distribu-there is virtually no modulation of the distribution, since here
tions in an AlGaAs/GaAs §-Si) structure with a GaAs vici- the electron gas in a GaAs well is located at a distance from
nal boundary. Thes-doped layer was treated as a periodicthe filaments comparable to the distance between the fila-
system of charged filaments, separated by distahagith ments. The degree of modulation increases with the period of
linear charge densitiN and located at a distande(spacer the system of filaments.
thicknes$ from the potential well in GaAsFig. 1). Strictly The dependence of the electron density distribution in
speaking, a self-consistent system of equations, including thine GaAs well on the charge density on a filament is inter-
Poisson and Schdinger equations, must be solved to deter-esting (Fig. 2). The degree of modulation of the potential
mine the potential in such a structure. This is a difficult prob-increases with the charge, which at first increases the modu-
lem in the two-dimensional case. We confined our attentiodation of the density. However, lardé¢ causes overlapping of
to solving the two-dimensional Poisson equation in thethe two-dimensional electron gé8DEG) in the GaAs well,
Thomas—Fermi approximatiohsince it is known that this
approach gives for &-doped quantum well a potential that is

very close to that obtained in self-consistent calculatfons. T
The Poisson equation was solved numerically, taking into
account the electric neutrality of the system. To avoid singu- 6t
larities in the potential from the filaments, the latter were
treated as having a finite thickness on the order of atomic
dimensions. The computational results changed very little or
when the thickness of the filament was increased severalfold. ¢
As expected, the calculations showed that the potential NE 4
and electron density distributions in the GaAs well along the S
heterojunction is periodic. The maximum density occurs at a 3k
coordinate along the boundary corresponding to the position “3
2
Z -
d line
_¢I‘; ;_/ 1F
ALGaAs I == 1 R

charge density on the filamenl, cm ! 1—4x10°, 2—6x10°, 3—
FIG. 1. Schematic representation of the simulated structure. 8x 10°. Spacer thickness=3 nm.

1063-7826/99/33(10)/2/$15.00 1119 © 1999 American Institute of Physics
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FIG. 3. Average electron densifyiga.ag in @ GaAs well versus the charge A |||'

N on a filament for a 16-nm period and a 3-r() and 5-nm(2) spacer [}
thicknesses. The arrow indicates for cut¢he densityN,, above which !
the gas in GaAs decomposes into a system of one-dimensional channels. L L L L

and the gas decomposes into a system of isolated OnélG' _4. Profile of the cond_uction band ed§g perpendicula_lr to the hetero-

dimensional channels — quantum wires. Such svstems COLI#nctlon for a structure with a 16-nm period, spacer thickness 3 nm, and
! ° q ! : Yy “tifament charges % 10° cm™! (1) and 16 cm™! (2). E. is measured from

be interesting from the standpoint that the transverse motiothe position of the Fermi level.

in them is quantized, and the conductivity along these chan-

nels can be high.The densityN at which a transition occurs . . .
. . dimensional channels already occurs soon after the maxi-
to a system of one-dimensional channels depends on the

spacer thickness. Foe2 nm andd= 16 nm the overlapping Y™ and at the maximum itself we have a high degree of
o?the 2DEG océurs wheN>4x16f em-1 and fortp=p3 9 density modulatiorfFig. 2, curve2). As the spacer thickness
nm it occurs wherN>6x 1C° cm %, Fort=1 nm overlap- increases, the 2DEG density decreadeg. 3, curve2).

ping of the 2DEG occurs at least =5 10° cm~L. When In summary, we have simulated the potential distribution

the period of the system of filaments is large, decompositiorzlind electron density distribution in AlGaAs/GaA$-8i)

. . structures grown on vicinal surfaces. The computational re-
of the 2DEG into a system of quantum wires starts at a larger :
ults show that a lateral superlattice can form. For a 16-nm

spacer thickness for the same charge density on the ﬁlamerﬁeittice eriod the optimal parameters are a linear charge den-
for d=32 nm andt=5 nm this occurs even fdd=5x10° P P b g

. _ _l . .
cm L. It is obvious that the conductivity in such structures sity (5-6)>10° cm * on the filaments and spacer thickness

should be anisotropic, especially with a transition to a syste 55 nm. The two-dimensional electron gas density is about
>OLropIc, €sp y YSIeN% % 1012 cm2 with a large modulation amplitude. For high
of quantum wires.

Figure 3 shows the density of the electron gas in a GaAcharge densities of the filaments, the two-dimensional elec-

well, averaged over the periat= 16 nm, as a function of the tron gas decomposgs into a system of one-dimensional chan-
nels — quantum wires.

linear char nsi n a filament. Th nden r . .

ear charge d? sity on a filament. These depende CeS Al his work was supported by the Russian Fund for Fun-
nonmonotonic, in contrast to the dependences for Ordmar&amental ReseardProject No. 96-02-19371a
structures with modulated doping. This is explained by the ) '
characterl_stm features of the screening of the poten_tlal of Ay | ka dushkin, V. A. Kulbachinski, E. V. Bogdanov, and A. V. Senich-
charged filament by the eleCtrpn gas. As our numerical cal- xin Fiz. Tekh. Poluprovodn28, 1889 (1994 [Semiconductor®8, 1042
culations showed, the screening of the filament charge by (1994].
electrons is weaker than the screening of planar charge. A8V. |- Kadushkin and E. L. Shanina, Fiz. Tekh. Poluprovodd, 1676
the charge on a filament increases, the potential well around!*299 [Semiconductors0, 876 (1996

. . . . L. D. Landau and E. M. LifshitzQuantum Mechanics. The Nonrelativistic
it becomes deepéFig. 4) and increasingly larger number of Theory[Pergamon Press, New York; Nauka, Moscow, 1974, p].302

electrons are confined in the potential well around the fila-*z. D. Kvon and A. G. Pogosov, Fiz. Tekh. Poluprovo@3, 138 (1991)
ment. For filament periodl=16 nm, the 2DEG density 5|[_|S°g’- Ehﬁ{sjse”;'czn‘zﬁ'fﬁgsggﬁ 168
reaches high values — aboutx30'2 cm 2. For a spacer - SaKaKl, Jpn. . Appl FYSS, (1980.

with t=3 nm, decomposition into a system of one- Translated by M. E. Alferieff
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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 conductorl9€9 American Institute of
Physics[S1063-7829)01810-4

One of the high-priority problems in modern semicon- U(r,q,t)=0(q)expli q-r)exd —is(q)t/4], (1)
ductor physics is to develope structures with prescribed val- B
ues of the electrical parameters, most importantly the conwhereq is the three-dimensional phonon wave vect()
ductivity. It is known that the conductivity of real structures is the phonon energy, and the explicit form of the function

is limited by scattering by lattice defects and by phonons{(q) depends on the choice of the specific model of the
Modern technologies make it possible to eliminate defects oélectron—phonon interaction. The electron wave function in a
the crystal structure, while in order to decrease phonon scabne-dimensional rectilinear conductor is

tering it is necessary to develop a method for controlling the ) )

electron—phonon interaction. Previous investigafidrizave Yi(s,)= VL expli k s)ex] —ie(K)t/h], 2

shown that the matrix elements of the electron—phonon ingherek is the wave number corresponding to the motion of
teraction can be substantially decreased and the phonon scah electron along the QVg,is the coordinate measured along
tering mechanism can therefore be substantially suppressege Qw, L is the length of the QW, ane(k)=7%2k?/2m is

by creating artificial crystal structures with prescribed pa-the electron energy. In accordance with the standard
rameters of the electron energy spectrum or by manipulatingyantum-mechanical relations, the lifetimgk) for an elec-

the electron energy spectrum in two- and three-dimensiongton in the statek in the presence of the perturbatio) is

systems by means of external perturbatiGnsantizing mag-  getermined by the expression
netic field, static deformation of the crystal, and others

A qualitatively different(and substantially more effec- 1 _s 1 3
tive) method of decreasing scattering by phonons can be (k) < 7(k,q)’
implemented in one-dimensional conducting structures
(quantum wireswith a nonlinear configuration. The physical where
factor responsible for the effect of the configuration of a 1 2
quantum wire(QW) on the phonon scattering of electrons is a -k E {1-fle(k)]}
that the potential of any elementary interaction in a solid ' K
(electron—electron, electron—photon, electron—phonon, and ><{|Uf<7k)(q)|25[s(k’)—s(k)—E(q)]
so on is three-dimensional, while the translational motion of
an electron in a QW is one-dimensional. By prescribing the +|U(k,+k)(q)|2§[8(k')_8(k)+£(q)]} (4)

electron trajectory in three-dimensional space by means of

the configuration of the QW it is possible to change qualita-determines the electron lifetime(k,q) in the statek in the

tively the effective interaction potential. This was first notedPresence of an interaction with the phonpnHere f[ £ (k) ]

in Ref. 3. Subsequent investigatiérichave shown that the is the Fermi—Dirac distribution function

configuration of the wire influences very critically the U(i)(q) L

elect_ron—electron and electron—ph(_)ton interaction processes. Uffk)(Q)= i f expli[ a,x(s)+a,Y(s)

In this sense, the electron—phonon interaction also should not —L2

be ruled out. As will be shown below, electron scattering by . ,

acoustic phonons can be greatly weakened by making an Ta2(s) liexili(k—k’)s]ds ®)

appropriate choice of the form of the QW. is the matrix element of the electron—phonon interaction po-
Real QWs are conducting channels which are embeddei@ntial (1) for a transition of an electron from the staénto

in a three-dimensional crystal. For this reason, phonon scathe statek’, the signst in the matrix element correspond to

tering in QWs is due to the interaction with three- phonon emission and absorption, ax@), y(s), andz(s)

dimensional phonons and the electron—phonon interactioare the Cartesian coordinates of the paognbn the one-

potential at the point, in general, has the form dimensional conductor. We shall consider a QW embedded

1063-7826/99/33(10)/3/$15.00 1121 © 1999 American Institute of Physics
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in a three-dimensional isotropic elastic continuum, character-
ized by densityp and longitudinal sound velocity,, such 3
that the Fermi velocity of the electrons in the QW satisfies
ve>v,. We shall use the deformation potential method to
describe the interaction of electrons with acoustic phonons, L7
so that the expressiail) assumes the form

U(r,g,t)=E divu(q), (6)

where E is the deformation potential constant, ang) is
the deformation vector of the elastic medium for a phonon
with wave vector. For the interaction potenti&6) U(~)(q)

is given by

1/2 X

: ()

I

[j(*)(q):

an(q)q
FIG. 1. Electron—phonon scattering processes near the Fermi eneigwa

2Vpy
. . . rectilinear quantum wiredl—with phonon absorption2—with phonon
wheren(q) is the phonon occupation number, described byemission.

the Bose—Einstein function, anis the volume of the three-

dimensional elastic continuum. The quaniity*)(q), corre- 5
sponding to phonon emission, is obtained from EQ.by level is much smaller than the minimum energf2kg) of
formally replacingn(q) with n(q) +1. With Eqs.(4)—(7) the  the emitted phonon. Therefore, when the condit@rholds,

expression3) becomes the probability of phonon scattering of an electron satisfies
1 7E2 Sy ) Woce p< 2huke (10)
—_—= 1-fle(k")]}HI(k,K, “exg — :
K ity & & 4Ll Ik Kl KeT
, - It follows from the relation10) and the preceding qualitative
x{n(q)dle(k’)—e(k)—e(q)] arguments that phonon scattering of electrons in a QW is of
, ~ an activational character, and the activation energy of the
+n(a)+1]ole(k) —e(k)+e(a)]}, ®) phonon mechanism of scattering in a rectilinear QW is
where £a0=2f K. (11)
L/2 . . .
J(k’,k,q)=f exp(i[ AuX(s) +ayY(S) Using Eq.(8) to calculate the electron lifetime(kg) at the
~L/2 Fermi level in a rectilinear QW for the scattering processes

+q,2(s) hexpli (k—K')s}ds. shown in Fig. 1, we obtain the expression

=2

Since the Fermi surface in a QW consists of only two 1 _ 4= mKBTkFe F{‘ 8aO) (12)
points, dissipation of the electric current in the QW occurs as  7(Kg) mpvih® KgT)’

a result of the scattering of electrons from one Fermi pointf th dition (9) | tisfied. Thi L
into the other. It is obvious that in a rectilinear QW, such! the con ition (9) is satisfied. This expression is in com-

scattering processes are due to the interaction of electror'%ete agr(;,\er;:ent with t:}e qualltatlvs anag/ St'S' tT h“e a}ctlvatlon d
with phonons whose wave vectqe 2ke . Since the energy energy of phonon scattering can be substantially increase

~ ~ hanging th fi ti f the QW. This will
of such phonons satisfiegq) =¢(2kg) and is substantially by changing the configuration of the Q s will expand

the temperature range in which the phonon contribution to

different from zero for a prescribed value of the Fermi wavey . ocistance is exponentially small. As a specific example,

yector_kF, el_ectron scatt_erlng by acoustic pho_nons ina QW_we shall consider a QW in the form of a helix. Since the

is an inelastic process, in contrast to scattering by acoustig . ~+ure of such a QW is the same at all points, the wave
phonons_ln .tWO' af_‘d three-pllmensmnal syste_ms_. Th's r_eSUIR§ector of the electron along the helical QW is a conserved
in a qualitatively different picture of current dissipation in a quantity just as the wave vector of an electron along a recti-
QW at low temperatures linear QW. Under this circumstance, the relati@ written

T<z(2kp)/Kg, (99 for a rectilinear QW, remains in force for a helical QW,

where
where ¢(2kg) =2hv kg, and Kg is Boltzmann’s constant. .
The scaEteriFr:g problatiility due ?o absorption of a photthe ~ X(8)=Rcog27s/l), y(s)=Rsin2as/l),  z(s)=shl,
process 1 in Fig. Jlis exponentially small, since at low tem- R is the radius of the helixh is the pitch of the helix, and
peratures(9) there are few phonons with energy(q) | = /47?R%?+h? is the length of the helix. Calculating for a
=%(2kg). The scattering probability due to emission of aNelical QW the electron lifetime at the Fermi level using Eq.
phononi(the process 2 in Fig.)lis exponentially small be- (8), we find forKgT<e, andKgT<hv, /R
cause_of the Pguli principle, sinc.e at temperatures corre- 1 452mKgTke |)3 [{ . )
sponding to the inequalit§9) the region of thermal broaden- = —| exg — ——|, (13
ing of the Fermi—Dirac distribution function near the Fermi 7(Ke) valzﬁs h KgT
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where the activation energy of phonon scattering of an eleceriterion of applicability of the single-electron approximation
tron in a helical QWthe energy of a phonon which transfers in the problem solved in the present paper. For the helical
an electron from one Fermi point into another on the helicaQW considered here, the single-electron approximation cer-
QW) is tainly holds for the electron—phonon processes shown in Fig.
1, if the energy(14) of such phonons is much higher than the

2h v kg . ; .
Sazﬁ_ (14)  characteristic electron—electron interaction enegfyer,
h where € is the dielectric constant of the medium, and
Comparing the activation energi€kl) and (14), we obtain =m/ke is the distance between the electrons. This criterion
| can be written explicitly as
&
o 15 ¢ n_
al — <

2mhuel | '

It follows from the relationg13)—(15) that to increase the
lifetime 7(kg) at the Fermi level and to obtain the associatedand it holds, in particular, for the parameter values used to
increase in conductivity the values of the paramelérsand ~ obtain the previous estimate a{kg) in a helical QW. The
R of the helical QW must be small. Specifically, at liquid- conclusion that the phonon dissipation of current in a helical
helium temperatures ank-=10° cm !, v,=10° cm/s, R QW is strongly suppressed therefore remains valid when the
=10"% cm, andh/I=10"2 it follows from Egs.(12) and €lectron—electron interaction is taken into account.
(13) that the phonon-scattering-induced transport electron re-
laxation time at the Fermi level in a helical QW is tens of *~'E-Mail: Oleg.Kibis@nstu.ru; Fax: 7-3832-460209
orders of magnitude greater than the relaxation time in such———
rectllmear_ QW. o . . 10. V. Kibis and M. V. Etin, Fiz. Tekh. Poluprovodn28, 584 (1994

The single-electron approximation was used in the deri- [semiconductor@s, 352 (1994].
vation of the basic relations obtained in this paper. This ap-?0. V. Kibis, Fiz. Tekh. Poluprovodr82, 730(1998 [Semiconductor§2,
proximation is valid if the electronic system can be treated as, 657 (19981 A
a Fermi gas. At the same time, it is known that the formation48: \\// PEI?)IISS 'Dpif.sszﬁﬁ.ﬁs&fsgiﬁlgizg'3 4, 3511 (1992 [Sov. Phys.
of an electron liquid in a one-dimensional conductor sejid State34, 1880(1992)].
(Tomonaga-—Luttinger liguideads to an energy spectrum of °0. V. Kibis and D. A. Romanov, Fiz. Tverd. Te(8t. Petersbuig37, 129
elementary excitations of the electronic system that is quali-,(1999 [Phys. Solid Stat&7, 69 (1995].
tatively different from that of a Fermi gdsee, for example, = APranams, Physica 897, 435(1994.
the review in Ref. & Thus, it is necessary to formulate a Translated by M. E. Alferieff



