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A sudden rise of far-infrared emission against the background saturation of the current—voltage
characteristic of a strained InGaAs/AlGaAs structure in a strong electric field was observed

in fields of about 1.5 kV/cm. As the electric field increases further, the intensity of the radiation
changes nonmonotonically. It is suggested that the rise of emission is due to the formation

of domains, which are responsible for the current saturation.1998 American Institute of
Physics[S1063-782808)02109-7

A considerable number of papers on far-infrar@g) nary investigation of the far-IR radiation and transport of hot
radiation of two-dimensional hot holes has recently beerholes in a strained InGaAs/AlGaAs structure. The depth of
published (see, for example, Refs. 1)%4This topic is of hole quantum wells in this system exceeds 200 meV. Hole
interest because of the unusual nature of the energy spectrumeating by an electric field applied along the quantum-well
of two-dimensional holes, because of the strong nonparabdayers with such a well depth is unlikely to cause holes to be
licity of the dispersion curves of quantum-well subbands,transferred from the well into the barriers, and all processes
and because of the existence of anticrossing pditteder  described below can be assumed to occur as a result of hole
these conditions, it can be expected that as the holes aredistribution between quantum-well subbands.
heated, an inverted distribution function is formed in a man-  The structure was grown by molecular-beam epitaxy in a
ner similar to that thought to occur in the case of uniaxiallystandard RIBER-32P system with a solid-state arsenic
compressed germanifm(tunneling at the anticrossing source. A 0.2um-thick gallium arsenide buffer layer was
point). However, in Ref. 7 it was shown that in uniaxially grown on a semi-insulating GaA400 substrate. This was
compressed germanium inversion does not arise in the splibllowed by an active region consisting of ten 15-nm-thick
subbands. The reason is that in bulk germanium a close alhGaAs quantum wells separated by 60 nm thick AlGaAs
rangement of split subbands at the anticrossing point existsarriers. The thickness of the quantum wells did not exceed
only in the direction of compressiafin the [111] crystallo-  the critical thickness of pseudomorphous growth for the solid
graphic direction Away from this direction the subbands solution composition employed. The structure with quantum
“move apart,” tunneling does not arise, and inversion iswells was bounded by 100-nm-thick AlGaAs barriers.
impossible. At the same time, in two-dimensional structures A two-dimensional hole gas was produced in the quan-
a single direction of infinite motion is precluded and inver-tum wells by selective beryllium doping of narrai@.5 nn)
sion in this scheme is more likely. barrier layers, separated from the wells by 6.0-nm-thick

Far-IR radiation of two-dimensional hot holes was firstspacers. The Be atom density in the layers was 1.2
observed from unstrained structures of the typex10® cm 3. The entire structure was completed by a 200
GaAs/AlGaAs!~3 In those studies it was concluded that ra- A thick GaAs layer. The growth temperature of the active
diative transitions are of an intersubband character. In Ref. Begion was equal to 510 °C, which made it possible to avoid
it was shown that streaming of hot holes exists andeevaporation of In during the deposition process.
streaming-associated evolution of the filling of the second Samples with contacts, which were established by braz-
guantum-well subband by hot holes in narrd®.8 nm ing in gold with zinc at a depth giving a reliable contact with
guantum wells as a result of a change in the warming fieldhe quantum-well layers, were made from the structures. The
was demonstrated, while in Ref. 3 the radiation spectrungap between the contacts in the experimental samples was
from wide (20 nm) quantum wells was measured. No con-equal to 2 mm. An electric field in the quantum-well layers
clusions concerning the possibility of obtaining an invertedwas applied along th¢110] crystallographic direction by
distribution were drawn. A strained structure based ommeans of 1us pulses with a repetition frequency of 10 Hz.
InGaAs/GaAs was investigated in Ref . As aresult of  All experiments were conducted at the liquid-helium tem-
being heated in this system, holes are transferred from thperature.
well into the barriers, where they are effectively cooled be-  Modulated doping of the barriers in the structure
cause their effective mass is much larger than in the wellgave good hole mobility. In our case the mobility in weak
The possibilities of an inverted hole distribution are dis-fields at liquid-helium temperature is on the order of
cussed on the basis of this effect. 10* cn?/(V-s). At this mobility streaming is observed in

In the present paper we report the results of a prelimi-GaAs/AlGaAs-type structures; the streaming current depends
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= peated passes remains the same, though the amplitude varies
g somewhat. In all cases, sharp growth of the radiation occurs
"§ 2 : in the same electric field.

S § The nonmonotonic character of the intensity of the pow-
B ; erful radiation as a function of the electric field indicates that
N the radiation is not associated with trivial processes in the
E § sample(for example, electric breakdowriThe rapid growth

= 5 of the emission could be associated with domain formation,
-S‘? < which in turn is associated with hole redistribution over

S - Z' 3 quantum-well subbands, in which tunneling at anticrossing

points does not play a crucial role. Unfortunately, we do not
know the spectrum of the hole subbands of this structure.
FIG. 1. Current) and far-IR radiation intensit{2) plotted as a function of ~ This spectrum can differ strongly from the corresponding
the electric fieldE in the sample. spectrum of unstrained GaAs quantum wells, which is char-
acterized by a large separation of the subbands at the anti-
crossing points.At the same time, there are known cases of
on the electric field, and the moment at which streaming isstrained structures with dispersion curves which are close to
attained in an increasing electric field is characterized by #ne another at the anticrossing point, so that tunneling is
sharp kink in the current-voltage characteristic. Higher mo-entirely possible, and with a wide region with large effective
b|||ty causes Streaming to occur in the weaker fields andnass in the Brillouin zone, which should allow the existence
causes the transition to be more abr(gee Fig. 1 in Ref. 0f a domain(see Fig. 1a in Ref. 8.
2). Nonetheless, total saturation of the current—voltage char- Under these conditions inversion and generation of
acteristic during streaming is not observed, since on reachingfimulated radiation by the mechanism described above can
the energy of an optical phonon holes in ballistic flight haveappear. The threshold character of the powerful radiation
enough time to emit an optical phonon and penetrate into th8upports this interpretation of the processes that have oc-
active region to a depth which increases with increasing eleccurred.
tric field, which accounts for the weak increase in the cur-  This work was supported by the Russian Fund for
rent. Fundamental ResearctGrant No. 98-02-18403and the
A different picture is observed when a strong field is Interdisciplinary Science and Technology Program of Russia
applied in the quantum-well layers of a strained InGaAs/'Physics of Solid-State Nanostructures’(Grant No.
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of actual current saturatiofsee Fig. 1, curvel). Such a had a positive influence on the organization of our
behavior of the current-voltage characteristic for a strained@Xperiments.
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It is shown for the system porous silicgpor-Si)—silicon (Si) that effective nondestructive
investigation of the interfacial morphology of layered semiconductor systems and of the
composition of multicomponent layers by ellipsometry and Rutherford backscattering is
possible. Both methods were used to determine the percentage composition of the main
components opor-Si: crystal silicon, silicon oxide, and voidporosity). It is shown thatpor-Si
obtained by pulse-anodization contains a substantial quantity of silicon oxide. It is also

shown that spectral ellipsometry can be used to determine the specific ratio of individual layers
or components of multilayer and multicomponent systépmevided that the spectral

dispersion of the optical constants of these components is Known 1998 American Institute

of Physics[S1063-78208)02209-1

1. INTRODUCTION He—Cd, and argon lasers as radiation sources made it pos-
Multicomponent systems containing quantum-well par_5|ble to investigate the optical characteristicgof-Si in the

ticles have recently been studied extensively. Such systerrpgmton energy intervehy=1.96-2.801 eV. Standard for-

can be viewed as a new class of semiconductor materiag:mas were used to convert the measured values of the com-

with properties that differ substantially from those of the P'€X reflectancg Of. the structure 'nto?;t_]e thicknesses and
initial components. Examples of such materials are Ge an omplex refractive indices of the materdor a transparent

Si clusters in a Sigmatrix-2 and metal oxidesand super- IIm, the periodicity of the ellipsometric data as a function of
conducting ceramidsembedded in fullerenes the thickness made it necessary to make a preliminary esti-
A classical example of a muIticomponeﬁt quantum—wellmate of the film thickness by means of interferometric mea-

system is porous silicoiipor-Si). In the ideal casepor-Si surements in a M.”'A' MICroscope.

contains silicon microcrystallites and voids. Depending on The composition and th;((:éness of the layers were also
the preparation method, it can also contain inclusions O*nvesngated by RBS and PIXE.

amorphous silicon, silicon oxides, and even organosilicon

compounds, which result from the treatment in organic mix-3. RESULTS AND DISCUSSION

tures.

Our objective in this study was to investigate the com-
position of the layers and the porosity pbr-Si. This was
done by using a combination of nondestructive methods
spectroscopic  ellipsometry, Rutherford backscatterin
(RBS), and proton-induced x-ray emissigRIXE).

The refractive indexn and extinction coefficienk were
determined by spectral ellipsometry. The values of the ex-
_tinction coefficientk in the entire measured spectral range

and at all thicknesses do not exceed 0.01. Since in the inves-
igated layers1>k, the real part of the effective permittivity

of these layers is determined only by the refractive index:
e=n’—k?=n?. The main and most important information
about the layers can therefore be obtained by analyzing the

Boron-doped,p-type Si with 2 Q- cm resistivity and measurements of the refractive index
(100 orientation was used. Anodization was performed ina  Figure 1 shows the spectral dependence of the refractive
1:1 ethanol solution of HF. Pulse-electrolysis with illumina- index of one sample of porous silicon obtained by pulse-
tion (~40 mWi/cnf) was used. The duration of the square anodization {=40 mA/cn?, 7=5 ms, f=5 Hz, Q=2.3
voltage pulses was=0.1-10 ms and the pulse repetition C). The Bruggemann effective-medium thebwyas used to
frequency wad=5—100 Hz. The current density in a pulse estimate the relative content of the components poaSi
wasj =10—50 mA/cn? (chargeQ=1—10 C/cnf). The lay-  layer. The relationship between the experimentally deter-
ers possessed a dense, shiny surface. mined effective permittivitye o of @ multicomponent system

The measurements of the thickness and the optical corand the permittivitieg; and relative content; of individual
stantsn andk were performed on a LIE=3M ellipsometer at  components is determined by the following equations ex-
angles of incidence in the range 50—70°. The use of He—Ndgnded to the case ofcomponents:

2. EXPERIMENT
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o ) FIG. 2. RBS spectrum of a 8000 A thiglor-Si layer on ac-Si substrate.
FIG. 1. Spectral dependences of the refractive indef por-Si: Dots —  Dots — experiment, curves — model spectta:2 — oxygen and silicon
experiment; solid lines — calculation in a two-component model sili¢con  partial spectra for a porous structu,— silicon partial spectrum of the
void. The relative void fraction is indicated. substrate4 — total model spectrum.

silicon the ratio of the PIXE signals in the random and chan-
> fi(ei—eo)l(8;+2ee) =0, neling directions is 0.03—0.05. On this basis we estimate the
i c-Si content in the layer to be 14.2%.
The silicon/oxygen ratio which was obtained corre-
sponds to the layer composition Si : © 1 : 1.7. Since the
2 =f;=0. c-Si concentration is 14.2%, the fraction of silicon bound
' with oxygen is 85.8%. It is obvious that the ratio 0.858 : 1.7
) ) - ) ) corresponds exactly to the composition of silicon dioxide.
The dielectric constant; of the _s!hcon microcrystallites was  This makes it possible to interpret porous silicon as a system
assumed to be equal to bulk silicon. In the case of two COMgnisting of three componentsilicon, silicon dioxide, and

ponents, silicon and voids, the spectral dependences of tRgyiqq if the other possible compounds of silicon with oxy-
refractive index are given in Fig. (solid lineg for relative _gen are disregarded.

void concentrations of 0.830, 0.835, and 0.840. The devia-  gjyen the thicknes®, the density of a film can be cal-
tion of the experimental points from the computed curves,ated from the equation

was attributed to the fact that the real structure deviates from

the two-component model because of the presence of oxide. p=DA/d,

Since the dispersion of the oxide in the visible region of theynereA is the mass of an arbitrary atom in grams, ahis
spectrum is negligible, while a void has no dispersion at all¢he thickness of the layer in cm. From the known layer thick-
silicon is the only component that determines the slope of thges(8000 A) we obtain a density of 1.167 g/émSince the
experimental curve in Fig. 1. . _density ofc-Si is 2.33 g/cm and that of Si@ is 2.3 g/cn,

In the three-component Bruggemann effective-mediumne porosity is 49.4% and the'Si and SiQ fractions are
model the concentration of each component of the system 24 and 43.3%, respectively.
can be estimated from existing data on the optical constants  The good agreement between the results obtained by two

of crystalline siliconc-Si (Ref. 8 and SiQ. The following  fyndamentally different methods thus indicates that spectral
results are obtained assuming spherical components: porosity

— 54.8%,c-Si — 6.4%, and SiQ — 38.8%.

A direct estimate of the atomic composition opar-Si
layer was made using the RBS data, which give the energy
distribution of the protons reflected from the sam#a. 2).

The thicknes®D of the films in units of the number of arbi-
trary atomgarb. at) Si,O, _, per cnf can be calculated from
these datd.We obtainedD =2.750x 10'® arb. at./crA. The
atomic ratio is Si : O= 0.37 : 0.63, which corresponds to the
composition SiQ,. The PIXE measurements, which show
the relative intensities of the O and Si lines, confirm these
results. The PIXE measurements in random and channeling ; R )
directions(Fig. 3) show that channeling is observed only for 30 50 70 90 10 130 150 170 190
silicon, but not for oxygen, which decreases the signal by Channel number

~12%. This indicates the presence of a crystalline phasg|g. 3. pixe spectra of @or-Si layer in the channeling directiofsolid
(c-Si) in the porous layer. As is well known, in crystalline heavy ling and the random directioffine line), and their ratiqdashed ling
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ellipsometry can be used in a new way to study interfaces in 2. The relationship between the fast-luminescence band
layered semiconductor systems and to correctly choose a mef por-Si and the presence of oxide in the layer was con-
tod for analyzing a multicomponent medium. firmed experimentally.

Two features stand out in the ratio of components in  This work was supported by the Russian Fund for Fun-
por-Si: the relatively low porosity of the layer and its high gamental ResearctGrants N 96-02-17903 and N 96-02-
oxide content. It should be noted that the second feature is 9792 INTAS (N 93-3325, and the program “Physics of

be expected. Our objects of investigation wpte-Si layers g state Nanostructures” of the Ministry of Science.
obtained by pulse anodizatidh.This method yields layers
with a smooth shiny surface, which is necessary for ellipso-
metric measurements. Moreover, the photoluminescence
spectrum obtained by pulse-anodizationpof-Si is charac-
terized by an intense fast-luminescence bﬁhﬂh}ch ISUSU- 11 V. Shcheglov, C. M. Yang, K. J. Vahala, and H. A. Atwate, Appl.
ally attributed to the presence of a substantial quantity of Phys. Lett.66, 745 (1995.
oxide in the layef! In this study we have confirmed the 2p. mutti, G. Ghislotti, S. Bertoni, L. Bonoldi, G. F. Cerofolini, L. Meda,
relationship between features of the photoluminescenceEt. Grilli, and M. Guzzi, Appl. Phys. Leti66, 851 (1995.
spectrum and the oxide content in ther-Si layer. 3§i\/\1/jgg'(fé§;0’ O.Zhang, Y. Luo, Y. Ruan, and Z. Wang, J. Appl. Phys.

.The low values of the por(_)sn)_/ of the Iayer are explal_ned 48.‘Sathahiah, R. A. Zagraro, M. T. T. Pacheco, L. S. Grigorian, and
mainly by t_he fa_ct that the oxide in the layer was taken |r_1t_o K. Yakushi, J. Appl. Phys81, 2400(1997.
account, since in the two-component system the porositieSr. Azzam and N. Bashar&llipsometry and Polarized LightElsevier,
exceed 80%see Fig. 1 At the same time, it should be noted  North-Holland, 1987 Mir, Moscow, 1983.
that the weight method ordinarily used to determine the po_Gv. V. Afrosimov, G. O. Dzyuba, R. N. IlI'in, M. P. Panov, V. |. Sakharov,
rosity of pOI‘-Si Iayers gives values that are too high because I. T. Serenkov, and E. A. Ganza, Zh. Tekh. B8, 76 (1996 [Tech. Phys.

: N . . X 41, 1240(1996)].

of errors in estimating the layer thickness, especially in the;

. D. A. G. Bruggemann, Ann. der Phy24, 636 (1935.
presence of a so-called crater — general settling of the posp. g aspnes and A. A. Studna, Phys. Rev28 985 (1983.

rous layer relative to the initial silicon surfate. SW. K. Chu, J. Majer, and M.-A. NickoletBackscattering Spectrometry
(Academic Press, N. Y., 1978
4. CONCLUSIONS 10, v. Belyakov, D. N. Goryachev, and O. M. Sreseli, Pis’'ma Zh. Tekh.

Fiz. 22, 14 (1996 [Tech. Phys. Lett22, 97 (1996].
1. It was shown that spectral ellipsometry can be used té'D. I. Kovalev, I. D. Yaroshetzkii, T. Muschik, V. Petrova-Koch, and

determine the specific ratio of individual layers or compo- F-Koch, Appl. Phys. Lett64, 214(1994. ,

nents of multilayer and multicomponent systefpsovided ~ C: H- Villeneuve, J. E. Peou, C. Levy-Clement, and P. Allongue, in
. . . Abstracts 191 ECS MeetingMontreal, Canada, 199B7-1, p. 182.

that the spectral dispersion of the optical constants of these

components is known Translated by M. E. Alferieff
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The stationary characteristics of a photocathode and the characteristic times of transient
processes accompanying instantaneous switching of the illumination on and off under the
conditions of high excitation intensity are examined in a nonlinear diffusion model, with allowance
for the photovoltage dependence of the parameters of the skin layer. Analytical expressions

for the quantum vyield as a function of the photovoltage and radiation intensity are obtained for the
stationary case. The critical value of the illumination intensity corresponding to a transition

into the emission charge limit regime is found. It is shown that the time of emergence into a
stationary state depends on the magnitude of the photovoltage established on the barrier

and is determined mainly by the equilibration time between the electron and hole fluxes on surface
recombination centers. At high illumination intensities the equilibration time is inversely
proportional to the illumination intensity. At intensities corresponding to complete blocking of

the cathode, this results in an emission charge limit. The photovoltage relaxation time

can reach microseconds. The photovoltage dependence of the tunneling transmittance of the
activation layer can be reconstructed by comparing with experiment the computational results
obtained for the quantum yield as a function of the photovoltage.