SEMICONDUCTORS VOLUME 33, NUMBER 10 OCTOBER 1999

Inelastic scattering of hot electrons by neutral donors in heavily silicon-doped
GaAs/AlAs quantum wells

I. A. Akimov,*) V. F. Sapega, D. N. Mirlin, B. P. Zakharchenya, V. M. Ustinov,
A. E. Zhukov, and A. Yu. Egorov
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The energy and momentum relaxation of hot electrons-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. 1899 American Institute of
Physics[S1063-782809)01910-9

1. INTRODUCTION (in what follows 40 A /80 A with 80 periods. The central
(part of the wells ¢-20 A)) was doped with silicon, while the
regions adjoining the interfaces remained undoped. The sili-
con density for different samples varied in the range
Ngi=4X 10— 4x 10" cm™2. Moreover, a similar structure

50 A /80 A with silicon density % 10' cm~? was also
investigated. The samples were placed in a helium cryostat

It is known that the main mechanism of scattering of ho
electrons in lightly or moderately doped bulk GaAs and
structures with GaAs/AlAs quantum well®Ws) is inelastic
scattering by optical phonord€. It has been shown that as
the dopagnt degsitYacceptorSincreases irp-type structures
.(NAB 1.01. cm )’. an additional scatterm_g process due to theWith a variable holder temperature. To obtain magnetic fields
inelastic interaction of hot electrons with neutral acceptors

appears. This is valid for bulk GaAs and for a GaAs/AlAs up to 7.5 T, f‘ supergonductmg magnet wa_s placed in the
QWs cryostat. A Kr™ laser with photon energiwq,.—1.92 eV as

A Mott transition occurs in bulk-type GaAs with donor well as a dye Ias_efDCM dye) p_umped with an Al Iase_r
densityN-~5% 104 cm 3. causing the semiconductor to be VE€ used to excite the hot carriers. The pumping density on
Yo ' 9 . the sample wa<100 W/cnf. DFS-24 and SPEX-1877
degenerate at low temperatures. The degeneraaytype ; : g .
: : spectrometers, equipped with a cooledU=E9 photomulti-
samples occurs much earlier than prtype structures, be-

cause the ionization energy of donors is lower than that ther and a multichannel detectdCCD camery respec-

. . . ively, were used to detect the luminescence.
acceptors. The main mechanism of scattering of hot electrons y

in silicon-doped bulkn-GaAs with silicon densitietNg=7
x 10" cm 2 is inelastic scattering by coupled phonon-—

In n-type structures with silicon densitys> 10"t cm™2,

we observed low-temperature donor—acceptor luminescence
. T shifted in the spectra in the direction of energies lower by 25
plasmon mode&.In QWs size quantization increases the L .
{nev from the excitonic line. The donor—acceptor lumines-

binding energy of electrons on donors. As a result, the Mot . . .
i ] . ; . o ) ._cence vanishes as temperattirarcreases to 50—-60 K. This
transition shifts to higher impurity densities. This makes it. . R .
evidently due to the ionization of the neutral Si donors. In

. . X o i
possible to investigate a system containing a large number ?ﬁe same samples witNg> 10 cm~2, we observe high-
mutual donors and not an electron gas. . - )
. S . frequency luminescence near the exciting laser line, whose
The main objective of the present work is to study the _ _ P :
scattering of hot electrons in QWs heavily doped with silicon>Pectrum ar=9 K andNs=1.6x<10"" cm * is shown in
9 y dop Fig. 1 (solid ling). For comparison, the hot photolumines-

(n-type conductivity. cence(HPL) spectrum at the same temperature in a strongly
doped p-type QW with beryllium densityNg,=1x 10

2. EXPERIMENTAL RESULTS cm 2 (dashed ling is also shown in Fig. 1. The narrow
peaks with photon energyw,,,=1.89 eV correspond to Ra-
man scattering of light and are not discussed below.

The experimental GaAs/AlAs structures were grown by  The observed luminescencenftype QWs possesses the
molecular-beam epitaxy ofi00 substrates. The well width following properties.
in each structure was)4A , and the barrier width was 80 A a) As follows from Fig. 1, the form of the spectrum is

2.1. Hot photoluminescence in  n-type quantum wells

1063-7826/99/33(10)/4/$15.00 1124 © 1999 American Institute of Physics
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FIG. 1. Hot photoluminescence spectranefype QWs doped with silicon to % 10 2 S~
densityNg=1.6x 10"* cm~? (solid line) and p-type QWs doped with be- X % A A ﬁ S~
ryllium to density Ng,=1x 102 cm™~? (solid line) with excitation photon 5k g 8O DU & (4
energyfi we,=1.92 eV.T=9 K. The pointa corresponds to the energy of -« e ¢
the radiation of hot electrons from the point of creation into the ground state 8 T
of the acceptor. e L L L
P 0 20 %0 80 80
T, K

similar to that of the HPL spectrum in strongly dom@/pe FIG. 2. a — Temperature dependence of the scattering probashilityfor
QWs samples with densitieN;, 10'* cm™2: 1—1.6,2—4, 3—5. b— Tempera-

. . . . . ture dependences of the escape probabiﬁﬂf (inelastic collisiony (1'-3")
b) The Intensity varies quadratlca”y with the power den'and relaxation probability*;z1 (elastic collision$ of the momentum anisot-

sity of the exciting light. ropy (1"-3") for structures with densitie®Ng;, 10" cm2: 1',1"—1.6;

¢) With linear and circular polarization of the exciting 2',2'—4; 3,3'—5.
light the luminescence is linearly and circularly polarized,
respectively; the sign of the charge of the recombining car-
riers, which was determined from the change in the Stoke
parameters in a magnetic fields negative and therefore
corresponds to electrons.

In p-type structures, HPL is due to the recombination of  p(B) 1
hot electrons from the first conduction subband with holes p(0) = 1+ (20,72
bound on acceptorstransitions of the type d—A®).12 @eT
Therefore, it follows from the propertie9-ec) listed above wherep(B) is the degree of linear polarizaiton in a magnetic
that in the QWs investigated, foig;>10't cm™2, HPL cor-  field B, w.=eB/mcc is the cyclotron frequency, and ! is
responding to the same optical transitions ag-type QWs  the probability of scattering of a hot electron. The scattering
is observed near the excitation line. The point is that silicorprobability 7~ 1 can therefore be found from the half-width
in GaAs is an amphoteric impurity, and at hot doping levelsof the depolarization curve. The polarization of HPL was
it can become not only a donor but also an accepfbnis  measured at the point of the spectrum markedxbin Fig.
makes it possible to investigate recombination radiation ofla. This point corresponds to recombination radiation of
hot electrons with holes at Si acceptors in the presence of photoexcited electrons which have not undergone energy re-
large number of Si donors. In the structures investigated, thiaxation after being create@ve call it below the recombina-
donor density is higher than the acceptor dendity>N, tion of electrons from the creation pojnThe kinetic energy
(n-type). of the electrons corresponds to approximately 140 and 180
meV for samples with 40 and 50-A-wide wells.

Figure 2a shows the scattering probability* versus the
temperatureT in 40 A /80 A samples with densitiellg;

We used the method of depolarization of HPL in a mag-=1.6x 10" cm~? and 4x 10* cm™2. It is evident thatr !
netic field (Faraday geometjyjto measure the probability of depends strongly oi. At low temperature T=9 K) the

§cattering of hot electrons. The magnetic-field dependence of
the linear polarization is described by the Lorentz formula

(€Y

2.2. Probability of scattering of hot electrons
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electron scattering probability is 27 and 23 pswith
Ngi=1.6x10" cm 2 and 4x 10 cm 2, respectively. As i
the temperature is raised, the probability* gradually de-
creases to 12 ps at T=80 K for each sample. 10
We also observed that the linear polarization of the HPL
p(B=0) decreases with increasing temperature. This means
that the anisotropy of the momentum distribution of hot elec-
trons at the creation point, which determines the value of
p(B=0), decreases. The point is that over the lifetime of
electrons in this energy statereation poiny, which is deter-
mined by the inelastic scattering mechanisms, isotropization
of the momentum distribution can occur. This is valid in the
presence of elastic collisions, which result in momentum re-
laxation of electrons without a change in the electron energy.
Thus, the higher the probability of elastic scattering mecha-
nisms compared with inelastic mechanisms, the lower the
degree of linear polarization of the HPL of electrons from the "
creation point. Hence it follows that the decrease in L
p(B=0) with increasingr is due to an increase in the role of ) ) . ! L !
elastic collisions. To distinguish the mechanisms of elastic 0 002 004 006 008 010 012
and inelastic scattering of hot electrons, we write the scatter- 7T, KT
ing probability as FIG. 3. Escape probability minug > o versus 1T for samples withNg;

“1_ -1, 1 5 =1.6x10" (1) and 4x 10" cm™2 (2). At high temperaturegarrow) the
T TTo T Tp2 2 dependence is described byt —r5a_ ) < E/T, E~150 K ~13 meV.

where 7 is the escape time of an electron from the initial

energy state, and,, is the relaxation time of the momentum . .
9y %> [80 A sample with densitiNg=5x 10" cm? at tempera-

anisotropy as a result of elastic scattering processes. In turt, 9 and 80 K. It ident that th litative t )
the linear polarization of the HPL of electrons from the cre-'"¢S ~ an - LIS eviden ?l € quaiitative tlemperature
are the same as those

-1 -1
ation point depends or, and 7, as dependences of *, 7, ", and 7,
P P Mo 7p2 obtained for the 40 A /80 Astructures.

B—0 Tp2 3 We compared the results obtained with the results for
p(B=0)x o+ Tpo| 3 hgawly dopedp-type QVYs It was fou_nd that |p—ty_pe QWs
_ ~ with the same density 1 (T=9 K) is several times less
Using Egs.(1)-(3) and the fact that the escape probability than in n-type QWs. Inp-type structures=~* does not de-
7o - is limited from below by the probability,e_ o 0f scat-  pend on temperature in a wide range from 9 to 150 K.
tering of hot electrons by polar optical phonons, we calcu-  Therefore, in heavily silicon-doped QWs the decrease of
lated the temperature dependencesrpt and 7,, which ;=1 with increasing temperature, which is due to the strong
are shown in Figs. 2b by the points,2’ and 1',2", respec-  variation ofr, , occurs as a result of ionization of Si donors.
tively. It follows from Flg 2 that the decrease in the total At low temperatures'(mg K) the main mechanism for scat-
scattering rater™* with increasingT is due to a strong de- tering of hot electrons in such structures is inelastic scatter-
crease of the escape probability*. For both samples, the jng by neutral donord® with scattering probabilityr; o
escape probability changes f[olm the maximum valge To ' — Toa_Lo- The high value of the probability for scat-
~7 ~atT~9 K, approaching, "~6—7 ps - atT~80 K,  tering of an electron by an impurity in-type QWs as com-
corresponding tolthe grobablhty of scattering py polar_ Opti-pared withp-type structures seems to be explained by the
C§‘|l phonons 7o 0.~ The escape probability minus |arge Bohr radius of localized electrons at donors, which
Toe-Lo» Shown in Fig. 3, can be described by an activationgesyts in a higher effective scattering cross section. A tem-
dependence, and at high temperatures it decreasesTwithperatyre increase results in the ionization of donors and
(see linear section marked by the arrow in Figas therefore a decrease of the escape probabiiity, which
7'51— T&Q,Loocexp( E/ksT), 4) approaches the yfllue of th.e scattgring probability by polar
optical phonons;_ | o and is described by the activational
whereE is the activation energy. A fit to the experimental dependencéd). It should be noted that a large change in the
results(solid and dashed curves in Fig. @vesE~13 meV. probabilities of scattering of hot electrons occurs at tempera-
This value is in good agreement with the computed ioinizatures from 10 to 50 K. We observed the donor—acceptor
tion energy of donors in such structufedloreover, it fol-  luminescence to vanish in the same range; i.e., the conclu-
lows from Fig. 2b that the contribution of elastic scatteringsion that the change in the scattering processes with increas-
mechanisms, whose probability is determinedftgi}, is es- ing T is due to ionization of donors is confirmed.
sentially absent ai~9 K and increases with temperature. It is obvious that at low temperatures one would expect
We obtained similarly the values of the scattering prob-the probability of scattering by neutral donors should in-
abilities 7~ * (Fig. 28 and 7-51 and 7-521 (Fig. 2b ina 50 A crease with the impurity density. However, it is evident from

-1

-1
To,e-tasr PS
L)

-1
a

T,
-~
S
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our experimental resultg=ig. 2) that this is not so. For the tering of hot electrons bye—h plasma. In our case,
sample withNg=1.6x 10'* cm™2, the probability for scat- electron—electron scattering @~80 K becomes compa-
tering of hot electrons by Si donors is at a maximum andrable to scattering by phonons at approximately the same
Tg_lD0~20 ps . An increase of the silicon density to 4 densitiesn,p of the electron gas.

X 10** and 5x 10 cm™2 decreases; "o to 16 and 9 ps?,
respectively. We attribute this result to the fact that at hig
doping levels silicon is more likely to be an acceptor. The It was found that at low temperatures the main energy
maximum possible density of uncompensated donors in bulkelaxation process for hot electronsriftype QWs is inelas-
GaAs corresponds thp®~6x 108 cm 3 (Ref. 5. As fol- tic scattering of electrons by neutral donorse—D° scat-

lows from our results, in the QWs investigatdtf®~2  tering. A temperature increase results in the ionization of
X 10" cm™~2. A further increase of the silicon density does donors and vanishing &— D° scattering. Electron—phonon
not result in a larger number of donors. In contrast, it inten-scattering becomes the main energy relaxation process.
sifies the degree of compensation. The number of neutraMoreover, an increase in temperature gives rise to quasielas-
donors at low temperature in this case decreases, and wie electron—electron interaction, which results in appreciable
observe a decrease ol_lDo. momentum relaxation.

We shall now consider the mechanisms due to elastic The degree of compensation of the structure which we
collisions, to which the scattering probabilit’y;z1 corre-  are studying can be estimated from the temperature depen-
sponds. We foundFig. 2b that in all samples the contribu- dence of the scattering probability of hot electrons in heavily
tion of elastic interactions is negligiblel‘Q%O) at low tem-  silicon-doped QWs.
peratures T~9 K). Since this holds in structures with high This work was supported by the Russian Fund for Fun-
silicon density Ng=4X 10"'—5x10' cm™2?), where as a damental ReseardiGrants Nos. 99-02-18298, 96-15-96393,
result of compensation the number of neutral donors is les86-15-96392 and the Volkswagon Foundatiof@rant No.
than the number of charged Si centers eveiia®9 K, we  1/70958.
can assume that the elastic scattering of electrons by charged
impurities Si* and Si is negligible for anyT. Nonetheless, *E-Mail: akimov@dnm.ioffe.rsi.ru; Fag812 2471017
raising the temperature increases the importance of elastic
collisions, which become substantial together with inelastic1B o sekharch o N M V. | Perel. and 1. 1. Reshina. Usp. i
processes. It is obvious that @ss raised, the ionization of 5 . 23Kherel ?{ggz Sov. ;rh'Sg_ L'Js'pzeg,,relllgr(]lgézj]; N M
Si donqrs_l?crgases the numk?er of free electror_ls. The - va. Karlik, L. P. Nikitin, I. I. Reshina, and V. F. Sapega, Solid State
crease inr,; with temperature is therefore due primarily to Commun.37, 757 (1981.
the appearance of quasielastic scattering by free electrons. AD- N. Mirlin, B. P. Zakharchenya, I. I. Reshina, A. V. Rodina, V. F.
high temperaturesT(~80 K), when it can be assumed that P59 "0 DICG Coo fao [Semiconduciorad 577(1606)
virtually all donors are ionized, the probability of electron— 3, | Reshina, D. N. Mirlin, V. I. Perel, A. Yu. Dobin, A. G. Agranov, and
electron scattering is comparable to the electron—phonon in-B. Ya. Ber, Solid State Communi03 151 (1997).
teraction. In Ref. 7 it was shown that scattering of hot elec—gC- L. Peterson and S. A. Lyon, Phys. Rev. Lé8, 760(1990.
trons by electron—holee—h) plasma causes the electron— ' &: €hal, R. Chow, and C. E. C. Wood, Appl. Phys. L8, 800
plasmon and electron—phonon scattering probabilities to b&c malhiot, Yia-Chung Chang, and T. C. McGill, Phys. Rev28 4449
identical at plasma densitp,p~10'* cm 2 in QWs and  (1982.
nap~10'" cm~2 in bulk GaAs, respectively. It follows from |3 A Kash, Phys. Rev. B8, 18 336(1993.