© 1998 American Institute of PhysidsS1063-78208)02309-9

Semiconductor photocathodes employing electron emisbeam intensity required for a number of planned accelerator
sion from the surface of a GaAs epitaxial film activated toexperiment$.
negative electron affinity have a broad range of important ~ Although the qualitative pictufeof the phenomenon is
applications in infrared technology and modern physics: induite clear and largely explains the experimentshe quan-
high energy physids and in investigations of crystal sur- titative results in Ref. 8 were obtained as a result of a model
faces and the magnetic properties of thin fiffiBhe possi- numerical calculation. This makes it impossible to use the
bilities of using photocathodes in electron microscopy andesults of Ref. 8 to clarify the dependence of the observed

electronic lithography are being studied extensitely quantities on the structural parameters of the photoemitter, to
Optical orientation of electrons in the process of absorp€Stimate the maximum achievable parameters and the possi-

tion of circularly polarized light near the interband absorp-Pility Of optimizing the parameters of photoemitters, or to
Sdetermlne the structural parameters of photoemitters from

Since the excitation of the semiconductor structure occurs irt1he experimental data. o .
The phenomena occurring in the surface region of space

the low-absorption region, intense sources of excitation m_usctharge and of the activating layéAL) present the greatest

di y p b q . v b itficulties for experimental and theoretical study. Experi-
iverse nonlinear effects are observed experimentally, botly oo oy low-energy electron diffraction from an activated

. . . . . n_7
in the stationary sfta‘t;eand. during pulsed excnatlo'ij..These surface attest to the degree of amorphization of the structure
effects are associated with a limitation of the emision currengs the ALS As a result. even for cathodes with high and

and charge as a result of the photovoltaic effect, which degjmjlar values of the quantum yield there is a large variance
creases the band bending at the surface and increases {hethe observed characteristics, for example, in the energy
work function? For applications of photocathodes as easilydistributions of the emitted electrons and in the degradation
controlled sources of polarized electrons, the maximum curkinetics. The wide energy distribution of the emitted elec-

rent(in the continuous regimeand the maximum charge per trons and their weak depolarization under optical orientation
pulse(in the pulsed regimeare important. The charge limit conditions show that the fluctuation potential plays a

in emission is the main obstacle to increasing the electronlarge role in the space-charge regit®CR.1° The diverse

1063-7826/98/32(9)/9/$15.00 1006 © 1998 American Institute of Physics
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Qn(o): —0sn—Yemi- (2)

The recombination fluxqs, can be written in the forngg,
_ +
( =apNg ng or
Qsn=SnNo(1—f). (3

Heref is the fraction of the positive surface chargh that

is neutralized by recombination with electrors, = Ng(1

—f) is the surface density of the positively charged centers
in the presence of illuminatiors,= «,Ns is the surface re-

VB
/V combination rate, and,, is the electron capture coefficient.
| In the expressiofi3) the term describing the inverse pro-
Ga..Al .A cess — electron transfer into the conduction band — is omit-
89 7019 318

ted. It is important if the surface levels on which trapping
occurs lie quite close to the conduction band. For an acti-
FIG. 1. Energy band diagram of a photocathode. The dotted line shows th\éate.d GaAs Sur.fa_ce’ the tgrms a§soc!ated with thermal gen-
position of the vacuum level and the band edges in the space-charge regi@fation are negligible both in the interior and at the surface.
before illumination. Experiments studying the energy distribution of the

emitted electrons in the presence of a weak excitation

intensity™>14 show that the energy of the emitted electrons
properties of the AL are also manifested in the behavior ofand the width of the distribution correspond to a bani
cathodes under intense excitation conditions. =E.,—E, between the conduction band edge and the

In our study we used a three-step diffusion-drift modelyacuum level. This band is close to the magnitude of the

of photoemissiott to investigate the mechanisms that im- negative electron affinitAE~ y, attesting to rapid electron
pede the photovoltaic effect and to clarify the possibilities ofcapture in the SCR well and low transmittance of the surface
characterizing photocathode structures according to the exffective potential barriefsee Fig. 1L We can therefore
perimental data. Methods for optimizing the structure of phOWrite the electronic emission Currqumi in the form
tocathodes are discussed.

Jemi™ _VITW(nO_nS)- (4)

1. FORMULATION OF THE PROBLEM HereV!=uv,T, is the rate of escape of electrons from the
SCR,v, is the average electron velocity, afd is the trans-

1.1. During activation of an atomically clean surface of a =" ) . . .
heavily doped GaAs epitaxial film to a state of negative elecmittance of the effective barrier in the region of the activat-

tron affinity, a layer(the activating layer which is an energy N9 1ayer. The average depi,; of the SCR well is much
barrier for photoelectrons and is no more than 3 nm thickdreater tham E, so that at high excitation intensity the depth

forms on the surface of the film. Pinning of the Fermi level at®f the SCR well and the energy bankE accessible for

the surface on donor-type localized states in the band gaf,lectron emission decrease. This decreases the emission cur-
results in band bending at the surface and in the formation dient: This circumstance is taken into account in &4).by
a space-charge regiofSCR), whose thicknessv is deter- the factorT,,, which is the effective “transmittance of the

mined by the magnitude of the band bending and the acceflUantum well” of the SCR. The density; corresponds to

tor densityN,, . The energy diagram of a photocathode struc-equilibrium atl;=0. The boundary conditio(®) is nonlinear
because of the dependence of the recombinatjgnand

ture with a working region of thicknessis shown in Fig. 1. han -
Photoelectron transport in the working layec@<d is emissiong.m; currents on the degree of filling of the surface
centers by electrons.

described by the diffusion equation . ) ]
1.3. At the right-hand boundary of the working region

‘9_”+ %zal-e*“"— n -_D ‘7_”_ En. (1) x=d, we shall use the surface-recombination condition in
at X ! 70 ngx KM=t the form
Heren is the electron density, the coordinates measured in Dan/dx=—s;(n(d)—n%), (5)

a direction rightward from the barriel, is the near-surface
light intensity in the photoconductor, andis the absorption wheres, is the corresponding recombination rate, afdis
coefficient. For not too high doping levels and room tem-the dark electron density, which ptype samples is much
peratures the electron motion in the SCR can be describddwer than the characteristic densities in the working region
quasiclassically. Consequently, we shall examine separately the presence of illumination and can be set equal to zero in
the dynamics of electrons in the space charge layex 0 the entire working region.
<w and in the quasineutral regiom<x=d, matching the 1.4. The boundary condition on the left-hand boundary
solutions at the boundany=w.? of the working regionx=w, which relatesn(0) andn(w),

1.2. The boundary condition at=0 describes electron can be easily obtained by assuming that the transit time
capture and recombination with positively charged centershrough the space-charge regi@dout not the equilibration
on the surface and electron emission into the vacuum time between the SCR states and the surface $tist@esuch



1008 Semiconductors 32 (9), September 1998 B. I. Reznikov and A. V. Subashiev

shorter than the carrier lifetime. Expressions for the distribu- n(w)?ﬂ+ la(w— ﬂ Ly)
tion of the flux and densities inside the SCR &< w follow No= L Wz (12
from Eq. (1):'? S+ V27 ve

©6) We note that the surface electron dengity depends, in
terms of the thicknesw of the SCR and the “effective re-

combination rate”S, on the degree of filling of the centers

by electrons.

@ 1.5. The change in the degree of filling of the surface

states as a result of exposure to light is regulated by the
where U(x) =e¢(x)/KkT, and ¢(x) is the electric-field po- difference in the fluxes of electrons and holes captured by
tential. Substituting expressiof6) into (7), we obtain the surface centers,

qn:qn(0)+Ii(l_eiax)%qn(o)"'liaxy

1 (x :
n(x)=e"*~Y% n,— D—J gn(x’)e VOO~ Yal dx |,
nJo

following equations if the conditiomx<1 is satisfied: df
L Nsa:qsn_ Asp (13
n(W)ZeU(W)“O{no——d[qn(O)Jl(W)Jrlf&Jz(W)]}, tS)
Dn with the initial valuefy=0 which corresponds to dark equi-
W librium.
Jl(W):J' exd — (U—Ug)]dX, The hole flux to the surface increases the number of
0

positively charged surface states and the surface charge. A
change in the degree of filling of these centers changes the

Jo(W) = fWX exd — (U—Uyg)]dX. 9) surface charge der.wsie,/l\ls+ , the heightvy,;, and the widthV
0 of the energy barrier for holes

Here X andW are, respectively, the coordinate and width of eZNS+2 o 5 bi
the space-charge layer normalized to the Debye radjus Vpi=2m SINR =Vei(1=H)% W=\ 17 (1-1),
=\eekTIN.E%: X=x/Ly, W=wW/Ly=(2Vyi/kT)¥2 a (14)

=alq[Vpi=e¢(0) — band bending In the depleted-layer
approximationU = (W—X)?/2, and the integrald,(W) and
Jo(W), which appear in Eq(8) whenW=2, are

and it leads to the photovoltaic effect — the appearance of a
photovoltagesV, which changes the position of the conduc-
tion band edge relative to the vacuum level,

- 2
Jo(W)= Vrl2 expWi2), N=V)~Vy=V8f(2-1), E,=EQ+sV.  (15)

Jo(W)~(Wy/7/2— 1) exp(W?/2). This decreases the fraction of electrons which overcome the
_ barrier. The total charge of electrons emitted from a unit area
Moreover, in this approximatiohy/D,=W/(u,Eq)=v 1. of the photocathode is
The final expression fon(w) is

_ ~ QzefxvnTnTW(nO—ng)dt. (16)
n(w)= M+ I':aJrno e~ W, (10) o

v v 1.6. The hole fluxqs,= a,N2po, ignoring thermal gen-

It follows from the expressiorf10) that the density at the €ration, can be written in a form such as EH®): qsp
= SpPof. It describes the capture of holes on neutral centers

SCR boundary and in the quasineutral region is a sum of N _ :
three terms, which are connected with the diffusion flux fromWith densityNs=Nsf at the rates,=a,Ns, wherea,, is the
the region of maximum densities of the working layer by thel©l€ capture coefficient. The hole surface denpigyis de-

photogeneration and by electrons that diffuse from the Sur’germined by the total flux of holes reaching the surface from

face in a direction opposite to the field. The quantity/z/2 the working regiomo=0yo/Vy , Which consists of two parts
. L — the thermal emission current and the tunneling current
plays the role of an effective recombination rate at the

: 17
boundary of the working layer. Since in the working regionthrough the barrier of the space-charge layet:
E=0 andq,(w)=—D,dn/dx(w), Eq.(10) establishes a re- Usp= [qgth(ery_ 1)+ q‘s’t(e"uoy— 1)]f,

lation between the derivative and the density at the left-hand

boundary of the quasineutral region. We note that the quan-

tity q,(w) obtained by solving the diffusion equation fixes Y= sz(Z—f), 17
the value ofg,,(0) by the relatior(6). Using this relation and bi
Egs.(2)—(4), we obtain Q%= s,N,e~Yo, Q= s,N, e MV, (18)
—gp(W)+Iljaw
non, S=VT,+sn(1-1). (11) 2Ly 1 DI/kT
S A= s Ny —,
I 32752 Lyl

Eliminating g,(w) with the help of the relation(10) for .12
n(w), we obtain l¢=7%/(2mZKT) "< (19
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Here N, (=I; %) is the effective number of states in the
valence band; the quantify, which appears in the definition
of N, , has the dimension of energy-0.02 eV} and is the
so-called overlap integrdbee Ref. 16, Vol. 2, p. 107We
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expression folL, depends on three parameters — the vol-
ume k and surfaceS; recombination in the working region
and the optical thickness$ of the working region. In the
limiting case of a thick active layed>L 4, we havex

note that the relative contribution of the tunneling current—, y—1, andB— 1. We note that the constansand y
depends on the effective mass of the tunneling holes and care close to 1 even fok=1 and §=1. Specifically, for
the particular features of the structure of the SCR. Thed=1 um, s;=10° cm/s, 7=10"° s, D,=40 cn¥/s, and
choice of the numerical values for the parameters of the tune=10* cm ! we have k=1/2, S,=1/4, §=1,y=0.821,
neling current therefore requires substantiation, which fallgg=0.782, andd,=0.881. In the limitk—0, the parameter

outside the scope of this paper.