a theoretical calculation for bulk GaAdRef. 8 that the J. F. Young and P. J. Kelly, Phys. Rev.48, 6316 (1993.
electron—electron interaction plays the main role in the scatfranslated by M. E. Alferieff
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Momentum relaxation time and temperature dependence of electron mobility in
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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. ®99 American Institute of Physics.
[S1063-782629)02010-4

As is well known, scattering mechanisms play an impor- dfo
tant role in the electric and optical properties of semiconduc- flk:eﬁ Z kv, (1)
tors and structures based on them. The present paper is de-
voted to the calculation and numerical analysis of the tensofyherer, are the diagonal components of the relaxation time
of the reciprocal momentum relaxation time and mobility of ) o ) )
electrons in semiconductor superlattid€t s consisting of ~€NSOrFi andv; are, respectively, the electric field intensity
weakly interacting quantum well€QWs) based on hetero- and electron velocity vectors in a Carte_3|an coordinate sys-
structures. Such SLs are of interest because of the uniqéM: andE is the electron energy. As is well-known, for
properties of the electron energy spectrum and the possibility®MPOSite SLs consisting of weakly interacting QWs
of using the SLs in infrared-range photodetectotand mi- .
crowave generatofs? Formulas are derived for calculating E= A7kt ky)
the longitudinal and transverse electron momentum relax- 2m*
ation times in such SLs for the basic scattering mechanisms,
and a numerical analysis is performed of the energy deperwhere m* is the effective mass corresponding to the free
dence of the relaxation time and temperature dependence ofotion of electrons along the layers of the @Ljs the width
the mobility for scattering by impurity ions and neutral at- of the bottom miniband, corresponding to electron motion
oms. The following basic approximations were made in de-along the axis of the SL parallel to tzeaxis,d=a+b is the
riving the formulas: The electron gas in the quantum wells isSL period,a andb are the QW and barrier widths, respec-
almost two-dimensional, i.e., the width of the lower conduc-tively, andk,, k,, and q=k, are the components of the
tion miniband is much less than the average electron energyyave vector. In the two-dimensional electron gas approxima-
the wave function of the lower miniband can be representedion (A<Kk,T), and using Eqs(1) and(2) and the symmetry
as a Bloch sum over wave functions of the ground state obf the SL in the plane of the layers, the following expres-
infinitely deep QWSs, and the potentials of the scattering censions can be obtained for the transverse= r,=7,) and
ters in bulk semiconductors and SLs are essentially the samkngitudinal (- = 7,) components of the relaxation time ten-
These approximations together with the results obtaind byor:
other author®*show that the formulas derived are accept-

A
+E(1—cosqd), (2)

able not only for qualitative but also quantitative analysis. 1 4m*V 1 W(2k, x) )
The latter is valid if the period of the SL is sufficiently large 7 (E) ~ ,a7% Jo J1-x2 X2ax, )

and size quantization of the phonon spectrum can be

. ’14 . . . _
Q|sregarqleﬁ? _and if Fhe a_mlsotropy of the scatte_rlng poten 1 2MFV (1 W(2K,X)
tials, which arises primarily as a result of the difference in = dx,
the dielectric constants of the layers of the SL which corre- 7(E)  wda® Jo J1-x2
spond to QWs and barriers, can also be disregattied.

4

where E=#2k?/2m*, k, = \kZ+k3, V=SL is the volume
of a SL of thickness. =Nd, andN is the number of periods
in the SL. The function/ is related to the total probability
P of an electron making a transition from the stiteto

The tensor of the reciprocal of the relaxation time forthe statek’ in a definite type of scattering by the formula
electrons in the bottom miniband was calculated using the
nonequilibrium correctiorf,, for the equilibrium distribu-
tion functionf, given by

1. ELECTRON MOMENTUM RELAXATION TIME TENSOR

2
Pkk’:7w(|ki_kl|)5[E(kl)_E(k)]a 5)

1063-7826/99/33(10)/5/$15.00 1128 © 1999 American Institute of Physics
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where W(|[k' —k|)=|U|?, and Uy =U(|k’—K]|) is the d (= , ,
matrix element of the scattering operatbfr) in the basis of Wik, )= v J'o S(a)[FJU (k. a)|*dg, (19

Bloch-type envelope wave functiong(r):
whereN; is the density of scattering centers and

1 (-, ~ ~
Uk'=k)== ~u dr, 6
(k'=k)=¢ f U O(r)hdr (6) oo TSmadD ,
o V7 g2l (ad2)?]
(1) = —=expi(kx+kyy) 1¢4(2). (7 _ . .
\E For scattering by a screened Coulomb ion potential, we have

For the SL considered here, a Bloch sum over wave funcin the approximation of isotropic and uniform permittivity

tions of the ground state of infinitely deep QWSs was taken as

the function describing electron motion along the axis of the IU(k 2= €
. (k) 2.201,2 2 2y2"

SL: eges(ki +g°+ag)

4

17

where g4 is the static permittivity, andoz;1 is the Debye
screening length for the static field. For a SL in the two-
dimensional electron gas approximation

by(2)= eXp(iqZ)uq(Z)

N/2

2 expligdn)e(z—dn), ® o o Ne

as=a (18
2 T
¢q(2)= \[5 cos(gz

On+N,’
04(2)=0|2<

5l B

a a
- <<z<z

> 5| where ag'=(ne?/eqskoT) Y2 is the Debye screening

length of a bulk semiconductor for a nondegenerate electron
gas, n is the electron density in the SL, andl.
(9)  =m*kT/md%? is the effective density of states of the two-
dimensional electron gas in the bottom miniband. For elastic
It should be noted that using the approximations describedcattering by neutral atoms, according to the theory of Ref.

above, according to Ed5), the scattering probability does 15, extended to the case of a two-dimensional electron gas,
not depend on the longitudinal wave vector.

a

a <<
2" 274

30mr oh*
Uk, ,0)|2=——"—(K2+q?+a?) 2 (19
1.1. Scattering by impurity atoms and neutral atoms m

For scattering by impurity atoms and neutral atoms theyherer, is the effective Bohr radius.
scattering operator has the form

U(r)=uU(r)=> U(r—-R,), (10)

1.2. Scattering by phonons

whereU(r—R,) is the interaction energy of an electron with ~ As is well known, the operator representing the interac-
an ion or neutral atom located at the poRyt. Using Egs. tion of an electron with phonons for a separate allowed

(6)—(10), we have branch in a bulk semiconductor can be written as
Uk)=2 U,(k), (11) Um=0%m+0-(n), (20
’ where
where
1 SET + FiQ-
U=y S e -ik RS(@UK), (12 U073 ATQene @
n
1 rdp are operators corresponding to creation and annihilation of
S,(q)= a f dlzexp(i277nz/d)ua‘(z)u0(z)dz, (13 phonons during scattering ai@lis the phonon wave vector.

Substituting the expressiof21) into Eq. (12) and equating

R, to zero, we obtain
U(k)=U(kL,q)=f exp(—ik-r)U(r)dr, (14
v W(k, ) =W (k) +W~(k,), (22)
ko=(k, ,g+27n/d). where

Using a uniform distribution of scattering centers over 42 5
the volume of the SL or the volume of the QW, we obtain - T 2_ J“ +
. . . ) W=(k, )=|U~(k)|*=| — A=(k, ,q)dq| .
the following expression for the desired functidf{k, ) with (k) =[U=(K)| (77) 0 S(@A= (k) q‘
the formulas presented above: (23
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1.2.1. Acoustic phonons 7(E) is the relaxation time in a bulk semiconductor, and
For scattering of electrons by longitudinal acousticGi(E) is @ dimensionless function, whose parameters, in

phonons in a volume-type SIRef. 14, we use in the defor- general, are the QW width, the SL period, and the free

mation potential approximation for the average value of theeharge-carrier density.

operatorsA* the standard formula

11
—+— . .
2pVo (Q) NL(Q)+ 2 —2} (24 1.3.1. Impurity ions

whereD is the deformation-potential constaptjs the den- For scattering by impurity ions, using EdS), (4), and
sity of the crystal,w, =v,Q andv, are, respectively, the (15—(17), we obtain for the functions;(E) the integral

frequency and velocity of longitudinal long-wavelength €Xpressions

Af(Q)=:iQD\/—ﬁ

acoustic phonons, antl, (Q) is the thermodynamically 4 w0 dx sir? x
equilibrium number of phonons, described by the Bose— G,(E)= PN (32
Einstein distribution function. Fob w, <koT 2F(n) Jo A(x, 7,85 (v*X*+ BD)Y?
N D [koT 4 o dx(2y2x%2+ 282+ 1)sire x
AS(Q=A=i—\/5o0. (25 GY(E)= 5 f el 2 (33
wotep 2F(m) Jo o A(x,7,B)(¥*X*+ B3
Using EQgs.(22), (23), and (25), we obtain for the desired
functgilonq (22), (23 (25 A(x,y,BS)zxz(wz—xz)(yzszr,Bng1)3’2,
Ad\2| [ 2 koT(Dd)\? where y=1/ak, , Bs=ad2k, ,and the functionF(7)
W(kL):2(7) fo S(q)dq :4p_V wa (26)  =In(1+ ) —7/(1+7), which depends on the parameter

=(2K, /ag)?, is known from the theory of Coulomb scat-
, tering in bulk semiconductors.
1.2.2. Optical polar phonons

For scattering of electrons by longitudinal optical polar
phonons of the volume typg'we use for the average value
of the operator&™(Q) the well-known formula correspond-
ing to a screened optical potential and the high-temperature For scattering by neutral impurity atoms, using E@,

1.3.2. Neutral impurity atoms

approximation (4), (15), (16), and(19), we can write the function§;(E) as
. - CeP. [kt Q a pair of integrals
AT (Q)=+AQ)=+i—5 26V A2 2 (27 4 (1 ¥
o T Qe G.(E)=— | == 9(Ex)dx,
wherew! @ is the frequency of long-wavelength longitudinal 7 Joyl-x
optical polar phononsp, is the oscillator strength, anel, * 2 1 1
is the Debye screening length for the high-frequency field, Gj(E)=— — g(E,x)dx, (34
which differs froma * by the fact that in Eq(18) the static T Joy1=X
permittivity &4 is replaced by the high-frequency permittivity where
€. . As is well known, the following relation holds for 11—V A _
semiconductors: O(Ex) = 37" fw dysirty
P2 1 1 1 T2 JoyHmt -y PPy gV
—=—=——— (28 (35

> .
o &¥ 8x &g

Using Eqgs{(23) and(27), we obtain the following expression 1.3.3. Acoustic phonons

for the desired function: For scattering by acoustic phonons, using E&$. (4),

2 and(26), we found the function&;(E) to be constant:

. (29

f:sm)A(m «Q)dg

d 2
Wik,)= 2(;) )
GL(E)=GH(E):4775. (36)
1.3. Electron momentum relaxation time
Using the formulas obtained for the functi¥(k, ), we  1.3.4. Polar optical phonons
represent the components of the tensor of the reciprocal of

the momentum relaxation time for individual scattering,[ion
mechanisms in the form

Using Egs.(3), (4), and(29), we can represent the func-
s G;(E) for scattering by polar optical phonons in the
form of Eqgs.(34), where

1
=——G(E), 30 o i 224 2\ |?
Ti(E) To(E) |( ) ( ) g(E,X):ﬂ-g’ 9 f d23/5|n2y(y2y2 Xz) . ‘ ’
where allJo y(m =y )(yy +x +,3x)‘

7o(E)=(ak, ) 7(E), (31 B=axl2K, . (37
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FIG. 1. Dimensionless functio®; versus the energy fof =100 K.a=b FIG. 2. ai versus the quantum well width &t=100 K for b=5 nm and

=5 nm,n=10' cm"* for scattering:1, 2—by impurity ions and3, 4—by  n—=10' ¢cm 3. The numbers on the curves have the same meaning as in
neutral atomsl, 3—Transverse component of the tensyrd—Ilongitudinal Fig. 1.
component of the tensor.

2. MOBILITY TENSOR i~T, (45)
whereyj=a;+Bi+ xi, x;i=1/2, andy | =—1/2.

For a degenerate electron gas witk~N. we obtain,
instead of Egqs(43) and (44), formulas that depend on the
reduced Fermi levef, or electron densith=p.¢,

Using Egs.(1) and (2), we can represent the diagonal

components of the mobility tensqe, written in principal
axes, in the standard form

_e<71> _ﬂ

MLm= M (my)”’ (38)

(7)=mi(§)~ThguT12-Thina T2 (46)

where(7, ) and(7| ) are the energy-averaged transverse and

N ! : ; L 1 A1l
longitudinal relaxation timeg,m ) is the average longitudi- — =—_—-n! (47)
nal effective mass, (my) —4&my

1 (= dfg According to Egs.(46) and (47), we obtain the following
(r)=3 fo a E) 7.(E)pc(E)EdE, (39 expression for the temperature and electron density depen-
(=] o dence of the mobility:
(mp=[1—exp(—n/N)] fo (—ﬁ—E) 7(E)E, (40) i~ Thne*xi, (48)
~ 2P0 1 e —niN)] (41
—= —exp(—n .
(mH> 4mHn ¢

In Egs. (39)—(41), p.=m*/md#A? is the density of states in 3. NUMERICAL ANALYSIS FOR SCATTERING BY IMPURITY
the bottom conduction miniband in the two-dimensional'ONS AND NEUTRAL ATOMS
electron gas approximatioh.=KkqTp. is the effective den-

. . . . _ 2 2 2 .
sity of st_ate_s in the bqttom miniband, af“?h =2h"IATd" s formulas describing scattering by impurity ions and neutral
the longitudinal effective mass at'the miniband bottom. '.:or.aatoms, we analyzed numerically for these scattering mecha-
nondege_n_erate elec_tron gas, which corresp_onds_ to Sat'Sfy'r?'ﬁsms the energy dependence of the relaxation time and tem-
the con_d|t|0_m<Nc, n the_power-law approximation for the erature dependence of the mobility. The analysis was made
relaxation time as a function of the energy and temperatur(% the temperature range 50T <300 K for a composite SL

7i(E) =101 (Ko T)AE® T 12, (42)  with the parametera=b=5 nm,m* =0.1m,, potential bar-

i i — — — — 5 —3

the expressions for the average relaxation tig@sand(40)  fer heightVs =0.4 eV, es=e.=10, andn=10" cm?,

and for the average longitudinal effective m#44) assume Which are chazracterist.ic of SLs used in infrared-range
the form photodetectord? According to numerical calculatiort§ the

energy spectrum of this SL in the QW has two minibands of

Since analytic expressions could not be obtained for the

(1iy= 101 (KeT) "B T (e + 5), (439 widthA,=1.6 meV andA,=18.5 meV, separated in energy
1 A1 by 210 meV. These data substantiate the validity of the ap-
m= T HNT_l' (44) proximation, used in the calculations presented above, of a
I ol M

two-dimensional electron gas and a single miniband approxi-
whereI'(n) is the gamma functiong, =5/2, andé| =3/2.  mation for the SL.

Using EQs.(38), (43), and (44), we obtain for the tempera- The analysis associated with the numerical calculation of
ture dependence of the mobility the functionsG;(E) showed the following.
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2 TABLE I. Exponents in the energy and temperature dependences of the
- momentum relaxation time and mobility of electrons in a superlattice.
2
107 ~ ~
X Scattering i Bi Y
& L mechanism agt By i=L i=| i=1L i=|| i=L i=|
1
;: L Impurity ions 15 04 14 0 09 1.6-1.3
~ 4 Neutral atoms 0 0.2 0.3 0 0 0.3-0.8
- 10 Acoustic phonons —15 0 0 0 0 -10 -20
o [ 3
B Note: The exponents refer to the transverse=() and longitudinal
1 (i=|) components of the tensor.
1 | 1 ] ) . .
o 700 On the basis of the above analysis, the dependence of the
T,K functionsG; on temperature and energy can be represented
in the form
FIG. 3. Gy; versus the temperature far=b=5 nm andn= 10" cm™3. The o
numbers on the curves have the same meaning as in Fig. 1. GiNTBiEai’ (50)

Then, using Eqs(31) and(45), the temperature-dependence
1. For scattering by impurity ions and neutral atoms theof the mobility for a nondegenerate electron gas assumes the
functionsG;(E) show a strong energy dependence, similar toform (45), wherea;= ag—a;, Bi=Bo—Bi, anday and B,
a power-law dependendeee Fig. 1 In other words, are the exponents in the energy and temperature dependences
Gi(E)%GOi(T)EZ’i. (49) of the relaxation time in a bEIk semiconductor. The
_ temperature-average values @f, B;, and v;, calculated
2. The exponenty; in this dependence is essentially in- with the above-indicated parameters of the SL and corre-
dependent of temperature and the electron density in theponding to the three basic scattering mechanisms, are pre-
rangen< 10'® cm™3. For scattering by neutral atoms it de- sented in Table I. It follows from the table that a strong
pends appreciably on the QW widéh(see Fig. 2 change in the temperature-dependence of the mobility in the
3. As the temperature increases, the quar®ty for  SL under study, in contrast to its constituent bulk semicon-
scattering by impurity iongFig. 3, curve2) increases almost ductors, should be expected for the longitudinal component.
linearly, while G, depends very weakly on temperature In the extrinsic conductivity range, determined by scattering
(Fig. 3, curvel). For scattering by neutral atoms this depen-by impurity ions and neutral atoms, this dependence for the
dence is also very weak for both componefgee Fig. 3, longitudinal mobility is of a qualitatively different character

curve3 and4). than in bulk semiconductors, since it should decrease with
4. For scattering by impurity ion&, | was found to be increasing temperature.
several orders of magnitude greater th@g;, and it in-

creases with decreasing electron denskig. 4, curve?2). K. K. Choi, B. F. Levine, C. G. Bethea, J. Walker, and R. J. Malik, Appl.
For Gy, this dependence is weak. For scattering by neutraIZPhys. Lett.50, 1814(1987. _ _
atoms,GOH andG,, are of the same order of magnitude and B. F. Levine, A. Y. Cho, J. Walker, D. L. Sivco, and D. A. Kleinman,

. . . Appl. Phys. Lett52, 1481(1988.
are virtually independent of electron densitee Fig. 4 3BI.DF|1. Lev):ne, S.D. Gunap(ala,znd R. F. Kopf, Appl. Phys. L88.1551
(1999).
“H. Lobentanzer, W. Konig, W. Stolz, K. Ploog, LT. Elsaesser, and R. J.
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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 enekdy The proposed method is used to find the density
of states in the conduction band of a quantum well in g}J8&, ;gAs/GaAs heterostructure.

© 1999 American Institute of Physids$1063-782809)02110-9

INTRODUCTION k is the Boltzmann constant, anl is the temperature at
which C(V) is measured. The proposed method of recon-
Capacitance-voltage curvé€—-V method are currently  structing the reduced density of states is used for an
used not only to determine the concentration profile of an,,Ga,,/As/GaAs heterostructure with a broa(¥2 A)
doping impurity, but also to find discontinuities of the energyquantum well. The density-of-states curves reconstructed
bands at heterojunctiohsind to investigate the spectra of from C(V) measurements for this structure exhibit good
electrons and holes in quantum wéitand quantum dot3®  agreement with data obtained from photoluminescence mea-
The electron spectra in quantum wells and arrays of quantursurements.
dots(we use the generic term “planar states” for both cases  The analogous problem of finding the density of surface
are usually found by comparing the calculated dependence gtates at an insulator-semiconductor interface has been
the capacitance on the applied voltag¢V), for an “ideal”  solved for MIS structure$In solving this problem, however,
(free of fluctuations structure with the observed curysee, the authors have assumed that the density of surface states
e.g., Refs. 3, 4, and)7simple estimates have been used forvaries only slightly within thekT scale. For structures con-
the same purpose in Refl.9’he parameters of the electronic taining quantum dots and quantum wells this condition can
states in quantum wells and quantum dots can then be detasreak down over a wide range of temperatures. Moreover,
mined from the condition of best fit of these curves. even for the density of surface states this assumption is not
In real structures, however, owing to fluctuations of thealways valid. In these cases the proposed method will give a
composition of semiconductors and fluctuations of their geomore accurate value of the density of surface states than the
metrical dimensions, the density of planar states can diffecustomary approach.
appreciably from the density of the ideal structure. This dis-
parity bears important information about the quality of the
structure. By the same token, it is one of the causes of errorg IEORY
in determining the parameters of the electronic spectrum by e consider a Schottky contact to artype semicon-
the above-indicated method. It seems natural to inquirgluctor containing planar states. We direct #haxis into the
whether the electronic density of planar states could be founglepth of the semiconductor and place the origin on its sur-
directly from the measure@(V) curve. face. Letx=x; in the plane in which the planar states are
In this paper we show that the exact density of planassjtuated. We introduce several simplifying assumptions.
statesG(e) cannot be reconstructed from the measuredsirst, we consider the semiconductor to be uniformly doped.
capacitance-voltage curve. However, a “reduced” density ofSecond, we assume that the lengths of the wave function of
statesG(e) can be determined from th€(V) curve. The the planar states in thedirection are much smaller than the
reduced density of states is close to the real one if the energsharacteristic lengths of the space-charge regions, so that the
scale of variation of the latter is much greater thdinp where  charge density of the planar states can be regarded as pro-

1063-7826/99/33(10)/6/$15.00 1133 © 1999 American Institute of Physics
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where C, is the specific capacitance of the semiconductor
layer 0<x<x;, C,, is the specific capacitance of the planar

— states, andC; is the specific capacitance of the semiconduc-
C tor Xx>Xq,
w
_|CI— L x . _.do __ do "
" g YT dut U du
C,

The charge®Q,, and Qg are completely determined by the

potential in the plang=x,, so thatC,, andC; are functions

= of u and not of the total voltag®¥. Consequently, the low-
= Ec frequency capacitance can be represented by the equivalent
= circuit®® shown in the inset in Fig. 1. It is obvious from Eq.
§ H (3) that the high-frequency capacitance can be regarded as

C, andCg connected in series.
1 X To find the electronic charge on the planar states, it is
FIG. 1. Band diagra_m of the Schott!<y contact to a semiconductor coqtainin?heecedsi:;:’gl}gc;Et?l?;iifoaheo\?er(rjc::l;ce:t g:\ter;g:elr;l Sl(t))icj)grstfi:’etshind
planar states, showing the conduction b&jdand the level of the chemical . . .
potentialu. Inset: equivalent circuit of the Schottky barrier. density of planar states to be independent of the voltagte
is convenient to choose the bottom of the conduction band in
the planex=x, as the reference energy level.

This electronic charge can then be written in the form

0

x

portional to the Dirac delta functiod(x—x,). Finally, we

assume that the frequency of the external applied voltage is o G(e)
either much higher(high frequency or much lower (low QW(U)=—ef 17 (U exd (e —eu— ) /KT de,
frequency than the charge-transfer frequency of the planar o (Vg)exd (e K]

5
states. ©

Let a large negative voltage be applied to the SchottkyyhereG(e) expresses the energy dependence of the density
barrier, so that all electrons are expelled from the region Gy planar statesy is the chemical potential relative to the
<x<Xx, by the electric fieldsee Fig. 1 We set the electric pottom of the conduction band in the bulk of the semicon-
potential in the bulk of the semiconductor equal to zero.qyctor, —e is the electron charge, arglis the spin degen-
When the applied voltage is changed by a small incremengracy factor. If Coulomb effects do not have any bearing on
dV, the potential in the plan&=x; also changes by an tne filling of states, as is the case, for example, in quantum
incrementdu, where wells, theng= 1. Otherwisg(as in the case of quantum dpts

dv=du+x,dE, (1) g>1 (see th_e Append)?( . _

Differentiating(5) with respect tau, we find an equation
wheredE is the increment of the electric field in the region for C,,(u):

X<Xj.
Since there are no electrons in this region, the charge in _ 2 (=
the semiconductor can change only &t x; . Consequently, Cw(u)= KT _wG(S)

the following relations are valid fod E:
(1/g)exd (e —eu— u)/KT]
4 4 €.
dEoz—T(deﬂLdQs), dEw:—YdQs, 2 {1+ (1g)exd (e —eu— w)/KT]}?

(6)

where the subscripts 0 and correspond to low frequencies The C,(u) curve can be obtained from the experimentally
and high frequencies, respectivejyjs the dielectric permit- determinedCy(V) andC..(V) curves. We shall discuss be-
tivity of the semiconductor, andQ,, anddQ are the charge low how this can be done.
increments of the planar states and the semiconductor, re- Can G(g) be determined from the known function
spectively, in the regiox>Xx; . C(u) by solving Eq.(6) exactly? The answer is no, unless
Equations for the reciprocal specific capacitafeeip- T=0 and the amplitude of the alternating voltage is infinitely
rocal of the capacitance per unit aredthe Schottky barrier small. Then C,(u) =e’G(u+eu). We first discuss the
at low and high frequencies can be obtained from Efjs. physical reason for the negative answer. It is evident from
and(2): Eqg. (6) that planar states whose energies differ from the
chemical potentiaJwhich is w+eu in the energy reference
1 _ d_V _ i 1 3) frame(5)] by an amount smaller than, or of the same order as
Co(V) dQy C; Cu+Cy' kT contribute to the capacitand®,, . It is therefore clearly
impossible for the structure of the density of states on an
1 — dv — i+ i energy scale much smaller th&f to be extracted from the
Cu(V) dQ. C; Gy function C,,(u). Consequently, the only quantity that can be
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deduced fronC,,(u) is G(&), which is obtained fronG ()
by averaging over the energy in a scale of the ordek Of
with a certain weighting function.

From the mathematical point of view E) is an ex-
ample of an ill-posed problethbecause an inverse operator
does not exist for an integral operator with a kernel of the
kind in Eq.(6). Indeed, the function exjt€) is an eigenfunc- ——B=0.15
tion of an integral operator with the kern@), correspond-
ing to the eigenvalue

F(a)

t - -
(1) = Sim:TTt)exmt,u), = ptkTIng). ()

The quantity\(t) vanishes ag tends to infinity, a conse-
guence 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 E¢6), we can con- -6 L L -
struct an approximate inverse operat@reen’s functioi in 0 1 2 3
which the contribution of harmonics with| =t~ 1/KT is 0
suppressed. As a result, the functi@{s) is obtained in-

stead ofG(&). Constructing the Fourier transform, from Eq.
(6) we obtain

FIG. 2. Approximate Green'’s function of E¢) for three values of3.

exp(— it ) sinh artkT) By a procedure analogous to that in MIS structures the

G(t)=C,(1) , functionC,,(u) can be extracted fror@y(V) or fromC..(V)
e’mtkT or by using both characteristics directiyf the capacitance
. C, is known, this problem reduces to the determination of
G(t)=f G(e)exp(—ite)de. (8)  the functionu(V). Thus, the functiorCg(u) is known for a

- uniformly doped semiconductor:

Equation(8) can be used to find the expression &) pteu

B Cy(u)= \/er: NeFaz =7~
e—u—eu
T)d“' © B Ng

1+gqexd (u—Eg+eu)/kT]

~ 1 (=
G(S): mJ—WCW(U)F

whereF(«) is the approximate Green’s function of E®),
_ mteu 5
X(8mkT) 1/2{ Nc[ Fs/z( ?) - F3/2<ﬁ-) }

gd+ex;:{(M—Ed+eu)/kT]”1’2

gat+exd (u—Eq)/kT]
Here the functiono(Bx) is introduced for regularization, (12)

cutting out the contribution of higher harmonics to the

; ; ; In Eq. (11) N, is the effective density of states in the con-
Green'’s function,8~ 1/\t;,,,KT. Figure 2 shows thé&(«a) . ¢ :
curves for three values @& 8=0.3, 0.2, 0.15. duction bandNy is the density of uncompensated dondtg,

heis the donor ionization energy, is the donor spin degen-
eracy factor, and~; denotes the Fermi—Dirac integrafs.
Equation(11) can be obtained by a single integration of the

Flar=— | T cosan) ot pricx,

o(Bx)=exp( — 7 Bx?). (10) —Ngln

It is evident from the figure that the frequency and t
amplitude of the oscillations of («) increase asB de-
creases. They tend to infinity gstends to zero, the ampli- . N .
tude increasing exponentially @ decreases. It is therefore Poisson eque_ltlon in the regiorex,. . :
impossible to makg too small, because, on the one hand, to If CO(V)_ is used to fdeW(u).’ a differential equation
do so would produce errors in the calculations and, on th(fzOr the functionu(V) can be obtained from Eqél)—~(3):
other hand, the result would be strongly influenced by errors  du Co(V)
of measurement oE(V). av-1- C, ' (12)

We note that in the determination of the density of sur- ) ]
face states in MIS structures a function of the density ofvhich can then be integrated to give

states with an argument equal got+ eu is taken outside the % Co(V")
integral analogous t©6) (Ref. 8. This operation converts U(V)=Uo+f 1—C—}dV'- (13
Eqg. (6) from an integral equation to an algebraic equation, Vo !

but information is lost about the variations of the density of The constantug=u(V,) can be evaluated by settingg
states on a scale of the orderlof. equal to a large negative quantity such that all electrons are
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expelled from planar states; i.eC,,(uy)=0. At such volt- 3-
ages 1€? is a linear function ofv, whose slope is governed - —T=42K
by the number densitily. Choosing an arbitrary poiri, E) ________ T=23 K '
on this segment, we fin@¢(uy) from Eq. (3). Equation(11) @
can be used to findg from C4(ug). Once the functiou(V) D T=77 K
has been determine@,,(u) can be found from Eq.3), tak- e 2+
ing (11) into account. o

WhenC..(V) is used to findC,,(u) (probably the right 0 .
choice for working with quantum dots at low temperatyres '
the functionCy(V) is determined from Eq3) and can then ‘C_) 1
be used to seely(V) with the aid of Eq.(11). Dividing Eq. 9%
(1) by du and taking(2) and(4) into account, we findC,,(u) _
(Ref. § L

. o
du 0 La . . .

Cw<U>=Cl[(d—V> —1}—%(“)- (14) -123 -120 -117 -114

If both the functionsC..(V) and Cy(V) are known, the g, meV
quantity C,, can be determined fro8) for each value ol FIG. 3. True density of statédpoints and curves reconstructed from E§)
(Ref. 8: for three temperatures: T=4.2K, y>kT=0.36meV; T=23K,

y~kTmeV; T=77K, y<kT=6.6 meV.
( 1 1\t /1 1 )1
Cu= Co cl) C. C, (15
mc 8+80

and the functionu(V) can be found by one of the means G(e)= Py 1+tan|‘( " ) , (17)

discussed above.
We now discuss how to fin€,. Several methods are where m, is the electron mass in the conduction band of
available for its determination. We shall look at the two sim-GaAs, ;=120 meV, andy=2 meV. The donor density in
plest ones. In heterostructures having sufficiently long deparGaAs is assumed to bex3L0%cm™3, and x;=0.13um.
ture times of electrons from planar statesg., in quantum Making use of Eq(17) and solving the Poisson equation, we
dot array$, the required function is probably simplest to de- calculate the functio©(V) and then determin&(e) form it
termine by measurin@,(V) andC..(V). Calculatingu ac-  (qatting 8=0.2). It is evident form the figure th&b(z) is

cording to Eq.(lS), We can choos€, SO that the fun_ction close toG(g) if the characteristic scale d&(g) is much
C..(V) obtained from(3) using(11) best fits the experimen- greater tharkT (y>kT).