It follows from Eq. (17) that the restoring hole current
depends on the degrdef filling of the centers and on the
photovoltagey. Using relation(17) and the dependence
SsV(f) [(Eqg. 19], it is convenient to use the kinetic equation
(13 fory

N dy
2—\/18—ydt =0sn— [Qon(eY — 1) + qoy(eVV — 1)]f,
ity 20

2. QUASISTATIONARY EXCITATION

y=1—-e °andB=«.
Using the definition(3), we write an expression fays,
for w<<d, Ly, /e in the form

al g

q3n=|im7

S,(1—1)
Sn(1— )+ V] T+ gy 02~V 72
It follows from Eq.(26) that fors,(1— f)>VITW the station-
ary value ofqg, is virtually independent of, which allows

us to ignore the explicit dependengg,(f) and to assume
thatqg, is a given function of the intensity of the radiation,

(26)

In the model described above, the steady-state value dyhich ent.ers the working layer, and of the quantities which
the photoemission current under steady-state excitation cofgharacterize the collected chargel(, v, etc).
ditions can be found analytically. The construction of the
steady-state solution is based on obtaining a relation betwees QUANTUM EFFICIENCY

n,, andq,, from the solution of the boundary-value problem
(1). We thus obtain an additional relation betwergand
n,, which together with Eq(12) can be used to obtain ex-
pressions fongy andqs, and to determine, from the condition
dsn=0sp, the stationary characteristics. The final result is

_Iia 21
nO_U_eff eff» (21)
Vet = VITW‘F Sn( 1- f) + vgi 967W2/2,

Leﬁ:L1+L2, L1:Ld[W_(1_9)]i (22)

__vOLlai o aw
2 1+aLdif '

K « —x
y=1id6— K[(K—I—Sl)e —(k—9y)e

+2(5—51)e_5]]/(5—f<), (23
A:(K‘f‘sl)ek'f‘(K_Sl)eiK, K:d/Ldif,
5=ad, S]_:Sld/Dn, (24)

Togr| D
6= 1+ \/:g . vgr=Br—, Lar=1Dar,
25 L it
+S)e“—(k—Sy)e
_(K 1) (k—3S1) (25)

A

Expression21) describes the relationship between the num-
ber of photoexcited electrons and the number of electrons

that leave the working region. The parameterin the

3.1.An expression for the quantum yie¥=q.,i/l; can
be obtained from Eq4) using Eq.(21). We give an explicit
expression forY in the casew<<d, Ly, l/a, under the as-
sumption that, in generas,, andT,, depend on the excitation
intensity:

0 al g
Y 1+ aLdif

Y

” 7TwTh
NTwTntSn/Sno(1—Yy) V2 y U dif /SnO‘Qei\NZ/2 ,

(27)

where p=v,/s,q. According to Eq.(27), the quantum effi-
ciency is determined by the product of several cofactors
which depend on the characteristics of the working region
(), the incident radiation4L 4 ), and the conditions at the
barrier [ 7, Ty(Y), To(y)]. The cofactoré depends on the
characteristics of the working regiom {), on the effective
transport velocity in the space-charge layer, afid terms

of the thicknessWV of the layej on the photovoltage at the
barrier. We emphasize that expressi@7) is valid for an
arbitrary dependence of the transmittan@es,,(y).

The dependence of the transmittariGg on the magni-
tude of the band bending is related to the relaxation kinetics
and the electron energy distribution arising in the SCR well.
In the uniform-distribution approximation

_EC_EU|_ r—

1-r
Tw= y

= :l— y
Voi  1-y (1-1)2

r= (28)
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In the presence of intense excitation the increase in th@ualitative results can be obtained by studying the case
photovoltage and degree of filling of the centers results in &,=S,9, T,= To. Ignoring the last term in the denominator
decrease of the “transmittance of the well.” The maximumin Eg. (27), we obtain
value of the dimensionless photovoltage, at which the sur-

X " 2+n 1-6, 1
face barrier becomes nontransmitting for electrons and the Y=Y, 1+ + —Zy
guantum efficiency vanishes, depends on the initial values of 1+9r 2 r

— 0 _
the vacuum level and the band bendiyg=6Vin/Vyi=r. |t follows from Eq. (31) that the quantum yield at first

The degree of filling of the centers f$,,=1-V1—r. An  increases and reaches a maximumsr ,, where
expression for the radiation intensity corresponding to this
condition follows from the equalitys,=qsp, aty=r. Ignor- 6o\2  (1—6p) 0o -1
1-—| +79 +1——
4 2 4
2/3

(31)

ing electron diffusion in a direction opposite to the field, we Fm
obtain

~ ~ 32
1+ (algy) ™ 1+ (1/3+2/97)(1- 6 (
Icr:[(cz—dlf)][qgth(euor_1)+q(s)t(e)\U0r_1)] ( 7])( 0)
76(r) [the righ side 0f(32) holds for 1— 6,<1].
X(1—+1—r1). (29) In the opposite case<r , the quantityY decreases im-

mediately with increasing illumination intensity. The physi-

Expression(29) is valid for an arbitrary dependende,(y). cal reason for the appearance of a maximum is competition
Here it must be assumed tHE},(r)=0. It is significant that between two effects — the decrease of the surface recombi-
an increase irES, (decrease of) results in a strong decrease nation rate and the decrease of the effective barrier transmit-
of 1°". Conversely, a decrease sf and an increase o, tance. The term % 6, describes the change in the conditions
shift the limit of opacity of the barrier to higher intensities. at the left-hand boundary of the working region. It follows

It follows from Eq.(27) that the decrease in the quantum from Eq. (31) that a decrease afor 7 (increase of the rate
efficiency of the photocathode is due to three factors. Th&no) l€ads to dependence&l;) with a negative derivative
first one is the decrease M, as a result of a narrowing of dY/dl;.
the energy interval where electrons can still overcome the Let us estimate the position of the maximum of the
barrier. The second factor is the decrease in the probabilitguantum efficiency, ignoring the last term in the denominator
T, of tunneling through the barrier as a result of a shift of thein Eq. (27) and making the assumption thétf,~1 in the
electron distribution function in the well in a direction of interval[0, y]. In this approximationY has a maximum at
high energies in the presence of a photovoltage at the barriefm=3r —2
It is manifested as a dependence of the barrier transmittance
T, on the photovoltagéfield). The third factor is the loss of ﬁ% 1+9r 1
electron density as a result of surface recombination. Yo r5+3%1-rt?2

At low illumination intensitiesf, y<<1, the quantityy is

L 27(r—2/3)2)‘1 33
al gif UnThoTwo - 8 1+qr (33
Yo= v . (30
1+algt SnotvnTnoTwo (the right-hand side is valid far—2/3<1).

. . , The dependence®=Y/Y,, shown in Fig. 2, for differ-
The relation(30) becomes the expression derived for theent values 0ng| (or r) confirm the qualitative character

guantum _efficiency for the spt_acigl case of a thick active layebbtained analytically. The derivatived(Y/Y)/dy], de-
(=1) with a low optical excitation levef’ It follows from o ceg ak?, increases, changing sign. The main feature of
Eq. (30) that for a high surface recombination rate or a IOWthe model investigated with, /s,o=1 andT, /T,o=1 is the

:?te 17f tunnﬁ:'n% throlugh thef barrier ths_ qu_antum y'ﬁldpresence of a maximum &f for values of the vacuum level
0~ 1/Sno, While for a low surtace recombination rate the E,| substantially below the conduction band.

guantum yieldY, does not depend os}q and tends toward 3.3. Let us now examine the behavior of(y) for

the maximum possible value determined by volume generay<1 when the capture coefficient, depends on the field.
tion and recombination in the working region of the phOtO'According to Ref. 19, in the case capture occurs in an attrac-
cathode. _ , tive field a,,~E %2 and increases as the photovoltage at the
According tp Eq.(27), the normalized quantum yield barrier increases. In the depleted-layer approximation
Y/Y, as a function ofy depends on three parametersz,
and the ratiov 4/v,, Which appears in the definition af E(0)=kT/(eLy W=Ey(1—T),
[Eq. (25)]. Additional factors influencing are contained in
the functionT,(y). We note that if_udif<uo, which corre- ap s
sponds tofy~1, then the velocityw characterizing carrier an=ang(1—1)775  sp=spe(1-y) "
transport in the space-charge layer has essentially no effeg this case the analog of the expansi@i) has the form
on the quantum efficiency.
3.2. Let us examine the behavior of for y<1 by Y 34+n 1-6, 1

expanding expressiori27) in a series in powers of. \7021+ v T2 )Y (34

and
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1.2k the electron energy has been discussed extensively. In some
cases, including in Refs. 8 and 18, it was assumed that the
height of the effective surface barrier is on the order of the
atomic energy, and that the thickness of the barrier is small,
which leads to the conclusion that the dependence of the
transmittance of the activating layer on the electron energy
and photovoltage is weak. Apparently, the model with an
effective triangular barrier with a lowéon the order of\/Si)
height and larger widtfi,chosen from to the observed value
of the quantum yield, gives a better description of the energy
distribution of the emitted electrons.

We reconstructed the functiom,(y), using Eq.(27),
from the experimental data presented in Ref. 5 on the illu-
mination intensity dependence of the quantum yield and the
photovoltage. The functiod ,(y) can be quite accurately
approximated as

0.8

0.4

. ) T,=T", (36)
0 0.25 0.50 0.75 7 .
where the exponenb=1/2—3/4. This dependence supports
y
the model of an effective triangular barrier of comparatively
FIG. 2. Curves of the quantum yie@=Y/Y, of a photocathode versus the |y height.
photovoltage on the barrigr= 6V/V; for initial vacuum level<E?, , eV: 1, For smally <1
6-8—1.16,2— 1.2,3—1.25,4— 1.3,5— 1.35; values of the computed y
model parameters: solid lines s;/s,0=1, T,/T,0c=1; dashed lines —6 T /To=1+ InT
— =302, T,/ Too=1; 7— v=3/2, T,(E); 8 — v=10,T,/Tpo=1. n’'no (@InTho)y,

and the behavior o¥(y) for an arbitrary power-law depen-
dencea,~E™" is described by the expression

Y can increase if >r,,, where Y B-v)2+wIinTypty 1-6y 1
Vo 1+ Ty 8
8/3 0 m r
r..= . .. .
™14+ 2/3(1— 6p) + J(1+2/3(1— 00))2+ 32/97(1— 6,) Forv=0,w= 0_ the_ expr_e35|0t(|37) is identical to Eq.(31),
and forv=23/2 it is identical to Eq(34). It follows from Eq.
_ 4/3 (35) (37) that allowance for the dependentg(E) decreases the
1+(2/3+8/979)(1—6y) derivativedY/dy. It also follows from Eq.(37) that
The right-hand side of Eq35) corresponds to the case 1 dYlYy, [(B—v)22+wInTyp+n 1-6,
— fp=<1. _ T dev 1+ T2
It follows from Eq.(35) thatY can increase, but only for
small surface recombinatiormé& 1, 8,# 1), because the ef- 1 1
; ; ; i X— = (38
fective electron transport length increases with decreasing Ve E.—EO
bi c ol

thickness of the space-charge layég£1). For =1 Y(y)
decreases; here the rate of decrease increasedemseases. Accordingly, if the derivative dY/Yy)/dsV, the rates,q,

The dependenc®=Y/Y(y) for E8|= const when the and the quantityl , are known, we can determine the value
capture coefficienty, depends on the field ag,~E~" is  of E8| for small values of .
shown in Fig 2 — curvesl (v=0), 6 (»v=3/2), and8 Comparing the results obtained on the basis of different
(v=10). We see that whem,, increases as the field de- models of the transmittance and recombination reveals sub-
creases, the normalized quantum efficiency decreases mastantial quantitative and qualitative differences between the
rapidly than in the cass,/s,0=1. For a more critical de- dependence¥(y). The main differences are a more rapid
pendencea,(E) (v=10, curve8) the quantum efficiency decrease oY¥(y) in the regiony<<1 and the appearance of a
decreases almost to zero for valueyafiuch smaller tham, positive slope for high photovoltages. These differences are
which corresponds to the onset of opacity of the quantuntlearly seen in Fig. 2, where the computational resultsyfor
well, and the functiorQ(y) has a positive slope. The calcu- for all models studied are presented Eﬁqz 1.16 eV(curves
lations show that negligible growth @(y) is possible, but 1, 6, and 7). The appreciable differences obtained for the
only for small initial values of the capture coefficients computational results fo¥(y) in different models attest to
(ay=<10"8 cm’/s with v=23/2). the importance of taking into account all factors that describe

3.4.Let us now examine the combined effect of all threethe conditions at the surface.
factors onY and take into account the decrease in the prob- 3.5 Let us now examine the dependence of the quantum
ability of tunneling through the barrier because of the shift inyield Y on the excitation intensity. A simple analytic expres-
the electron spectrum into the high-energy range. The theion can be obtained from Eg&®6) and (17) in the special
dependence of the transmittance of the activating layer onasey<1, f<1:
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FIG. 3. Quantum yieldQ=Y/Y, of a photocathode as a function of the FIG. 4. Quantum yield¥ of a photocathode versus illumination intensity

illumination intensityl = VTS with allowance for the dependendg(E)
for different initial valuesES| of the vacuum levelcurves 1-5 and the
electron capture coefficienicurves 6 and ¥ Solid lines for ;=107
cm’-s % EY, eVl —1.16,2 — 12,3 — 1254 — 1.3,5 — 1.35;
dashed lines — foE%,=1.16 eV anda,,, cn?- 571 6 — 1078, 7—107°,

y=C\l;,

1/2
al g 0 1
c=|2 dif YVo _ _ . (39)
1+ algidl+ 7rTno(qgy,+ e ) Uo
For y=r the intensityl;=1°¢", and we obtainy/r = /I;/I°".
From Eq.(27) it follows that in the limitsy—0, r—0

YIYo=1—ylr=1—+1;/1°.

The results fory with arbitrary values ofy andr were ob-
tained by numerical computation.

3.6. We shall now present the results of numerical cal-
culations of the quantum vyield for a typical photocathode
based on a GaAs epitaxial film on a wide-gap buffer for the

parametersd=1 um, a=10" cm™!, $,=10° cm/s,
N,=5x10"% cm3, V2,=0.3 eV, T,=0.04,D,=40 cn¥/s,

and7=10 ? s. The electron and hole capture coefficients at

surface centers are,=a,=10"' cm’/s. The quantityys,
was found from the conditions,=qs,, Which, with allow-
ance for the definition&l7) and(26), gave the intensity as an

explicit function of the photovoltage at the barrier. The de-

pendencer(y) was calculated from the relati@q@7), and the

electron flux through the barrier was calculated as

ile=1Y(y).

The y-dependences of the normalized quantum effi-
ciency forV9,=0.3 eV and different values of the effective

electron affinity (1.16< ES,<1.35 eV, 0.25r=<0.88) were

with allowance for the dependend@g(E) with a,=10"7 cm?.s™ ¢ for dif-
ferent values of the vacuum levef,, ev:1—1.16,2— 1.2,3— 1.25,4
—1.3,5—1.35.

The functionY(l;) (Fig. 4 shows thatY, decreases and
the regionY=<0 becomes narrower &, increases. As the
electron and hole capture coefficients increase, the situation
does not change, bitty decreases.

Curves of the electron curreffl;) for different values
of EY, are presented in Fig. 5. We see that there exists a
maximum currenf ,,ax, Which corresponds to the excitation
intensity | ,, above whichj decreases rapidly. AES, is in-
creased, because the effective transmittafgedecreases,

1 (] ]
040" 10%° 10% 10%
I;, em~2%s7

discussed earliefFig. 2) and revealed a strong dependence

of Y(y) on the values oESI . Similar features also are ob-
served for the functionY/Yy(y/I1;/1°"), which depends
strongly onr ands, (Fig. 3). We see from Fig. 3 that the
curvesY/Yy(/1;/1°") become nearly linear asdecreases.

FIG. 5. Photoelectron currerjt versus the illumination intensity; (a,
=10"7 cn?-s7Y) for initial values of the vacuum levéd®, , eV: 1 — 1.22,
2—1.25,3—1.3,4— 1.32,5— 1.35. The dashed line corresponds to the
parameters for which the dependeri2@) is close to the experimental de-
pendence obtained in Ref. 5.
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the value of] o decreases strongly, while the position of the For photocathodes with high transmittance and low surface

maximum () shifts in the direction of lower intensities. ~ recombinationv,T,T,,0>Spo the total charge iQ/e~Ns.
These results as well as the estimate of the charge agree with

4. CHARACTERISTIC TIMES OF TRANSIENT PROCESSES the experimental observatiohs.
AND THE TOTAL CHARGE
5. DISCUSSION. POSSIBILITY OF DETERMINING THE

4.1. We shall estimate the characteristic times of tran-gy,1TER PARAMETERS BY COMPARING THEORY WITH
sient processes for the cases where the illumination igxpeERIMENT

switched on and off instantaneously. For typical photo- . ) o
cathode parameters the diffusion time, =d2/D, The results of our theoretical analysis agree qualitatively
* €

[d.=min(d,1/a)] is short, and the characteristic time scale iswith the experimeqtal data of Refs. 5-7, but the. character of
the equilibration timer, between the electron and hole fluxes e observed functiong(l;), the value of the maximum cur-

at the surface centers. From E@®0), which describes the €Nt and the collected charge in these experiments were
kinetics of filling of the centers in the case of low intensities found to be substantially different, which suggests that the

Uoy<1, \Ugy<1, it follows that parameters of the activating layer are different. We used the
most complete set of experimental data, presented for one of
y=ystanh(t/rs),  Ys=\20sn/ (Aot o) U, the photocathodes investigated in Ref. 5, to determine the
5 5 range of the model parameters wha@V) (27) is close to
Ts™ NS/‘/qu“(qsth+ 9sih)Uo. 40 the experimentally measured dependence. The latter was

We see from Eq(40) that as the intensity is increased, found from the dependencéql;) and 5V(l;) presented in
decreases as|; *2, and thaly, increases as 1. Numeri-  Ref. 5. The following should be noted:
cal estimates show that for~1—5 W/cn? the equilibration 1) The observed behavior of(5V) in Ref. 5 is qualita-
time is of the order of Jus. For low intensities, at which the tively similar to the computed curin Fig. 2, while in Ref.
parameters of the space-charge layer change very little, théthe behavior is similar to curv@in the same figure;
restoration time with the illumination switched off, matches ~ 2) when comparing the dependencesyajn 6V instead
the time 75. For high values ofl;, at the stage of rapid Of the dependence dn, the question of restorating the hole
growth of the surface electron density, of the degree of current and of the corresponding parameters does not arise.
filling f of the centers, and of the photovoltagethere is not The procedure for determining the unknown parameters
enough time for quasiequilibrium to be established betweefieduces to solving simultaneously E¢30) and (38), with
the f|uxesqsn and Osp- The time7-3~ Ns/qSn decreasegsee allowance for the definitions fOf? and 0o- The parameters
Eq. (20)], and in the charge limit regime we havgwli‘l. T,o and a,, were assumed to be known, while the values of
This behavior of the current-saturation time was observed ifEy; andVp; were determined. After fixinge,o and varying
Ref. 5. Tho, We obtained a set of values Bf, andV{,, which fit the