tally obseryed curve. ) Note the considerable sensitivity of the method to the
In a uniformly doped struc_tur_e th_e law of conservation accuracy of determination of;. Calculations show that an
of momentum of the charge distribution can be used t0 deg of 3 fraction of one percent fay, induces double-digit
termineC, (Ref. 1. The coordinate, can then be writtenin o cont errors in determining the density of states for quan-
the form tum wells in the plateau region. This fact probably rules out
X A X . the possibility of determining the density of states with high
xlzf [Nd—n(x)]xdx/ f [Ng—n(x)]dx, (16)  accuracy on the plateau in quantum weils., of finding the
*o %o effective mass However, the method is far less sensitive to
errors ofx, in the region of a small density of states. We
therefore assume that the given method can be used to inves-
tigate the structure of the density of states in this regi@n,
Sin the vicinity of the edge of the baind

where n(x) and x are the number density and coordinate
obtained fromCy(V) by means of the Schottky equatith.
Without an external voltage the potentials of theandx,
planes must be identical. In such a structure, for low bia
voltages, when the space-charge region of the Schottky barE-XPEmeE’\IT AND DISCUSSION
rier is not in contact with the space-charge region around the
planar states, ©? depends linearly olV. At high voltages, An experiment has been performed on an
when all electrons are expelled from the planar states, it i$ng . Ga, ;6AS/GaAs heterostructure. The structure was
again linear. The requirement of equality of the potentials ingrown by metal-organic vapor-phase epitayfOVPE) at
thexq andx, planes can be met if the voltages correspondingatmospheric pressure using mGaAs substratécarrier den-
to passage of the space-charge region through these plargity n~108cm™3). The Iny,/Ga, 74As quantum well had a
are chosen anywhere in the indicated linear segments at lowidth of 72 A and was situated at a distance of Quiid from
and high voltages. the surface of the semiconductor. The composition of the
Figure 3 shows the results of determining the density ofolid solution was determined from photoluminescence data.
states of a quantum well in GaAs from the calculated depenthe GaAs epitaxial layer was doped with donors at a density
denceC,(V) at three temperatures. The density of states obf 8.5x 10'°cm™3. The upper contact was a spray-deposited
the quantum well is chosen in the form Au disk of diameter 1 mm. Th€(V) curves were measured
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e<—90meV these functions are nearly identical, and for
700 ¢ £>—90meV the reconstructed density of states increases
more rapidly with increasing energy th&y(e). We note

that theG(e) does not have the characteristic plateau ob-
600 | served for the two-dimensional density of statdse hori-
zontal arrow indicates the calculated position of this plateau
T The reason for the absence of the plateau is that the energy
Q_— 500 scale of the density of states is quite lakgé me\), so that
(&) even without an applied voltage the electron-filled states fall
below this plateau. Consequently, the density of states deter-
400 | mined from C(V) is far from its counterpart in the ideal
quantum well.
The full width at half-maximum(FWHM) of the photo-
300} luminescence peak is 5 meV atT=4.2K (the diameter of
the luminescent spot is-100um), as is fairly typical of
such structures. The vertical arrow in Fig. 5 indicates the
-4 -3 -2 -1 0 ener . . e
gy of electrons responsible for the main photolumines
V.,V cence contribution at 77 K. It is evident that this energy lies
FIG. 4. Experimental capacitance-voltage curve of aypJ8a, ;sAS/GaAs at[ the _begmmng of a shar.p rise in the dgnsny of two-
heterostructure with a broat72 A) quantum well. T=4.2 K, frequency ~dimensional states. The main factor responsible for the de-
1 MHz. viation of density of states in our structures from the ideal is
fluctuations of the composition of the quantum wéll.
Clearly, the parts of the solid solution layer comprising the
at liquid-helium temperature at frequencies of 1MHz,deepest wells for both electrons and holes, i.e., the parts with
10kHz, and 1kHz. The observed\D curves for all three an above-average indium content, contribute to the photolu-
frequencies coincided within error limits dictated by the minescence. Consequently, the average depth of the quantum
measurement error and corresponded to the low-frequenayell for electrons must be smaller than inferred from the
capacitanceCy(V). A measuredC(V) curve is shown in photoluminescence observations, consistent with the results
Fig. 4. shown in Fig. 5. We note that the scale of decay of the
Figure 5 shows theG(e) curve for this structure combined density of states in the vicinity & for such
and the function G;(g)=6X10%%xp/e)cm 2-erg !, structures, measured by means of the photoconductivity,
go=16meV. It is clearly evident in the figure that for amounts to several tens of mgRef. 13.
We wish to thank I. A. Sherishevgkand V. |. Shashkin
for helpful discussions.
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APPENDIX

05 A statistical approached developed for multiply charged

) center$’® can be used to find the charge density in a quantum

d dot array. Let us consider a single quantum dot. We denote

by W, the probability of findingn electrons in it, and by

. r . ; the maximum number of electrons that can exist in it. We

-140 -120 -100 -80 assume that the temperature is low enough that the popula-
tion of excited states can be disregarded. The following re-

g, meV lation holds in this case:

G(g) x 10 ®°, cm Zerg™

FIG. 5. Reconstructed electronic density of stﬁf{s) (solid curve in the W, ML—&q
=0nex ) (A1)

quantum well of the Ip,/Ga ,6AS/GaAs heterostructure. The dashed Y, KT
curve represents the functiorG;(e)=6X 10%%xp(/e;) cm, 2erg L, n-1
go=16 meV. The vertical arrow indicates the energy of electrons in the .
quantum well at the maximum of the photoluminescence line. The horizon¥Whereg, is the number of ways for thaeth electron to be
tal arrow indicates the density of states of the “ideal” quantum well. situated in the quantum dot, ang, is the change in the
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energy of the quantum dot when th#h electron is added to Summing(A6) over the array of quantum dots, we obtain
it. Using Eq.(18) and the fact that the sum a¥, over all  Eg. (5). We note thag=2 for the ground state and the first
possiblen is equal to unity, we find excited state in self-organized dots of the heteropair GaAs/
N e InAs, andg=4 for higher excited statésBecause of strong
= H,\jzlg:]exr[(ﬂ e)/KT] . (A2)  spin-orbit interaction for all hole states in these dafs;2
1+ 20412 05 exd (n—&)/KT] (this result can be demonstrated using group thedince

To determine the electronic charge on the quantum dot, it ithe energy in Eq(9) is determineq to W_ithin an amount of
appropriate to introduce the probability of at leastlectrons ~ the order okT, we can assume without incurring large error

being situated in it: thatg=2 for such structures.
N
2 W 1 (A3) *)E-mail: aleshkin@ipm.sci-nnov.ru; Fa(8312675553
W = = ,
e " 1+ y,exd(e,— u)/KT]
n-2n-l 1H. Kroemer, W. Y. Chen, J. S. Harris, and D. D. Edwall, Appl. Phys. Lett.
1+ > I (1/g)exd (sj— w)/kT] 36, 295(1980).
n'=0i=n’ 2X. Letartre, D. Stievenard, and E. Barbier, J. Appl. PI§8.7912(1991).
Yn= N oy . (A4) 3V. Ya. Aleshkin, E. V. Demidov, B. N. Zvonkov, A. V. Murel’, and
Yu. A. Romanov, Fiz. Tekh. Poluprovod@5, 1047 (1991 [Sov. Phys.
Ony 1+ ,2 i:1:[+1 gi exd (n—&i)/KT] Semicond 25, 631 (1991)],
n'=n+i 4P. N. Brounkov, S. G. Konnikov, T. Benyattou, and G. Guillot, Phys.
: : Low-Dimens. Semicond. Struct0/11, 197 (1995.
If the distance between energy levels is much greatersG. Medeiros-Rebeiro, D. Leonard, and P. M. Petroff, Appl. Phys. bét.
thankT, we have 1767 (1995.
1 5M. Fricke, A. Lorke, J. P. Kotthaus, and G. Medeiros-Ribeiro, and P. M.
W (A5) Petroff, Europhys. Lett36, 197 (1996.
n

T1+ (gn)exd (en—p)/KT] D. N. Bychkovski and O. V. Konstantinov, Fiz. Tekh. Poluprovod8,
] 1257(1994 [Semiconductor®8, 715(1994].
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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 19'¢ cm™2 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
(>0.2at. %), 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 method19@® American Institute of
Physics[S1063-782809)02210-3

INTRODUCTION atomic structure other than tetrahedral. To achieve this goal,
we have recruited the latest methods of physics and quantum
We have previousfy® published experimental data in- chemistry, along with our own experimental data.
dicating that elemental silicon, like carbon, is capable of
forming new allotropic forms. The new material, silicyne,
consists of long linear chain@ip to 100 atomsof silicon
atoms in thesp hybrid state. The probable formations in this The basic films of amorphous silicon were prepared by
case are polyene~(Si=Si—Si=Si—Si=Si—), or cumu-  the decomposition of silane in an rf glow discharge, electron-
lene (= Si= Si= Si= Si=Si=Si =), chains of silicon peam evaporation, ion-plasma sputtering, and vacuum subli-
atoms. The chemical bond between atoms is established Byation of silicon. For the structural measurements silicon
sp hybridized (-bond and p nonhybridized ¢-bond  films of thickness 70-80nm were deposited on a freshly
atomic orbitals. Some of the silicon atoms~{0 cleaved NaCl chip. The deposition rate did not exceed

—15at. %) exist in thesp® hybridized state. These atoms, 0.15 nm/s. The resulting amorphous silicon had a tetrahedral
like bridges, bind the silicon chains into a three-dimensionaktructure.

ordered network. We have obtained the new amorphous ma- To modify the structure of the film and investigate the

terial (silicyne) by high-temperature~500 °C) vacuum an- influence of impurities on the structural modifications, the

nealing of tetrahedral amorphous silicon. The as-preparedmorphous silicon was irradiated with ions and then sub-

films of amorphous silicon must have certain properties foljected to thermal annealing.

this operation. In our work, in particular, we have prepared |rradiation by neon, carbon, and oxygen ions with ener-

tetrahedral coordinated amorphous silicon by various methgies up to 40keV at doses in the range'*ions/cnf to

ods capable of yielding both hydrogenatéatSi:H) and  10'®jons/cnt took place with the target at room temperature.

hydrogen-free(a-Si) amorphous silicon, including the irra- In none of the cases did the ion current density exceed

diation of crystalline silicon with inert gas ions. Only in cer- 1 uwA/cm?.

tain cases, however, has vacuum annealing of the prepared Isothermal annealing was performed in a vacuum

amorphous silicon films resulted in the formation of silicyne.~10"° Torr. The anneal time was 20—30 min. The anneal

This fact, coupled with the lack of detailed investigations oftemperatures were 350 °C, 500 °C, and 700 °C.

the postanneal short-range order structure of amorphous sili- Transmission electron diffraction patterns were recorded

con, possibly explains why linear chains of silicon atoms hacy means of an ER-102 recording electron diffraction

not been discovered earlier. camera. The electron scattering intensity was converted to
The objective of the present study is to ascertain thehe radial distribution function of the electron density by the

necessary conditions for obtaining elemental silicon with arstandard Fourier transform procedband by optimization

EXPERIMENTAL PROCEDURE

1063-7826/99/33(10)/6/$15.00 1139 © 1999 American Institute of Physics
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of the information functional. The short-range order param- 100
eters were calculated from the area and positions of the
maxima of the radial distribution function of the electron-
density by a procedure similar to the one used in Ref. 6.

The spectral composition of the films was investigated 90
by Auger electron spectroscopy on a PHI-545 spectrometer
with a sensitivity threshold=0.1 at. %.

The amorphous silicon films for the nonstructural ex- 80
periments had a thickness of 500—700 nm and were depos-°\°
ited on single-crystalline silicon or fused quartz substrates.

70
THEORETICAL APPROXIMATION

Quantum-chemical calculations have been performed by
the nonempirical Hartree—Fock method in basis 6-3H1G
[RHF/6-311Gd)]. The correlation energy was taken into ac-
count by second-order Mer—Plesset perturbation theory
[MP2/6-311Gd)]. The geometry was optimized by the gra-
dient method. The stationary points of the surface potential
energy were characterized by calculating the vibration fre-
guencies. We have confined the present study to clusters o 40 | | | |
atoms existing only in the singlet spin state. The results of 400 800 1200 7600 2000
calculations of states having a higher order of multiplicity Wavenumber ,cm~"
will be published in subsequent papers. PC Gamess-4.5.1

softwar€ was used for all the calculations. FIG. 1. Infrared transmission spectra @Si:H. (1) Before annealing(2)
after annealing at 500 °C.

Transmission ,

S
T

501

RESULTS AND DISCUSSION

We have investigated the anneal-induced structuralra ofa-Si:H films annealed at 500 °C. It is a well-known fact
modification ina-Si:H films prepared by silane decomposi- that vibrational spectroscopy is not entirely a quantitative
tion in a glow discharge at a substrate temperatlige method, but it can be used effectively to detect the presence
=50 °C. The film thickness was 70 nm. This material differsof impurity atoms and to determine the configurations in
significantly from thea-Si:H investigated in our earlier which they can be found. It is evident from Fig. 1 that the
work! Its hydrogen content attains 40 at. %. The films have antensities of all the hydrogen-related absorption peaks drop
high density of voids, which contain a large fraction of hy- considerably after annealing. This is particularly true of the
drogen both in their interior and on their surfécas should — absorption peaks associated with vibrations of bonds of the
be expected, the infrargtR) transmission spectrum of such Si—H, types. Moreover, the absorption maximum in the vi-
films (Fig. 1) differs from the customary investigated mate- cinity of 2100 cm ! shifts toward 2000 cm?, so that mainly
rial (with T,=250-300°C) by the presence of absorption hydrogen in the form of Si—H bonds is left in the silicon
maxima in the interval 845890 cni !, which correspond to film, where they propagate throughout the entire volume of
Si—H, bonds andor) polymer (—SiH,),, chains. The short- the amorphous material. Weak absorption peaks correspond-
wavelength absorption peak normally observed aing to C—H and Si—C bonds can also be seen in this spec-
2000 cm ! is shifted to 2100 cm!. The shift is caused by trum. Thus, according to IR spectroscopy data, in analyzing
Si—H or Si—H bonds situated on the surfaces of the voidsthe structural modifications we must take into account not
and not by Si—H bonds dissolved in the bulk of the materialonly the presence of Si in our films, but also hydrogen in
It must also be noted that the IR spectrum of our investigatednonohydride(Si—H) and dihydride(Si—H,) configurations,
a-Si:H films contains weak absorption peaks near 95(s well as carbon bonded to hydrogen or silicon. Our Auger
—1000cm * and 780 cm?. They are usually identified with spectral analysis of the investigatedSi:H films has con-
vibrations of C—H and Si—C bonds, respectively. firmed the presence of carbon in them at the sensitivity

A 20-min anneal at 500°C leads to partial hydrogenthreshold level £0.1at. %) of the instrument used in our
evaporation. According to Ref. 8, not one, but two hydrogernwork. No other impurities have been detected.
evaporation peaks are observed for heavily hydrated amor- According to our measuremen®,Si:H films deposited
phous silicon films. Their positions depend on the thicknesst a substrate temperature of 50°C have an almost-
of the film, but in every case the first hydrogen evaporatiortetrahedral short-range order structure. Electron-density dis-
maximum occurs at a temperature below 400 °C, and thé&ibution curves with similar short-range order parameters
second occurs at 500—600°C. Only at temperatures aboveave been observed by us previodslgnd by other
900 °C can the total evaporation of hydrogen be expectedesearchefsin instrument-qualitya-Si:H films. The first co-
Consequently, after annealing at 500 °C the hydrogen corerdination numbek; for the films investigated here is equal
centration in the films decreases, but not all the way to zerao 3.4+ 0.2. The somewhat lower value kf relative to our
This result is clearly evident from the IR transmission specprevious dathis attributable to a higher content of micro-
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TABLE I. Results of Auger spectral analysis of amorphous silicon films.

Method of preparation Impurity concentration, at. % Multiple
Oxygen Carbon bonds
Silane decomposition in glow discharge <0.1 ~0.1 Yes
(oilless evacuation
Electron-beam evaporation 1.7 1.3 No
lon-plasma sputtering 11 2.3 No
Vacuum sublimation of silicon ~0.1 0.3 Yes
Silane decomposition with oilless 1.8 2.1 No
evacuation

voids and bound hydrogen. Hydrogen atoms are known t@echnique that yields a sufficiently low<(1 at. %) content
have a lower electron scattering efficiency than silicon atof impurities such as oxygen and carbon. Unfortunately, the
oms, so that a high density of Si—-H bonds and especiallynethods at our disposal for the preparation of amorphous
Si—H, bonds can affect the value of the first coordinationsilicon films do not allow separate controlled variation of the
number. The values of the valence angle (113+6)° and  oxygen and carbon concentrations when the latter are lower
the interatomic spacing; =(2.34+0.04) A are close to the than 1at.%. Consequently, to discern the role of each of
ideal tetrahedral and indicate that the silicon atoms have fouhese impurities, we have conducted experiments to study the
ordinary, almost-ideal, tetrahedral bonds. short-range order structure afSi:H irradiated with carbon,
Annealing at 350 °C leads to restoration of the structurepxygen, and neon ions.
of amorphous silicon up to typical values of the short-range  The application of ion implantation for the injection of
order parameters foa-Si:H films prepared at high (250 impurities is accompanied by the formation of a high density
—300°C) substrate temperatures. With a further increase i6f radiation defects; our neon irradiation experiments there-
the anneal temperature, the character of the structural tranfore required that we take into account the influence of such
formation and the parameters of the short-range order strugtefects on possible anneal-induced structural transformations
ture of the amorphous films repeat our previous datithin  of the films irradiated with carbon and oxygen ions.
the experimental error limits, for the ca3g=250°C; in The results of structural modifications with the annealing
other words, after annealing at 500 °C we have observed éf previously irradiate@-Si:H films are shown in Figs. 2 and
sharp decrease ik; to (2.1+0.2) A and (2.08:0.04) A, 3. The energy of the ions was chosen to match their range
along with an increase in the valence angle to almost 180%ith the thickness of the irradiated film. It is a fairly simple
¢=(173+6)°. Annealing at 700 °C immediately results in matter in this case to estimate the average concentration of
partial recrystallization of the film. the injected impurity, which is uniquely determined by the
We have also observed significant structural changes ifiradiation dose alone. At the maximum dose it is of the
hydrogen-free silicon. In this caseSi films were prepared order of 2at. %, which is at least an order of magnitude

by the vacuum sublimation of silicon. The substrate temperahigher than the natural concentration of impurities in the
ture was 300 °C. Like-Si:H, the films remained amorphous as-prepared silicon film.

up to an anneal temperature of 700 °C, andl gt 500 °C we

observed a substantial change in the short-range order struc-
ture of the still amorphous material. At this anneal tempera- 4.5 _
ture k,; decreases from (3280.2) A to (2.8-0.2) A, andr;,

3 a 3
decreases to (2.150.04) A. The valence angle, however, *0 //A—————q.
undergoes a perceptibly smaller change thaa-8i:H films 3 e n
[¢=(132+6)°]. Even though the variation of the short- ™~ 2.0l //A//

range order parameters is less pronounced than in hydroge

nated silicon, they cannot be attributed to experimental error 2.9
As in Ref. 1, we attribute the above-described changes ir 2.0

the short-range order structure &fSi:H anda-Si to the for-

mation of silicon multiple bonds during annealing.
Measurements of the structure of hydrogen-free amor-

phous silicon films prepared by other methods do not revea

any appreciable variation of the parameters of the first coor-

dination sphere in annealing up to the temperature of partia L 1 1.5
recrystallization. 0 0™ s w0* d
Table | shows data from an Auger spectral analysis of Dose, e

our films and the capacity of silicon atoms in these films tOFIG. 2. Influence of irradiation dose on the first coordination nunt@eand

form mu_mp'? bonds in annea[ing-_ pleaH_Vu the phenomenonyteratomic spacingb) in a-Si:H films. Anneal temperature 500 °C. lons:
in question is observed only in silicon films prepared by a(1) neon;(2) carbon;(3) oxygen.
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45k a these impurities in the disordered network and the formation
of corresponding chemical bonds. Having an ionic compo-
nent, such chemical bonds are stronger than the silicon-
silicon bond.

It is evident from Figs. 2 and 3 th&t; andr, are also
observed to decrease after the irradiation of amorphous sili-
con films with carbon, even at the maximum dose. More-
over, the observed decrease in the average interatomic spac-
ing is more pronounced. Here the maximum implanted
] carbon concentration~{2 at.%) is higher than the carbon
concentration ira-Si films prepared by methods in which the
] phenomenon in question has not been observed. It is a well-
known fact that the carbon atom, having a smaller covalent

4.0

3o

- 3.0

2.5

2.0

15 radius than the silicon atom, is responsible for the onset of
b additional tensile stresses and dangling bonds in silicon. In
- 2.5“( addition, it can form multiple bonds with silicon. The pres-
- ence of the ionic component together with the possible for-
420 * mation of asr-component of the silicon-carbon bond makes

this bond noticeably shorter than the silicon-silicon bond.
However, the carbon concentration in films irradiated even at

]
g 200 ;00 o 500 &0 the maximum carbon dose is still not sufficient to account for
a2 our observed decrease in the average distance between atoms
FIG. 3. Influence of irradiation on the variation of the first coordination (to 2.01 A instead of 2-10)&-‘
number(a) and interatomic spacing) in a-Si:H films during annealing. Finally, it is evident from Figs. 2 and 3 that the intro-
Irradiation dose X 10'°ions/cnt. lons: (1) neon;(2) carbon;(3) oxygen;  duction of approximately 0.2 at. %(irradiation dose
(4) nonirradiated sample. ~10"®cm™?) oxygen atoms ire-Si:H films is sufficient to

completely suppress the influence of annealing on the per-
ceptible structural transformations of the disordered network.

It is evident that the introduction of radiation defects With this fact in mind, we can state unequivocally that the
during the irradiation of-Si:H with neon ions is conducive main reason for the absence of any reductiorkirandr 4
to restoration of the tetrahedral structure of siliggtig. 2,  during annealing in the majority of amorphous silicon films
curvel). In particular, we have observed that the first coor-(Table ) is the presence of a high concentrationexcess of
dination number increases from 3.4 in nonirradiated siliconl at. %9 of oxygen atoms.
to 4.0 in silicon irradiated with neon at a dose Consequently, when quantum-chemical methods are
>10%ions/cnf. Neon partially accumulates in the voids, used in calculations of possible nontetrahedral silicon struc-
displacing hydrogen. The latter moves out into the bulk oftures, allowance must be made for the fact that real films
the film, where it forms new Si—H bonds or escapes the filmcontain, together with silicon atoms, a small concentration of
Annealing at 350 °C can be regarded as a postimplantationydrogen in the form of Si—H bonds aitdr) Si—H, bonds,
treatment, which induces structural transformations thats well as silicon-bound carbon and oxygen atoms. In theo-
lower the free energy of the disorderaeSi:H network by retical calculations we have analyzed two models of the sili-
creating a more uniform distribution of neon and by loweringcon chain structure. The first model rests on the assumption
the density of voids and other defects. According tothat silicon atoms can form only linedone-dimensional
secondary-ion mass spectroscopy data, implanted neon stagisains. The length of such chains is varied from 2 to 12
in the irradiated layer up to anneal temperature000 °C,  silicon atoms. Based on the experimental results, hydrogen,
and its initial evaporation temperature is 700(®®ef. 9. In  oxygen, or carbon atoms are situated at the ends of the
our range of anneal temperatures, therefore, neon stays in tiehains. The object of the theoretical calculations is to look
films, where it influences the diffusion and evaporation offor stable linear silicon structures and to determine their pa-
hydrogen and, accordingly, influences the possible structurabmeters. The confinement to a linear structure alone can be
transformations in annealing. In particular, this is how wefully justified, because in experiment restructuring takes
explain the lag of the recrystallization of amorphous siliconplace in a material comprising a rigid body, so that signifi-
flms at irradiation doses above ¥@m 2. They remain cant constraints are imposed on the movement of atoms dur-
amorphous even at the highest anneal temperature used iitg annealing.
our work. On the other hand, it should be noted that the  Quantum-chemical calculations taking into account the
presence of radiation defects and neon in the films does naorrelation energy by second-order/ Mdo—Plesset perturba-
eliminate the reduction of the first coordination number andion theory [MP2/6-311Gd)] are cumbersome and techni-
the interatomic spacing after annealing, but merely raises theally difficult. As a result, we have managed them success-
necessary temperature. fully only for clusters with a relatively small number of

After carbon and oxygen implantation, the onset of ra-silicon atoms. The length of the chains of silicon atoms can
diation defects is accompanied by the embedding of atoms dfe increased significantly by using the simpler Hartree—Fock
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TABLE II. Optimized bond lengthgA) and bond orders in linear silicon

cluster structures. a H—SI-—SI SI—SI—H
Computational Bond length, A Bond order -
method Cluster Short Long Sk Short Long SiX N ) ) A/H
Si-Si Si-Si Si-Si Si-Si b A Si Si Si_
. H H
SibH, 1939 - 1453 2916 - 0.956
Si,H, 1951 2.213 1.454 2.802 0.973 0.955
SigH, 1.965 2.210 1.454 2.665 0.994 0.957 , l
SigH, 1.966 2.207 1.453 2.633 1.019 0.958 Si Si
SiigH, 1.968 2.206 1.453 2.599 1.024 0.959 Cc H
RHF/6-311Gd) Sij,H, 1.968 2.205 1.453 2.595 1.027 0.960 H/’ %S/ §Si/
SibH, 2126 - 1471 1936 - 0.943 !
Si;,H,  2.071 2.112 1.467 1.934 1.849 0.941 l I
SigHs 2.069 2.075 1.466 1.885 1.805 0.941
SigH, 2.066 2.072 1.466 1.830 1.799 0.942
Si,Hg 2.367 -~ 1483 0.970 -+ 0.936 \ /
SibH, 1984 - 1.463 2916 - 0.954 Si
Si;H, 2.010 2.166 1.465 2.802 1.009 0.952 d
SigH, 2.044 2.152 1.466 2.665 1.045 0.954
SibH, 2141 - 1478 1.933 - 0.942 o—/Si Si=——”0
Si,H, 2.084 2134 1.476 1.936 1.841 0.940 /
MP2/6—-311Gd)  Si,Hg 2.346 1.488 --- 0.971 0.936
Sib,C,H, -+ 2165 1.626 - 0.971 2.830 Si
Si,C,H, 2.038 2.154 1.631 2.643 1.003 2.788 / \
SiL,C,H, 2.068 -+ 1722 1974 - 1873
Si,C,H, 2.074 2.089 1.720 1.898 1.805 1.856 . . - T
Si,C,H, 1985 - 1.880 2.918 - 0.916 FIG. 4. Final structural geometries of silicon clusters after optimization.

SiyC,Hg 2.010 2.170 1.878 2.764 0.996 0.928

ear chains of silicon atoms of the polyene type are fully
capable of existing im-Si:H films annealed at 550 °C.

method in basis 6-311@) [RHF/6-311Gd)]. Naturally, the In contrast, the existence of two hydrogen atoms at the
results are less reliable in this approach. However, our ca€nds of the chains imparts stability to a cumulene-structured
culations of comparatively small clusters by both methods dé&!uster, which now consists of silicon atoms with double
not yield fundamental differences in the resulable I)).  Ponds(structureb in Fig. 4). Here, as in the case of the

This outcome encourages our expectation that the data of of©lyene chain, the bond length depends on the number of
calculations for large clusters without regard for the correlatoms in the cluster. It varies from 2.066 A to 2.141A and

tion energy will be equally trustworthy. correlates quite well with the experimental data.

For example, Table Il gives the parameters of the stable When three hydrogen atoms are present at the ends of
linear silicon clusters determined by us. If the chain of sili-the chains of silicon atoms, as should be expected, we obtain
con atoms is terminated in oxygen atoms, we could not find cluster structure with ordinary silicon-silicon bonds and
a cluster structure with an energy minimum. The distancedteratomic spacings close to the ideal for a tetrahedral struc-
between silicon atoms in the table correspond to siliconure- _
silicon bonds closest to the center. The sym¥ah the SiX For the second cluster model used in the quantum-
column is interpreted everywhere as hydrogen atoms for §hemical calculations we have lifted the linearity restriction
cluster of the SiH,, type, as carbon atoms for a cluster of the ffom the atomic structure. Some of the results are shown in
Si,CH, type, and as oxygen atoms for a cluster of theogi ~ 1able Il and in Fig. 4(structuresc andd). It is evident that

type. Clearly, if one hydrogen atom is situated at each end ofr this model we again have clusters with stable chain struc-
the silicon chain, this kind of structure is optimized to atures. They are situated in one plane, but not along the same

polyene form of the cluster with alternating triple and ordi- Straight line. 'I;he optiznized angles between silicon atoms
nary bonds(structurea in Fig. 4). The length of the silicon Vvary from 115° to 127° for clusters of the§i, type. It is
triple bond is determined by the length of the chain and in
Epﬁ CaSc;E_S mvisng(;it?d bhy us V?:]ry fr.omh1.9.26ﬁ; to 2'?14§A ABLE lIl. Optimized lengths(A), angles(deg, and bond orders in non-

€ Qr Inary bon 'S_ shorter than In the idea te_tra € I‘ inear silicon cluster structures, method MP2/6-31d)G
material and, depending on the length of the chain, varies

from 2.152 A to 2.213A. A similar shortening of a single Bond length, A Bond order Angle, deg
bono_l in mgylecules with mL_JItlpIe bonds has bfeen observed, cier short Long SiX Short Long SiX Sil-Si2—Si3K)
prewousl;}L for carbon. With the understanding that the Si—Si  Si—Si Si—Si  Si—Si

electron diffraction method gives interatomic spacings aver=—
ibH, 2102 - 1492 2292 - 0933 125.0

aged over the entire volume of the investigated material, théi4H2 2117 2288 1493 2158 0.960 0937 118.2

bond Iength (‘“208 A) is in gOOd agreement with the theo- Si,0, 2.299 1.544 0.920 1.886 140.7
retical calculations. Consequently, the calculated stable lin
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also interesting to note that the total order of the bonds peare no fundamental restrictions on the formation of long sili-
silicon atom is only 3 for these clusters. We can thereforecon chains of atoms existing in thep or sp? hybrid state.
assume that in a real amorphous silicon film each silicoriThe final result of structural transformation, like the process
atom has one unfilled bond, or it can be used to form a bondself, depends on the properties of the as-prepared material
with another chain, thereby promoting the formation of aand the presence of external influences. The use of hydrogen-
three-dimensional disordered network. The silicon atoms irsaturated amorphous silicon as the basic material under cer-
this case exist in thep? hybrid state and have ordinary and tain conditions can lead to the production of linear amor-
double bonds. The average distance between atoms is greafgrous silicon by annealing. At present, however, neither
than for linear chains. It is interesting to note that, accordingexperiment nor calculations provide a straightforward an-
to electron spin resonan¢ESR data, hydrogen-free amor- swer to the question as to what type of linear chain of silicon
phous silicon films annealed at 500 °C have a high density oatoms is formed(polyene, cumulene, or both together
uncompensated spins=(L0°cm™%). The ESR signal has@  When hydrogen-free amorphous silicon is annealed, the most
factor close to 2.0055, which is usually attributed to danglinglikely product will be a chain material with silicon atoms
bonds. In contrast with the first model, we have succeeded ixisting in thesp? hybrid state. The presence of oxygen in
finding a stable cluster form containing oxygen atoms. Thehe as-prepared silicon films is the primary obstacle to the
results of calculations for SD, are given in Table Ill and in  formation of silicyne during annealing. The resulting mate-
Fig. 4 (structured). We see that the silicon atoms are joinedrial is amorphous. Unfortunately, this fact and frequent
by ordinary bonds, and that the bond lengths are close to thereakages make it difficult to observe long chains of silicon
tetrahedral values. The original linear chain of atoms is nowatoms directly.
twisted, and the increase in the number of silicon atoms re- This work has received support from the Russian Fund
sults in the formation of a three-dimensional structure. Thifor Fundamental Resear¢Rroject Code 97-03-32428
means that oxygen is an inhibitor for the formation of mul-
tiple bonds. *)E-mail: mashin@phys.unn.runnet.ru
Consequently, stable chain forms exist for both of the

cluster models discussed here. In the case of a linear cluster
the existing minimum of the surface potential energy is con-l'(“l-ggsKho"h'OVv A. I Mashin, and D. A. Khokhlov, JETP Le#i7, 675
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We have observed photoluminescence at JuB#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 siligéei:H films and in crystalline

silicon c-Si is investigated. ©1999 American Institute of PhysidS1063-782809)02310-§

The possibility of using erbium-doped amorphous hy-when using the method of magnetron sputtering of the target
drated silicon films &-Si:H(Er)) to prepare photo- and elec- and with rf sputtering using a multielectrode system.
troluminescence devices appeared after luminescence at It has been shownthat the PL intensity ira-Si:H(Er)
wavelengthh=1.54um was observed in them near room films obtained by magnetron sputtering is always higher than
temperaturé.The wide interest in research on single crystalin films obtained by rf sputtering. Moreover, it has been
(c-Si) and amorphous hydratg@d-Si:H) silicon doped with  determined that the introduction of oxygen impurity in con-
erbium is due to the possible applications of silicon technolcentrations an order of magnitude higher than the erbium
ogy for integrating devices, which are based on this materiatoncentration increases the PLarSi:H(Er) films obtained
and which operate at a wavelength corresponding to miniby magnetron sputtering, while a decrease of the oxygen
mum losses and minimum dispersion in fiber-optic commu-concentration results in an environment around erbium ions
nication lines. It is known that the technology for depositingthat is characteristic of erbium silicide EpSiwhich, as
a-Si:H(Er) films does not impose any restrictions on theshown in Ref. 5, is an optically inactive center. At the same
density of metallic and gaseous impurities. time, it is well known that when iron is introduced @Si PL

It has been showhn* that the photoluminescend®L) is also observed at the wavelengtk1.54um, and the op-
intensity depends on the erbium concentrati@g,J, and it  tically active centers are, as inferred in Ref. 7, precipitates of
increases on annealing, with the additional introduction ofiron silicide 8-FeSj. The appearance of FeSprecipitates
oxygen when magnetron sputtering is used for film deposihas also been observed by S&bhauer spectroscopy when
tion, and with the use of ion implantation for introducing °Fe is introduced ina-Si:H films® Photoluminescence at
erbium into the disordered structural network afSi:H.  A=1.54um in c-Si has been observed without the introduc-
When a multielectrode system was used to obtairetS&H  tion of any impurities. The authors attribute this observation
(Er) films, the additional introduction of oxygen decreasedto the presence of dislocations in the experimental samples.
the PL intensity It has been showifl that when different rare-earth elements