4.2. The expressions obtained for the quantum yield andliven values ofVy and @Y/Y)/dsV in the limit 5V—0.
the equilibration times make it possible to estimate the maxiComparing the theoretical dependendé®V) with experi-
mum charge emitted from a unit area of the photocathode foent showed that parameters such Ef=1.31 eV and

the case of high excitation intensity V,=0.33 eV can be used to obtain a theoretical relation that
. describes the experiment qualitatively and quantitatively
Q:elif Y dt=el,Yry, (41  With barrier transmittance in the range 0.01-0.02 and elec-

0 tron capture coefficierd,o=10" ' cm®/s, in agreement with

the data presented in Ref. 5. The maximum current of the
photocathode can serve as an additional condition influenc-
ing the choice of model parameters. For the variants investi-
gated,j ma=300—400 mA/crh (Fig. 5).

where the average quantum yie¥tYo(Tw/Two) Trn/Tros

and rs~li_1 is the equilibration time corresponding to the

case of high intensities. The final result has the form
UnThoTwo

Qle=B—— 2" __N (42

(Snot UnTrnoTwo) 6. CONCLUSIONS

The coefficienB is essentially independent of the photocath- ~ The observed characteristics of photocathodes agree
ode parameters, the intensity, and the models chosen for theith the results obtained in a nonlinear diffusion-drift model
transmittance of the quantum well and the surface barrierof photoemission. To obtain a high quantum vyield it is found
For our range of the basic parameters and our model of athat activation resulting in a negative electron affinity
effective triangular barrier with transmittan(®6), which de-  x=0.2 eV is optimal. Calculation of the emission with in-
creases with increasing voltage, the coefficient varies in théense pumping shows that the maximum emitted charge in-
rangeB=0.1-1.5. The lower limit refers to the parameter creases rapidly with increasing, with decreasing electron
range corresponding to the charge limit regime. Comparisogapture at the centers, and with increasing transmittance of
of expression$42) and(30) shows that the maximum charge the surface barrier.

collected from unit area for cathodes with identical param-  The model representation of the effective tunneling
eters of the working layer is proportional to the quantumtransmittance of an activating layer, the quantum well in the
yield at low excitation intensities and that it increases withspace-charge region used by us, and the corresponding pa-
the acceptor density and the overall transmittamggl 0. rameters need to be refined on the basis of experiments.
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This paper is the continuation of the analysis of a method of determining the cutoff wavelength
\¢ of infrared photodetectors by irradiating the sample with radiation from two blackbodies

with different temperatures. The emitters can operate at lower temperatures as the cutoff
wavelength\; is increased. The parameters of a system employing two blackbodies,

which are placed inside a liquid-nitrogen cryostat and have temperatures of 260 and 320 K,
respectively, are presented. It is shown that an erfdr K in determining the lower or higher
temperature produces an error of approximately 0.3 and gn2 respectively, in\. if

A =10 um. Measurements on photodiodes fabricated on the basis f,4dgh¢Te

(A .=8.1 um) epitaxial layers showed that the difference in the valuesobbtained by

this method and from spectral measurements is no more than several tenths of a micron. It is
suggested that this method be used as a standard metho#l99® American Institute

of Physics[S1063-78208)02409-0

Emitters of thermal radiatiofmodel of a perfect black- Planck’s distribution at the temperatures 260 and 320 K.
body) are widely used for testing infraredR) photodetec- These temperatures were subsequently chosen as the work-
tors, for example, for determining the integrated power vering temperatures on the basis of a number of considerations
sus current sensitivity.As shown in Ref. 2, by using two which were examined in Ref. 3. Specifically, we took into
perfect blackbodies with two different temperatures it is pos-account the fact that the ratio of the photosignals from two
sible to determine a characteristic of the photosensitivityblackbodies varies most rapidly in relation to a change in the
spectrum — the position of the long-wavelength lirtthe A\ if the maximum emissivity of the blackbodies lies at a
cutoff wavelength A . wavelength greater than,. On the other hand, the tempera-

We have shown elsewhérthat as\ .. is increased, lower tures must not be too low since then the photodetector signal
blackbody temperatures should be used in order to determirgecomes too weak.
the cutoff wavelength by this method. Feg~10 wm these One of the most important factors influencing the accu-
temperatures lie in the room-temperature range. In Ref. 3 weacy with which\; is determined by the method under con-
employed a blackbody which was placed inside a nitrogersideration is the accuracy with which the temperatufes
cryostat. The temperature of the blackbody was varied in thand T, are determined. To estimate this factor we write the

range 150-450 K. expression for the ratio of the photosignals as
In the present paper we report, first, the results of an 3
analysis of the accuracy of this method which we began in an _ 0T (NT2)
Fhe, T1,T2)= —————— 1)

earlier study(see Ref. 3—we calculated the error in deter-
mining \. due to the error in determining the blackbody
temperatures. Second, we present the parameters of a systét@res’ T2 is the expression from the Stefan—Boltzmann law
employing two blackbodies inside a cryostat. for the number of photonsand f(\.T) is the fraction of
photons having wavelengths in the range from O\ta*
Taking the logarithm of Eq(1) and then differentiating it,
we find an expression for the relative differential

o' T3 (N T

1. ERROR ANALYSIS OF THE METHOD

This method of determining . is based on the fact that

we measure the ratio of the photosignals produced by black-— = T2f (X2) —Tllc (X2) d\,

bodies with temperatureB, andT,, while A is determined F f(x2) f(x)

from theoretical relations calculated on the basis of Planck’s 3 f'(xy) f/(x,)

formula. In contrast to Ref. 2, where Planck’s distribution —[T—l+ W?\c dT,+ T_2+ m)\c dT,, (2

was used for the radiation energy, we employ Planck’s dis-
tribution for the number of photons. In the case of photonwherex; ,=A.T;,. The functionf(x) and its derivative in
photodetectors this approach is simpler and clearer. the range of of interest to us are shown in Fig. 2. Substi-

Figure 1 shows the idealized spectral dependence of thiiting in Eq.(2) the parameter values presented in Fig. 1, we
guantum yield# for a photodetector withh..=10 um and obtain the expression

1063-7826/98/32(9)/4/$15.00 1015 © 1998 American Institute of Physics
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FIG. 1. Emission spectrum of an ideal thermal emittr{— number of ) ) )
photons at temperatures 260 Kl) and 320 K(2) and the quantum yield FIG. 3. Arrangement of the blackbodiess.2 — Blackbodies with tempera-

for an ideal photon photodetect(). 1 and 2 — Right-hand scale3 — tures of 260 and 320 K, respectively;— plane of the photodiode matrix,
left-hand scale. 4 — measured photodiode.

dE done. We assumed the ratio of the areasdatb 1. For the
== —0.0964I\ .—0.026%I T, +0.01861 T, (3) indicated temperatures the signals will then be equal to one
another whem\.=9.5 pum.

(\¢ is expressed ium andT in K). We thus see that an
error d 1 K in one of thetemperatures results in an error of
0.2 or 0.3um in \e. 2. APPARATUS DESIGN AND MEASUREMENT PROCEDURE
The next source of possible error in this method is the
error in the determination of the signal ratio, i.e., the function

F. To decrease this error, specifically, to eliminate the influ-o ¢ 3. The blackbodies consisted of 18-mm-diam and 18-

ence of the nonlinearity of the power—current characteristiqnm_high copper cylinders, in which, respectively, 10.5 and

of the photodetector, the signals must be balanced by placing_S mm in diameter cylindrical depressions were made. The

the blackbodies at different distancéss in Ref. 2 or by cylindrical cavities served as a source of radiation; their sur-

making blackbodies with different surface areas, as we haVFace was coated with BF-2 glue with graphite powder. Cop-

per wire wound on top of the cylinders and glued to the
cylinders with the same glue served as heaters. The black-
bodies were surrounded by a solid metal screen, which con-
tained, respectively, 10- and 5-mm-diam collimating holes
opposite the emitting holes. The screen was connected to two
cold ducts, which passed into liquid nitrogen. A mobile shut-
ter with a 11-mm hole was located outside the screen in front
of the collimating holes. The shutter could either cover both

Let us consider the design features of our model appara-
tus, which was placed in the same cryostat as previqssly

0.20

' bodies or expose one of them. The screen, cold duct, and
b shutter were made of aluminum, which has good thermal
_ i conductivity and low emissivity. As a result, the photodetec-
N L tor tested was not exposed to any radiation other than the
* v testing radiation. It is very difficult to produce such condi-
0.10 \;g tions when blackbodies are located outside the cryostat.
S

The blackbodies were located next to one anotkédy.

3), and their emitting holes lay in the same plane. The
sample was located on the horizontal surface of a cooled
table. The arrangement of the blackbodies and the screen
made it possiblgjust as in Ref. Bto observe the sample
from above in a binocular microscope, which was necessary
in order to aim the controlled probe at the contact area of a
selected element. The plane passing through the axes of the
emitters thus made a 58° angle, rather than a 90° angle, with
FIG. 2. The functionf(x) — the fraction of photons emitted by an ideal the honzont_al plane. The e_leme_nts investigated W_ere located
thermal emitter in the wavelength interval from Oxg (1, left-hand scale ~ near the poinO on the straight line formed by the intersec-
and the derivativé'(x) (2, right-hand scale tion of the two indicated planes and at the same distance

i
2000 3000 4000
Z=A,T, pme K
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FIG. 4. Logarithm of the ratio of the photosignals produced in an idealFIG. 5. Power—current sensitivity spectriof one of the photodiodes.c,

photon photodetector by two thermal emitters with temperatures of 320 and— cutoff wavelength, determined according to half-maximum of the photo-

260 K, respectively, versus the cutoff wavelength of the photodetector. ~ sensitivity;\ ., — analogous quantity determined by the method considered
by us.

from the centers of the emitting holes of the blackbodies  gjement under study and a line which lies in the sample plane
call this point the central point o and whose points are located at equal distances from the
A total power ¢ 8 W was required to maintain the work- .aniers of the emitting holeghe line 0’0"): AI>0 if the

ing temperatures of 260 and 320 K. The temperafure wagjement is displaced in the direction of the emitter with the
measured with copper-constantan thermocouples soldered fgher temperatur@,.

the blackbodies; the other ends of the thermocouples were ~ 1he |atter correction was calculated using an expression

located on the outside, and their temperature was monitoreg; the jrradiance of the photodetector element made from
with & mercury thermometer. The nonuniformity of the tem-gijiher plackbody, which is proportional to the expression
perature in the copper base of the blackbodies and the tenyyg,, cosp,/R2, whereRis the radius vector that connects the
perature of their inner coating apparently dlffere_d by NOsenter of an emitter and the photodetector, andand ¢,
more tha 1 K from the measured temperature. This can b, e the angles betwedhand the normals to the photodetec-
inferred from the power dissipated by the bodies, from thq; ang emitter planes, respectively. We note that for the
thermal conductivity of the copper base and the coating, angdantral point cog;=0.79, co,=0.93, andR=28 mm.

from the direction of the heat fluxes. The error introduced in The corrections seemingly reduce the real situation to

A¢ by this factor should not exceed 0.1-Q.n. The tem-  he gne for which the working dependence is constructed.
perature of the copper bases of the blackbodies was detegince the temperature corrections dependin which is
mined to within a fraction of a degree. This procedure did,ot known in advance, the method of successive approxima-
not allow setting precisely the above-indicated temperaturegons muyst be used, i.e., one must first use the corrections for
T, andT,, which could differ from the base temperatures byne proposed value of. and then, aftei, is determined,
several degrees. _ _ refine them and determine, again.