On the basis of the data obtained in Ref. 5 it is believedREES (Dy, Cd, Tb, Nd, Eu are introduced into the disor-
that the emitting centers i Si, a-Si:H(Er), anda-Si:H(Er)  dered structure of tha-Si:H network, it is observed that the
subjected to high-temperature annealing are clusters of thelements strongly influence the spectrum of localized states
erbium oxide Er-O. It has been shown by emissionsb4o of the tails of the allowed bands of the intrinsic structural
bauer spectroscopy dfi%Er (*5°Tm) that the optically active defects with states of the tyg@~, D°, andD™*. Intracenter
PL centers ina-Si:H(Er) are clusters, whose structure, just optical transitions associated with isolated charged REE cen-
as inc-Si, corresponds to the oxide ;. It has also been ters have not been observed, which could attest to the forma-
shown that the nature of the clusters formed by erbium andon of complicated complexes in tt&Si:H matrix by REE
oxygen atoms irc-Si anda-Si:H is different with respect to impurities. It has been shown that all REEs, except Eu, form
the local environment: Irc-Si the structure is close to the acceptor levels in the mobility gap iaSi:H films. At the
crystal structure of EO5, while in a-Si:H films it is some- same time, PL at 1.54m is observed ira-Si:H(Er) films
what different. Cluster formation occurs in the amorphousonly in the case of-type conductivity.
phase, even despite high-temperature annealing. However, The kinetics of film growth in the magnetron sputtering
the process leading to the formation of optically active clusprocess is different from that @-Si:H film growth using rf
ters of erbium oxide in the amorphous phase upon the introsputtering with a multielectrode system. For magnetron sput-
duction of erbium and oxygen during growth and upon thetering, the growth mechanism leading to the appearance of a
introduction of the same impurities by implantationck®iis  distinct columnar microstructure as a result of the high ef-
unclear so far. fective electron density in the plasma gap is the dominant

Our objective in the present work is to investigate themechanism. The outer surfaces of the “columns” have a
formation of optically active clusters ia-Si:H(Er) fims  high density of defects due to the presence of dangling

1063-7826/99/33(10)/4/$15.00 1145 © 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 N 0O, H, Total

0.04 0.03 0.002 0.02 0.03 0.001 0.14 0.04 0.12 0.001 0.16

silicon—silicon,  silicon—oxygen, and silicon—hydrogen \ =1.54-um PL band is not observed. In Ref. 5, where Er
bonds of the dihydrides SiHaccording to infrared spectros- without special purification was used, it is shown that the
copy data for the absorption bands at 1060 and 2100m  maximum PL intensity is observed with erbium concentra-
The extended microstructure of the film surfaces is one of thgon 10?*°cm™3, i.e., CL, is several percent. Note thatf,
determining factors for the formation of erbium oxides. =Cg,. The temperature dependences of the PL intensity of
When a multielectrode system is used during rf sputtering ine experimentai- Si:H(Er) films obtained using type-1 er-

a mixture of silane, argon, and hydrogen gases, according i§um with the addition of oxygen and using type-2 erbium
these investigations, a columnar microstructure is not obze essentially identical.

serve_q in either reflection or transmission, although inhomo-  The dependences of the PL intensityaeBi:H(Er) films
geneities no greater than 200300 in size are visible; the  gptained by rf sputtering with a constant erbium concentra-
main type of bonds between silicon and hydrogen are thgon and introduction of water vapor during the deposition
monohydride bonds Siktaccording to infrared spectroscopy process were investigated. It was found that the PL intensity
data, the 1060-cm' absorption band is absent, an absorp-gecreases sharply when the water vapor, i.e., an oxygen-
tion band is present at 2000 crh and the 2100-cm* band  containing impurity, is introduced. As is well known, under

is weal.!* e : - : -
the conditions of an rf discharge water dissociates into the
components H and OH. The OH group is an active compo-
1. EXPERIMENT nent, which participates in the heterogeneous reactions on

Thea-Si:H(Er) films were obtained by magnetron sput- the surfacg of the growing film and gives rise to the appear-
tering of a mosaic target consisting of single-crystal siliconance of dihydride bonds of silicon with hydrogetne ab-
and erbium and by the method of rf sputtering in a multielec-SOrption band at 2100 cnt). The reactions with participa-
trode system. Erbium of various purities was used: repeation of hydroxyl groups on the surface of the growing film
edly remelted in a suspended state in helium gas or i$€€m to result in the formation of optically inactive centers:
vacuum(type 1) and ultrapure erbiunttype 2. As a rule, ~The PL intensity decreases. One of the questions arising in
ultrapure erbium contains no less than 0.10-0.12% gaseotide study of the nature of optically active centers in not only
impurities and no less than 0.15-0.20% organic impuritie®-Si:H(Er) but alsoc-Si(Er) is whether the appearance of
(see Table)l Because of the high vapor pressure, most ererbium silicide is responsible for the dropoff of the Rac-
bium oxides and organic impurities, their content decreasegording to Masbauer emission spectroscopy data, erbium
after the initial erbium is melted in a suspended state. Théllicide was observed im-Si:H(Er) films with a low PL
deposition temperature and the growth rate were constaritensity or the spectrum of localized states in the mobility
and equal to 250°C ah2 A /s, respectively. Oxygen was gap changes as a result of the formation of erbium silicide.
introduced from water vapor in the process of deposition byAn investigation of the effect of the oxgyen concentration on
rf sputtering and from the gas phase by magnetron sputtethe PL intensity in GakEr) gave a similar dependence:
ing. The PL intensity at T=300K decreases for oxygen
Fused quartz and KEF-16Si served as substrates for density Co<10cm™2 and increases rapidly only for
subsequent measurements of the electroluminescence afig>10"cm 2 (Refs. 11-13
KDB-10 c¢-Si was used for infrared spectroscopy. When a multielectrode system is used, oxygen is intro-
Measurements of the PL @-Si:H(Er) films were per- duced from water vapor, whose pressure should not exceed
formed using a KSVU-23 automated setup in the synchro.10‘4Torr, which is probably too low for the formation of
nous detection mode. A cooled germanium photodiode wasptically active centers ia-Si:H(Er) films.
used as a detector. Photoluminescence was excited by the The formation of optically active centers when magne-
4880-A line of a 50-mW argon laser. tron sputtering is used occurs as follows: When type-2 er-
Spectral dependences of the PL intendiy tempera- bium is used, the Er—O complexes emerge directly from the
turesT=77 and 300K) as a function of the erbium concen-mosaic target. The electron energy is too low for the com-
tration in a-Si:H(Er) films, obtained by magnetron sputter- plexes to dissociate, and the complexes Er—O reach the sur-
ing using erbium(type 1 with introduction of oxygenthe face of the growing film. Heterogeneous reactions on the
flow rate was 0.03 cAts), are shown in Figs. 1a and 1b. surface of the growing film do not play a large role, since the
Photoluminescence is observedat 1.54um, and maxi- substrate temperature does not exceed 250-300°C. When
mum intensity occurs at concentrati@j,= 1.08%. type-1 erbium is used, the mosaic target ensures that erbium
When type-1 erbium with the same concentrationatoms reach the surface of the growing film. When oxygen is
and without the introduction of oxygen is used, thenot additionally introduced, most likely erbium silicide
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FIG. 2. Spectral dependence of the absorption coefficie(fw) of

100 a-Si:H(Er) (1) anda-Si:H(Fe) (2) films at T=300 K.

A, pm the width of the optical band gap remains nearly constant.
The question of the nature of the optically active centers
remains open, even though existing data show the presence

b of erbium oxide ina-Si:H(Er) films in which intense PL is
observed at 1.54m>®8

Comparing the data from optical transmission measure-
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 essen-
tially the same. As follows from Ref. 7, the optically active
center is FeSi. In Ref. 14, light-emitting diodes operating at
1.54 um were prepared on the basis of the Si—keS$iuc-
ture. The assumption that the other silicide, ErSs opti-
cally inactive is based only on the fact that Erias been
observed in films showing weak PP.

The additional introduction of ytterbium into aaSi:H
film did not change the PL spectra substantially: The
A=1.04-um line characteristic of intracenter transitions of
Yb was not observed, and no change was observed in the PL
intensity at\ = 1.54um.
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Intensity , arb. units

1 Vel
1.40 1.45 ;..50 1.55 1.60 2. CONCLUSIONS
m
g In summary, the nature of the PL at=1.54um in

FIG. 1. Photoluminescence spectraasSi:H(Er) films. a — Er(type 1); a-Si:H(Er) films remains in the research stage. Activation of

Cgr, %:1—1.08,2—0.79,3—0.34,4—142.T=77K. b—Er(type  erbjum ions due to the formation of fd; as a result of

2; Cer, %:1—1.08,2—0.79,3 — 0.34,T=300 K. introduction of oxygen is substantial, as is characteristic of
c-Si. In addition, the question of the role of the silicide
(ErSh) and defects such as dangling Si—Si bonds remains

forms — thex=1.54-um PL band is not observed with Open.

type-1 erbium concentration equal to the type-2 erbium con- We wish to thank A. V. Medvedev and A. B. Pevtsov for

centration. The introduction of oxygen increases the PL inperforming the PL measurements.

tensity with Er concentration increasing @,= 1.08%, and

as the Er concentration continues to increase, the PL intenty. Ennen, J. Schneider, G. Pomkenke, and A. Axmann, Appl. Phys. Lett.
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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
wavelengthh =632.8 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 PhysidS1063-782809)02410-3

Porous silicon has recently begun to find applicationsmalthough ellipsometry has also been used in some
the production on silicon of thin films having predeterminedstudiest*=*® For calculations of the refractive index in this
optical constantgrefractive indexn and extinction coeffi- case the film is regarded as an effective two-component me-
cient k).1? The applications of porous silicon with various dium consisting of silicon and voids, and with oxidized lay-
indices n range from “superlattice” interference filtetgo  €rs it is regarded as a three-component medium with the
waveguides and brightener&®The need to stabilize the op- 0Xide as the third componeht:’
tical parameters of porous silicon films and to enhance their ~ The objective of the present study is to investigate by
transparency in the short-wavelength region of the visibleellipsometry the optical characteristics, porosity, and compo-
spectrum requires additional processing of the material, fogition of thin films of porous silicon in various stages of
example, oxidation or nitridizatio” The initial values of —©Xidation. The primary concern 1 to investigate porous sili-
the optical constants of porous silicon are changed by the<gP" layers prepared on am”-silicon surface by chemical
operations. The predictable realization of the necessary filfficning (stain-etched films This undertaking is motivated

parameters requires knowledge of how the latter depend 0ll')]oth by the feasibility of using the layers as brighteners for
the technological preparation regime, i.e., on the silico solar cell$ and by the fact that the oxidation of such films

composition: its porosity and oxide concentration. In the as not been investigated previously.
past, the laws governing the oxidation of porous silicon have
been of interest in regard to the solution of such practicaEXPERIMENTAL
problems as the preparation of silicon-on-insulatgOl)
structure$ and the stabilization of photoluminescence andtrochemical etching of single-crystalline wafers rof -type
electrolummes_cenc%‘? In the first case the porous Si had 10 gnq . type silicon. The film preparation regimes are given in
be converted into a sufficiently thick and dense oxide, anGrapje |, Sample 1 in the table actually refers to a series of
the primary objective in the second case was to passivate theymples prepared under conditions differing only in the etch
surface of crystallites in porous Si. Consequently, hightime. Some of the as-prepared silicon wafers were subjected
temperature oxidationT(>1000 °C) has been used predomi- {5 preliminary diffused alloying with phosphorus at a surface
nantly for the production of insulation, and only short-time density Ne=2 x10?°%cm™3. The depth of then*-layer
pulsed annealingT(=800-900°C) has been used for pas- (1.4,,m) was much greater than the thickness of the porous
sivation. film obtained from it. The chemical etching of -Si in HF

It is difficult to trace the variations of the porosityand  containing a small quantity of NaNGoxidant® permits the
the thicknessl of thin (d<<1 um) porous silicon films by the reaction to take place without the liberation of hydrogen
usual gravimetric methdfland profilometry}*?because the bubbles and produces uniformly stained thin films, whose
variations of the weight and thickness of the sample are tothickness depends on the reaction time. The chemical etching
small. In the majority of papers on porous Si the refractiveprocess used in the preparation of porous silicon is extremely
index has been determined from reflection measureniéfits, sensitive to the surface state of the silicon and takes place

The porous films were prepared by the chemical or elec-

1063-7826/99/33(10)/7/$15.00 1149 © 1999 American Institute of Physics
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TABLE |. Preparation regimes and as-prepared parameters of porous silicon films.

Doping Substrate Current Etch
Type of level, orien- Electrolyte density time Depolari-
No.  silicon cm?® tation composition i, mA/cn? t, s zation, %’ F  d, nm n k p, %
1? n-SiSh  5x10'® (111 0.01% NaNQ Chem. 60—-300 2-17 35— 57.6— 2450- 0.010— 46—
soln. in HF etch 90 86.3% 28477 0.0157 349
2 n-Si(P) 2.5x 10 (100 0.01% NaNQ Same 180 1-6 81 97.6 2.344 0.013 50
soln. in HF
3 p-Si(B)  1.5x10% (100 HF: H,0: C,H;OH 2.1 60 1-2 48 1062  2.044 0.006 58
=2:1:1
4 p-Si(B)  4x 10" (100  HF: H,0: C,HsOH 10 25 4-22 227 1287 1486  0.000 75
=1:1:2
5 n-Si(P) 2X 107 (111 Same 2 45 2-4 29 76.8 1.858 0.003 63

dThe values are given for a series of samples.
PThe depolarization is given for angles of incidense 55°, 60°,65°.

only on a hydrophilic surface. To prevent contamination anddetermination, rather than in the actual values of the evalu-
simplify the preparation of the wafers prior to the formation ated ellipsometric parametefisand s (Ref. 20. It is impor-

of the chemical porous Si film, they were subjected to thertant to note that optical imperfection of the porous Si films
mal oxidation(thickness of the oxide layer Oi/dm). When  can also introduce errors in the subsequent calculations. As a
immersed in the solution for preparation of the porous Si, theule, these data and the values of the error fundti@re not
oxide was dissolved in it for~-30s, and then the formation indicated in ellipsometric studies of porous silicon, with the
of the stained film began after a certain time had passed. exception of Ref. 21.

It is important to note that the oxidation of porous silicon The measurements in the present study have been carried
calls for certain precautions to avoid encrustation of the sureut by means of an LIE:3M null ellipsometeriwavelength
face and the buildup of elements of the base |&y@xida- A =632.8nm). The instrument has the following configura-
tion is therefore usually carried out in two stages: a prelimi-tion: polarizer—compensator—sample—analyzer—photodetec-
nary low-temperature stage, when the surface hydrogen layéor.?? The measure of depolarization of the beam was the
is replaced by an oxide film, and a final high-temperaturedeviation of the signal on the photodetector recording system
stage aimed at complete oxidation of the Si base layer andf the LEF-3M instrument from the zerénoise level, ex-
subsequent consolidation of the porous Sidhe samples pressed as a percentage of the total scale in the maximum
of series 1 were subjected to the first oxidation stage in air agensitivity regime. The choice of angles of incidence of the
300 °C or in water vapof90—100 °Q; the second stage was light beam¢=55°, 60°, 65° was dictated by the criterion of
carried out afT=500-700 °C. All other samples were an- minimum beam depolarization.
nealed in a single stage. Sample 2 was divided into parts After the ellipsometric parameters had been measured,
having identical characteristics of the as-prepared porous Sihe following model was used for subsequent calculations:
and each part was annealed for one hour at a specific tenenvironment—homogeneous isotropic film—substrate. The re-
perature in the range 2600 °C. fractive indexn, the extinction coefficienk, and the thick-

Multiple-angle ellipsometry was used to determine thenessd of the film were calculated by searching for the un-
parameters of the film. The ellipsometric analysis of porouknown parameters with error functidh calculated by the
Si films has its own special characteristics due to imperfecleast-squares method, taking into account the error of the
tion of the interface between the porous Si and the substraggarameteré??3 The film thicknesses were measured within
and inhomogeneities in the film itself due to the high sensi-L—2-nm error limits, and the error of determinationrodlid
tivity of the etching rate to defects and fluctuations of thenot exceedsn=0.002, but fork it was larger:5k=0.004.
substrate alloying level. As a result, the total reflected lightThe optical constants of the substrate were determined with
beam is made up of beams with different polarization charallowance for the natural oxide surface film and were close
acteristics, and this creates certain difficulties even duringo data in the literatureng;=3.862 andkg;=0.023.
the measurement stage and is manifested, for example, as
incomplete extinction of the signal in the null ellipsometer. It \;5ne| OF THE EEFECTIVE MEDIUM
should be noted that the issue of depolarization of the beam
by the porous Si film has never been discussed in the publi- The analysis of the values obtained for the optical con-
cations known to us, probably because ellipsometers with &tants is based on the isotropic Bruggeman métid.is
nonnull signal recording schente.g., incorporating a rotat- assumed that the partially oxidized porous silicon consists of
ing analyzer were used. In the case of a null ellipsometer thethree components: silicon, silicon dioxide, and voids, with
influence of the depolarization componegas long as it is refractive indicesns;, nsjo,, andn,=1, respectively. The
not too pronouncedis more likely expressed merely in an dependence of the degree of oxidation and porosity on the
increase of the uncompensated component at the signal mireffective refractive index is calculated with allowance for the
mum and, as a result, in a certain loss in the accuracy dfact that the oxidized porous silicon film is not an arbitrary
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mixture of the three components, but the content of each ongorous Si films with different initial porosities behave differ-
varies during oxidation as a result of the other. In the waveently. Films with p;,>56% after complete oxidation of the
length interval wherek is small, the condition R&?) Si base layer remain porous, whereas in porous Si with a
=Rd (n+ik)?]=n? holds, whereN is the complex refrac- lower porosity the voids vanish well before the Si base layer
tive index. Let the volume fraction of silicon in the as- is completely oxidized, producing another two-component
prepared, unoxidized film bé=1-p;,, wherep;, is the system Si SiO, (see Fig. 1 Attention should be called to
initial porosity. As a result of oxidation, a fractionof the  the fact that for all such films, beginning with a certain de-
silicon is converted into SiQ The porous silicon then has gree of oxidation dictated by the point of intersection with
the new composition the SHSiO, curve, the functionn=f(s) is identical and
does not depend opy, .

volume fraction of Si f—x, 1
volume fraction of SIQ  g=2.2%, @) VARIATION OF THE POROUS SILICON FILM THICKNESS
Porosity p=1-— f—1.27%. (3) DURING OXIDATION

The combination of silicon with oxygen increases the  The foregoing considerations are based on the fact that
volume occupied by the solid base of the film, i.e., decreaseie voids are small and distributed uniformly in the film.
its porosity. It follows from the ratio between the gram- Accordingly, the porosity has not become equal to zero until
atomic weight of S(28 g and its density 2.33 g/cfhithat the ~ nhow, and the volume of porous silicon should not increase.
volume occupied by one gram-atom of Siis;=28/2.33 However, the true picture most likely departs from this ide-
=12.02 cni, and one gram-molecule of silicon dioxide, tak- alized version, and the voids in the film come in a wide range
ing into account the gram-molecular weight of 60 g and denof sizes. The smaller ones quickly fill up with SiGnd
sity of 2.20g/cm, is Vsio,= 60/2.20=27.27cni: i.e., the begin to push the silicon crystallites apart. This behavior can
oxidation of each Si atom increases the volume of the soli@use the film thickness to increase long before the condition

phase associated with it by a factor of 2.27. p=0 is satisfied.
The Bruggeman equation can be written in the form The fraction of solid phase in the porous silicon before
oxidation is determined entirely by the silicon component
F(f—x)+G2.2&+V(1-f-1.2%) =0, (4 andis equal td. The volume occupied by the solid phase is
where therefore equal tév,, wherevy is the volume of unoxidized
porous Si. Let the volume now be equalwg as a result of
n3—n? oxidation. The solid phase then consists of Si and,Si&hd
T2 2’ (5) its fraction isf+1.27%. Assuming that the minimum void
ng+2n - : _
diameter is equal to 0, we can find the new volume of the
2 _ 2 solid phasev,(f+1.27%). The relative increase in volume is
Nsio,— N
G= ————— (6)  then
nZq +2n2’
Si0, Vylvo=(f+1.2%)/f=1+1.27, (10
1-n? and the linear scale is given by the cube root of this quantity.
= 20 () Consequently, the thickness of the film will increase with
1+2n

increasing degree of oxidation according to the relation
andn is the effective refractive index of the film. 3
The determination ofi by means of Eq(4) calls for the d/dy=V1+1.2% (12)
solution of a cubic equation. It is far simpler to solve thewhered, is its initial thickness. The maximum increase in
inverse problem of finding for known values of: the thickness due to complete oxidatioe=(1) is d/dg

FE+(1— )V =131

T F-227GF1.27V
EXPERIMENTAL RESULTS AND DISCUSSION
It is convenient to characterize the degree of oxidation as the

fraction of oxidized Si base layer: The results of determining, k, andd from the measured
_ ellipsometric parameters on the porous silicon films before
s=(x/1)-100%. ©) oxidation are given in Table I. Also shown in Table | are the
Calculated curves relating the degree of oxidation of thepercentage depolarization and the error function. The thick-
silicon base layer to the refractive index)at 632.8 nm for  ness of the chemical porous Si filteamples 1 and)before
films with various initial porosities are shown in Fig. 1. Fig- oxidation weredy=(57.6—97.6) nm,n=2.344-2.847, and
ure 2 shows how the porosity of the layer variesnade-  the thickness of the electrochemical filnfsamples 3-pb
creases because of oxidation. The ranges of variation of were dy=(77—129) nm, andn=1.486-2.044. We as-
andp are bounded by two-component porous systems: Theumed that the film is oxide-free immediately after prepara-
upper dot-dashed curve describes a medium consisting @ion, and we determined its initial porosipy;, from the mea-
silicon and voids (St+V), and the lower curve characterizes sured refractive index with the aid of thedSV curve in Fig.
the porous oxide (SiQrV). It is evident from Fig. 2 that 2. This assumption is valid for films prepared pn-Si (Ref.

8
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FIG. 1. Calculated curves character-
izing the relation between the refrac-
tive index of oxidized porous silicon
and the degree of oxidation of the
silicon base layern, =632.8 nm. The
Si+SiO, curve corresponds to a film
in which no voids are left after oxi-
dation; p;, 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 for
various initial porositiesp;, of the
unoxidized film,A\=632.8 nm. The
dot-dashed curves representing Si
+V (porous silicon and SiQ+V
(porous oxidg¢ bound the region of
values having physical significance;
pi, is determined from the point of
intersection of thep—n curve with
the SHV curve.



Semiconductors 33 (10), October 1999 Astrova et al. 1153

TABLE Il. Parameters of porous silicon layers after oxidation.

Sample Oxidation regime Thickness Refractive Porosity Degree of
No. Stage | Stage | d, nm indexn p, % oxidation
As-prepared film, 72.2 2.590 41.8 0
300°C, 17 min 74.4 2.320 248 23
700°C, 60 min 84.5 1.737 0 69
1a?
100°C, HO, 10 min 84.0 2.105 12.3 40
500 °C, 60 min 89.8 1.776 0 67
90 °C, H,0, 90 min 73.2 2.081 11 42
600 °C, 60 min 80.8 1.746 0 68.5
30 Stored in air, 25 °C, 12 days 111 1.818 42.8 28.6
49 600 °C, 60 min 122.1 1.294 52 73
5 700°C, 60 min 76.9 1.650 48 33

dSample 1ais one of the samples in series 1; it is divided into three parts, each subjected to two-stage oxidation
in its own regime.
YThe parameters of the as-prepared layers are given in Table I.

13) andn™-Si (Ref. 25 and is corroborated by our measure- shows the temperature dependence of the film thickdess
ments of the infrared reflection spectra of thicker films pre-and its optical thicknessd. The latter is of primary interest
pared under like conditions. in regard to the fabrication of interference devices and coat-

It follows from the values obtained far, k andd (Table ings. It is evident thaid, which initially increases almost
[I) that oxidation by annealing in air at 9@00 °C produces linearly with the anneal temperature, also exhibits a tendency
a significant drop inn. After each oxidation stage was to saturation at higher temperatures. Nonetheless, the de-
measured by the ellipsometric method to determine the dezrease im during oxidation prevails over the increasedn
gree of oxidations and the porosityp from the curves in  causing the optical thickness to decrease on the whole.
Figs. 1 and 2 for the correspondipg,. The initial porosity The dependence of the relative thickness of the porous
was in the interval 34 50% for the chemical porous Si films silicon layerd/d, on the degree of oxidation of the silicon
and 58-75% for the electrochemical films. For either type base layer is plotted in Fig. 6, where it is compared with the
of film the degree of oxidation and the new porosity deter-curve calculated from Eq(11). Clearly, the simplified
mined under the same heat treatment condition depenchodel, which completely does away with the role of the
strongly on the substrate material and can fluctuate fsom voids, fairly well describes the experimental dependence.
=33% tos=84% after heat treatment @at=600°C forp;,  The final valued/dy=1.33 resulting from 98% oxidation of
=63% and 84%, respectively. the silicon base layer agrees satisfactorily with the expected

The oxidizing atmosphere is found to have a significantvalue of 1.31 for a monolithic film. This result is consistent
influence. Oxidation of the chemical films in water vapor atwith the earlier notion that the change in volume of porous
90 °C and bhoiling in deionized water (100 °C) produced asilicon during oxidation in dry oxygen agrees qualitatively
greater reduction im and, accordingly, a higher degree of with the change in volume during the oxidation of single-
oxidation than heat treatment in air at the higher temperaturerystalline silicor?’” Such an increase in the film thickness
T=300°C (=42% and 40% as opposed to 28%he  during oxidation is possibly attributable to the predominantly
thickness of the porous Si film always increases after heatolumnar structure of porous silicon. Upon becoming oxi-
treatment, consistent with the results obtained for thicker
films in Refs. 11 and 12. The coefficiektexhibits consid-
erable scatter, as it does in Ref. 26 for this spectral range. 0.015

We now analyze the main patterns of oxidation-induced
variation of the parameters of chemical porous Si films in the
example of sample 2 with an initial porosipy,=50% (see
Figs. 3—6. As oxidation progresses, the refractive index de-
creases froom=2.34 ton=1.48, signaling almost complete
oxidation of the film after annealing at 800 °C and its con-
version to SiQ without voids (porous SiQ would haven
<1.46). Accordingly, the extinction coefficient drops essen-
tially to zero(Fig. 3). From the calculated data in Figs. 2 and
1 we determine that the voids in this porous silicon sample i
must vanish ah=1.64, which corresponds ®=78%. In- . : . -
deed, in Figs. 3 ah5 a decrease in the rate of change of the 0 200 4‘30 600 600
refractive index and the oxidation rate is observed ffior n°e
<1.64 ands>78%, respectively, in the range=530°C,  FiG. 3. Dependence of the optical parameters of a porous silicon film on the
which can be attributed to closing of the voids. Figure 4temperature of a one-hour anneal in @hemical film 2 onn*-silicon.
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FIG. 4. Variation of the thicknesd and optical thicknesad of a porous

FIG. 6. Dependence of the dimensionless thickrmidg of a porous Si film
silicon film as functions of the temperature of a one-hour anneal in air.

on the degree of oxidation. The solid curve approximates the experimental
data, and the dotted curve is calculated according to(EL).

dized, every such column causes the thickness to increase by
an amount roughly consistent with the oxidation of mono-creases as the anneal temperature and, accordingly, the de-
lithic silicon. gree of oxidation increase. The variation of the thickness
follows approximately the same pattern as should occur for
an oxidized nonporous silicon film.

This work has received support from the programs
We have demonstrated the possibility, by means of el«physics of Solid State Nanostructures” and "Promising

lipsometric measurements at one light wavelength, of invesTrends in Microelectronic and Nanoelectronic Technology.”

tigating the variation of the optical constants and the thick-

ness of porous silicon films as functions of the preparation),

regime and subsequent heat treatment and then using thes

data to determine the film compositigporosity and SiQ

contenj. . _ .
Preliminary studies of the laws governing the oxidation ﬁ' I':Sm h |T: g?rgﬂzmén’\g'TG'MBeégﬁgo? %ﬁ”ss;:zhgl ng'a’v'l‘i’;der’

of porous silicon films prepared by chemical etching have (1.996. . ' o '

shown that their refractive index and the extinction coeffi- 2c. Mazzoleni and L. Pavesi, Appl. Phys. Lei, 2983 (1995.

cient decrease monotonically, whereas the film thickness in°M. J. Berger, R. Arens-Fischer, St. Frohnhoff, C. Dieker, K. Winz,

CONCLUSIONS

I(Ee-mailz east@pop.ioffe.rssi.ru

1
0 200

FIG. 5. Variation of the degree of oxidation of the silicon base layer and
porosity of the porous Si film as functions of the anneal temperdame

200
T°C

1
600

hour in aip. The film contains no voids at>530 °C.

800

H. Munder, H. Luth, M. Arntzen, and W. Theiss, Mater. Res. Soc. Symp.
Proc.358 327(1995.

4G. Maiello, S. L. Monica, A. Ferrari, G. Masini, V. P. Bondarenko, A. M.
Dorofeev, and N. M. Kazuchits, Thin Solid Filn%97, 311(1997).

SL. Schirone, G. Sotigiu, and F. P. Califano, Thin Solid Fil@87, 296
(1999).

6M. J. Berger, R. Arens-Fischer, M. Thonissen, M. Kruger, S. Billat,
H. Luth, S. Hibrich, W. Theiss, and P. Grosse, Thin Solid Fik83, 237
(1999.

L. Stalmans, J. Poortmans, H. Bender, S. Jin, T. Conard, J. Nijs, L. De-
barge, and A. Slaoui, imternational Conference on Porous Semiconduc-
tors, Scientific and Technical Materia{Mallorca, 1998, Abstr. 0-14.

8G. Bomchil, A. Halimaoui, and R. Herino, Microelectron. Eryy. 293
(1988.

9J. L. Batstone, M. A. Tischler, and R. T. Collins, Appl. Phys. Lé&,
2667(1993.

10A . Halimaoui, inPorous Silicon. Science and Technology (Winter School,
Les Houches, 1994gdited by J.-C. Vial and J. Derrigpringer-Verlag,
Berlin-Heidelberg, Les Edition de Physique Les Ulis, 19p533.

11K, Barla, R. Herino, and G. Bomchil, J. Appl. Phy&9, 439 (1986.

12y Arita, K. Kuranari, and Y. Sunohara, Jpn. J. Appl. Ph¢5, 1655
(1976.

13C. Pickering, M. I. J. Beale, D. J. Robbins, P. J. Pearson, and R. Greef,
J. Phys. C Solid State Phy7, 6535(1984).



Semiconductors 33 (10), October 1999 Astrova et al. 1155

14p. M. Faushet, L. Tsybetskov, S. P. Duttagupta, and K. D. Hinsehman, (North-Holland Publ. Co., Amsterdam; Elsevier North-Holland, New

Thin Solid Films297, 254 (1997. York, 1977.

15, T. canham, M. R. Houlton, W. Y. Leong, C. Pickering, and J. M. Keen, 2'R. B. Bjorklund, S. Zangooie, and H. Arwin, Appl. Phys. Le8®, 3001
J. Appl. Phys.70, 422 (199)). (1996.

18M. Fried, H. Wormeester, E. Zoethout, T. Lohner, O. Polgar, and I. Bar-22v. A. Tolmachev, Proc. SPIB094 281(1997).
sony, Thin Solid Films313/314 459 (1998. V. A. Tolmachev, Opt. CommuriL53 39 (1999.

L. V. Belyakov, T. L. Makarova, V. |. Sakharov, I. T. Serenkov, and O. 24D. E. Aspnes and J. B. Theeten, J. Appl. Pi5@.4928(1979.
M. Sreseli, Fiz. Tekh. PoluprovodB2, 1122(1998 [Semiconductor§2, %R, zanoni, G. Righini, G. Matogno, L. Shirone, G. Sotgiu, and F. Rallo, in
1003(1998]. E-MRS(Strasbourg, 1998B-1/P. 16.

18B. B. Loginov and V. P. Galenko, Zh. Prikl. Khim50, 1683(1977. 28F, Ferrieu, A. Halimaoui, and D. Bensahel, Solid State Comr8dn293

L. Dolgyi, N. Kazuchits, V. Yakovtseva, N. Vorosov, M. Balucani, V.  (1992. i
Bondarenko, L. Franchina, G. Lamedina, and A. Ferraripternational 27\, A. Labunov, V. P. Bondarenko, and V. E. Borisenko, ZarulekEon.
Conference on Porous Semiconductors: Science and Techn@ibgy Tekh., No. 14185) (1978.
lorca, Spain, 1998Abstr. 0-70.

2R, M. A. Azzam and N. M. Basharé&llipsometry and Polarized Light Translated by James S. Wood



	1049_1.pdf
	1054_1.pdf
	1059_1.pdf
	1062_1.pdf
	1067_1.pdf
	1072_1.pdf
	1076_1.pdf
	1080_1.pdf
	1084_1.pdf
	1088_1.pdf
	1093_1.pdf
	1097_1.pdf
	1100_1.pdf
	1108_1.pdf
	1111_1.pdf
	1115_1.pdf
	1119_1.pdf
	1121_1.pdf
	1124_1.pdf
	1128_1.pdf
	1133_1.pdf
	1139_1.pdf
	1145_1.pdf
	1149_1.pdf