The computed working realtion between e@nda . for The process of measuring one element thus consisted of
the base temperatures and equal emitter areas is CO”StrUC‘i%%asuring 1the dark current of the photodiode, 2) the
in Fig. 4. To make use of this dependence we must introducg,rrents under irradiation by the first and then the second

correcti9n§ which allow for the inequality of the areas, forblackbody, and 4, Bthe indications of the first and second
the deviation of the temperatures from the base values, artﬂermocouples. All this can be easily done within no more

for the deviation of this photodetector from the central point:inan 1 min. In that time the temperature of the blackbodies

41(Ty) JInE changed by no more than 0.1 K.
logF=log Io(T0) —0.434(9?dT1
olhi 1

3. EXPERIMENTAL RESULTS

dIinF
—0.434 aT, dT,—0.0441, (4) The testing was done on photodiodes based on an epi-
. . taxial layer of CqHg, _,Te (x=0.24) grown by molecular-
wherelo(T;) andlo(T,) are the photosignals obtained from poam epitaxy on a GaAs substrate. The photosensitivity
the two blackbodies, the number 4 represents the ratio of thepectrum for one of the photodiodes is shown in Fig. 5. The
emitter areas, the constant 0.434 converts the natural logaalue A.=8.1 um was determined as the wavelength at
rithm to a base-10 logarithm, the derivativelnF/dT; and  which the power—current sensitiviy equals half its maxi-
JInF/JT, are determined from Ed2), dT; anddT, are the  mum value. When a matrix was tested by the procedure un-
deviations of the emitter temperatures from the base temder study, the measured element was located at the central
peratures, andAl is the distance(in mm) between the point. To obtain experimental confirmation of the proposed
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ratio of the emissivities of two blackbodies, the ratio of thethe cryostat. The method can also be proposed as a standard
photosignals with equal blackbody temperatures was meanethod for determining... The only requirement is that a
sured beforehand and was found to bezd011. This ratio  decision must be made as to the pair of emitter temperatures
was then taken as the working value. Determinationdfor  to be used.

the element shown in Fig. 5 gave the result28B3 um; We wish to thank V. N. Ovsyuk for interest in this work

i.e., good agreement with the data from spectral measureand for helpful suggestions. We also thank A. O. Suslyakov

ments was observed. for performing the spectral measurements and for useful dis-
cussions.

4. CONCLUSIONS

In summary, it was shown that the idea of using low- R. D. Hudson, Jr.|nfrared System EngineeringViley, N. Y., 1969[Mir,
temperature emitters placed in a cryostat can be implementegloscow, 1972 o o
very successfully in the method considered for determining ?1'93"]5 Liberati, N. Sparvieri, and M. Marini, Infrared Phy81, 361
the wavelength of the photosensitivity edge of IR photode-3y. v, vasirev, Yu. P. Mashukov, and V. N. Ovsyuk, Fiz. Tekh. Polupro-
tectors withh .~ 10 wm to within several tenths of a micron.  vodn.31, 749 (1997 [Semiconductor81, 642 (1997].
The required accuraci).2 K) in determining the blackbody 41. K. Kikoin [Ed., Tables of Physical Quantitigsn Russiaf, Atomizdat,

. . Moscow (1976.

temperatures was easily attained. A cold screen around the
blackbodies prevented background radiation from enteringranslated by M. E. Alferieff
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The characteristic features of the continuous-wave lasing spectra neanB3a multimode
INAsSbP/INAsSb/InNAsSbP double-heterostructure diode lasers are shown. The observation of mode
switching to longer and shorter wavelengths at cryogenic temperatures is reported. It is

shown that suppression of the longitudinal side modes closest to the main mode results in large
mode jumps in energy during mode tuning by current. The characteristics which were

observed are explained by gain spectrum inhomogeneity due to spectral hole burning in narrow-
gap semiconductors. The intraband charge-carrier relaxation times in the active region are
estimated. ©1998 American Institute of Physids§1063-782308)02509-5

1. INTRODUCTION pulsed InAsSb lasers has been investigated in a number of
studies* Wavelength tuning in the case of pulsed lasers
Tunable diode lasers for the wavelength range 3  has been attributed to an increase in the charge carrier
are a key component of instrumentation for monitoring at-gensity*®> and the influence of self-focusing of the
mospheric pollutants and for molecular spectroscob¥o  radiation!* whereas in the continuous-wave regime the spec-
date, such lasers have been produced on the basis of th@| and mode characteristics of InAsSb lasers have not been
narrow-gap semiconductor compounds GaSb and InAs. Mosjtudied and their dynamics has not been explained in a wide
groups are studying ways to obtain high-temperature lasinghterval of currents and temperatures.
and to increase the optical powisee the review articleRef. Our goal in the present paper is to analyze in detail the
3)]. However, of special importance are the laser characteidynamics of the variation of the spectral characteristics of
istics that are vital for SpeCtral applications of the lasers. Th%ng-wave|ength InAsSh lasers in the continuous-wave re-
basic requirements for middle-infrared range lasers for spegime in a wide current and temperature intervals. The inves-
tral applications were formulated in detail in Ref. 4. Onetigation was performed by analyzing the weak minor modes
requirement is the possibility of broad-band, current-for the example of multimode diodes emitting in the spectral
controlled tuning of the main mode in the ContinUOUS'Waveregion near 3.2um at Cryogenic temperatures. This method
(CW) lasing regime in the absence of mode switchingsshowed that intraband relaxation is slower in InAsSb lasers,
There are a number of studies of the current-controlled tunand that it has an effect on the direction of mode tuning.
ing of InAsSb lasers in the continuous-wave rediffend
in the long-pulse regimé&,° whereas no special attention has
been given to the mode composition in a wide interval of
currents and temperatures. At the same time, the lasing spec- InAsSbP/InAsSb/InAsSbP double-heterostructure lasers
tra of 1lI-V narrow-gap semiconductor lasers have certainvith ap-InAsSb active region were investigatéelg. 1). The
peculiaritiest®~*? Investigation of the optical power distribu- InAsSbP emitter layers symmetrically bordered the active
tion over the generated modes in INAsSh/INAsSSbP lasers faegion on both sides. The deep mesa stripe construction with
the spectral region near 3/m has shown that the mode 12 to 14um-wide stripes, created by photolithography, pro-
power increases with temperatdfeSide-mode suppression duced lateral confinement. p-InAs layer was used as the
has been observed at temperatufe=95 K2 For contact layer. The InAsSb active layer was not deliberately
GalnAsSb/GaSHiRef. 9 and InAsSbP/InAsSKRefs. 5 and doped. The natural impurity density there was equal to
12) antimonide heterostructure lasers with a Fabry—Perofl—2)X 10 cm™3. Wide-gapN- and P-type InAsSbP lay-
cavity, a single-frequency lasing regime with side-mode supers bordering the active region were grown with a phos-
pression to 29 dB has been demonstrated. Moreover, the ophorus concentration of 0.2@he computed band gaR,
servation of tuning of the lasing wavelength of If&88 =480 meVj and doped with Sn and Zn to (25)x 10" and
lasers to longer wavelengths by current, even with a suprath0.8—1.2)x 108cm™3, respectively. The active layer was
reshold injection current, has been repofteihe tuning 0.6 um thick, each INAsSbP layers was 28n thick, and
rates observed to dat6.035 cm Y/mA and 0.3 cm'/K) are  the contact layer was 0,8m thick. Laser diodes with a 250
much lower than the corresponding characteristics of GaAto 300um-long Fabry—Perot cavity were produced by
and InP near-IR lasers and lower than expected on the basiteaving and they were soldered with the substrate to a spe-
of the temperature-dependence of the band dap! cial copper block. The top contact was created with a 30-
cm Y/K).2® The tuning mechanism of long-wavelength um-diam gold wire soldered to a mesa stripe.

2. EXPERIMENT

1063-7826/98/32(9)/5/$15.00 1019 © 1998 American Institute of Physics
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FIG. 1. Diagram of the experimental InAsSb/InAsSbP double laser hetero-
structure. The energy diagram of the heterostructure is shown on the left-
hand side of the figure. B
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The laser was mounted in the evacuated part of a stan- 100 120 %0 160 180 200

dard LA-5736 optical Dewar vessel. This made it possible to I,mA

stabilize the'temperature in the range 89_100 K to within 0.Jr16. 2. current dependences of the optical output power of a V1126-39
K. An ILX Lightwave LDC 3742 low-noise laser controller diode laser. The curves were obtained in the cw lasing mode=a0 (1),

was used as a stabilized dc current source. The power medd (2), and 90 K(3). Inset: Temperature-dependence of the threshold current
surements were performed using a Laser Precision RS5900

pyroelectric radiometer. The radiometer self-calibrated elec-

tronically with accuracy reaching 1%. The far radiation field

of the laser was visualized with an infrared video camera.

The radiation spectrum was monitored with a Digikrom 480sections, then as temperature was raised, the first section,
monochromator with better than 0.5 nm resolution. The opyhich corresponds to a lower quantum efficiency, vanished.
tical signal was detected with a HgCdTe photodetectorra maximum optical output power &=80 K reached
(Polytec HCT70 and amplified with a Stanford Research 1 mW on the face and decreased as temperature was raised.

SR530 synchronous detector. Storage and analysis of trﬁowever, in the entire experimental current range the power

spectra and automatic control of the apparatus were pe{ﬁcreased while the power—current characteristic had no sig-
formed via an IEEE-488 interface using standard computer ' P 9

software and hardware. A distinguishing feature of the ex Nificant discontinuities. This attests to the absence of hard
perimental setup was the high dynamical rangeés0 db of ~ Mmode switching.

the analog-to-digital converter, making it possible to resolve ~ FOr the samples selected for subsequent investigations,

weak side modes. the spatial field of the laser in the far field was checked. The
results of the measurements attested to lasing on the main
3. RESULTS longitudinal moddFig. 3. This corresponds to the results of

The | . tigated in th i | an earlier investigation of the structure of the spatial
. € lasers were investigated in € ContinUoUS-wave 1asg, yed4 \here it was shown that lasing in InAsSb mesa
ing regime in the temperature range=78—-90 K. The

threshold lasing currerit, was equal to 65-90 mA at tem- stripe lasers with a Fabry—Perot cavity with stripe width less

peratureT =78 K. The temperature increase of the thresholdlha?n L4pm 'S excited only on the main longitudinal mo@e.
current of the laser was described by an exponential law Witl:,—hIS conclusion CO”GSPO”de‘?' to _the geometry of the diodes
characteristic temperatufig,=21 K (see the inset in Fig.)2 ~ chosen for the present investigation.

Detailed investigations of the spectra were performed ~ 'N€ lasing spectra at temperatures 80, 85, and 90 K are
right up to pump currentsexceeding the lasing threshold by shown in Figs. 4a, 4b, and 4c. Each figure represents a sec-
a factor of 1.8—2.2. The dependences obtained for the outpi#on view of three-dimensional lasing spectra with respect to
optical powerP,,, for three temperatures are displayed inthe optical power. Figure 4a shows the results of measure-
Fig. 2. The optical power increased in the entire experimenments performed near liquid-nitrogen temperatuffe=g0
tal range of currents and temperatures. Power saturation w#. The spectrum can be conventionally divided into two
not observed. If aT =80 K the dependence consisted of two sections. The first one corresponds to currents up to
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FIG. 3. View of the far-field radiation of a V1126-39 laser diode at _
T=80 K and pump current 140 mA. The field is visualized with an infrared |
video camera, whose output window was located 30 mm from the laser 3.30 b
crystal. L
3.26 +
r C

I=1.4,; in this interval the spectrum remains unimodal.
The intermode spacing was of the order of 4.3 ¢nand 100
corresponded to a refractive index of 3.58, close to that ol

InAS'l3 H(_)we_ver, a characteristic feat_ure _Of this reg"?” _ISFIG. 4. Mode compositions obtained for a diode laser in the cw lasing mode
mode tuning in the short-wavelength direction. The radiativey T=80 (a), 85 (b), 90 K (c). A sectional view of the three-dimensional
recombination efficiency grows negligibly with currefthe  lasing spectra with respect to power is shown.

flat section in the power—current characteristic — Fig.Cn

the second section, whete-1.4l,, multimode lasing is de- Th | . f . f lasi dth -
tected. The first mode described above stabilizes in wave; © spectral region of suppression of lasing and the nonuni

length. Lasing on this mode is observed with no furtherform't'es observed af =80 K remain. The difference is that

mode switchings in a wide range of pump currents, right u the energy gap reaches 8—10 intermode spacings even at the

to twice the lasing threshold. However, the lasing spectrurﬂ_aSIng threshold. At high current levelb+£180 mA) the '6?5'
ng spectrum again tends to homogeneous broadening. In-

becomes nonuniform. A characteristic feature of this regioﬂ i the t ture to 90(Rig. 40 Its i i
is that as the current increases, lasing is observed in thg €asing the temperature 1o 9- results in uniform

long-wavelength region, displaced by 5 intermode spacing 'rogdc.enlnlg ﬁt\(eg.at lthe (;q3|{19trt]hr?ashold. AItIhou?r:] the_ malfn
As current increased £170 mA), the energy width of the mode IS stightly displaced into the long-wavelength region o

region where lasing is suppressed increases up to 8 inte r_emspecr:rtrum,rfge tstalnd;arl]rd rr;ulnrr?]ml:it?mlajlng, ;/nvihosr,% spz[ecr:-
mode spacings. For this region, in contrast to the first on rum corresponds 1o 1asing of a muitimode semiconcucto

the mode switches into the long-wavelength region. Mod asef, i‘c’. observed. The regions of unimodal lasing and non-
switchings into a neighboring mode, separated by an intervallInlformlty were not observed.
~4.2—-4.9 cm'!, are observed. The mode stabilizes. Side-
o . X . 4. DISCUSSION

mode excitation starts in the spectral region where lasing haS
thus far been suppressed. A further increase of the pump Summarizing the lasing features that were observed, we
current tol = 21, results in excitation of all side modes clos- note that their main characteristic feature is the nonunifor-
est to the main mode. The lasing spectrum broadens unimity of the mode spectrum. This nonuniformity is attribut-
formly and acquires the typical form for multimode diode able to the presence of a large gap observed in the spectrum
lasers. of longitudinal modes at cryogenic temperatures. These non-

The mode pattern obtained at 85 K is shown in Fig. 4b.uniformities could be the result of the characteristic features
It is distinguished by the fact that the region of single-of the gain spectrum in narrow-gap InAsSb semiconductor
frequency lasing, stable with respect to mode switchingslaser diodes. Near liquid-nitrogen temperature and with a
disappears. If one mode again shifts in the short-wavelengtimall gain excess above threshola(.4l,, T=80 K), las-
direction, then on the long-wavelength side the mode shifting is observed at a single frequency. For this region the
into the long-wavelength region. From the moment lasingiemperature broadening of the spectral gain contour is small
appears the switchings correspond to 1 intermode spacingnd homogeneous. This corresponds to an increase in power
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FIG. 5. Curves of the output power of a V1126-39 diode laser versus current for thé€M)aimde and the nearest short-wavelen@hand long-wavelength
(L) side modes at temperatures &) and 90 K(b).

in the main and the nearest short- and long-wavelengtlr~27h/AE, the interband relaxation time, which is found
modes as the pump current increases to 135-140(Figs  to be 0.1-0.6 ps. This is several times greater than the cor-
5a). As the current increases, a shift of the lasing to shorteresponding times for InP and GaAs lasEtsCalibrated
wavelengths is observed. It could be due to an increase ipower measurements make it possible to estimate the inter-
radiation absorption by free carriers and changes in the efal noise leveky;, in terms of the relatiot?

fective refractive index that accompanies an increase in the

charge-carrier density. Such behavior has been observed ear- :E %m (=14 1)

lier for the pulsed lasing regimelt should also be noted that U 20 @t @ing ths

there is a substantial absorption in the valence band, which is . . . .
very intense in GaSb and InAs compounds, where resonr;m(yléherePOut is the optical power is the photon energyj is

; =1
of the band-gap energies and the spin-orbit splitting off isthe electron charge, anal, are the exit losse¢39 cm ).

. . . _ 71 .
observed® As a result of the spectral limitation of the mode Calculations with Eq(1) give aiy=80-130 cm *, attesting

gain, the maximum of the mode gain can shift in the direct0 high 'Iosses in the actlve. region. The calculatlpns per-
rmed in Ref. 17 also confirm the high level of internal

tion of shorter wavelengths. For this reason, in InAs-base _ . :
sses in InAsSb/InAsSbP lasers. Physically, the high losses

lasers, in contrast to wider-gap analogs based on llI-V In - L
and GaAs, the short-wavelength shift is also observed abov%OUId be due to strong nonradiative Auger recombination
the lasing threshold processes at the characteristic temperafiyye=21 K. The

' élowing down of intraband relaxation and the small heter-

As the current and carrier density increase further, th ior heiah d with the band :
spectral gain contour deforms. As a result, lasing appears ngarrler eights, compared with the band gap, in narrow-gap

longitudinal modes 5-10 interband spacings away. This corl—”_\,/ semiconductors .give ri;e to leakage of.injgcte.d hot
responds to suppression of the nearest Iong-wavelengff?rr'ers. out of the acyve region. The' photon I|fet'|m@|n
mode with intensification of the main and short-wavelengththe cavity can be easily estimated using the relafion

mO(_jes in the current rande>140 mA(Fig. 53. As a result, 7= v @i+ 1L IN(LR) ]}, )

a dip near the generated mode forms in the gain spectrum.

Gain is suppressed on the short-wavelength side and intensithereu 4 is the group velocityg;,; are the internal losses,

fies on the long-wavelength side. The region of mode-gains the cavity length, an® is the reflectance of the mirrors,
suppressior{Fig. 48 corresponds to an energy dip of 2—7 which determines the exit losses. The photon lifetime esti-
meV in the gain contour. The magnitude of the dip makes itmated from the relation&l) and (2) is 1.0-0.7 ps. For this
possible to estimate roughly, from the uncertainty relationreason, the carrier thermalization time in the mode suppres-
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sion region approaches the photon lifetime in the cavity. This ~ We thank A. M. Monakhov and T. N. Danilova for help-
corresponds to the fact that a “hole” in the gain spectrumful discussions and for a discussion of the results of this
serves as a reason for the decrease in the lasing power neaork.
the main generated mode. The slowing down of the relax- This work was supported in part by a grant in laser op-
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T=90 K) is uniform thermal broadening of the gain contour. of the St. Peterburg Science Center and the government of
This leads to the observed excitation of multimode lasing inSt. Petersburg.
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mogeneous gain of the short- and long-wavelength modes
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Photocurrent amplification in Au/SiO  ,/n-6H-SIC MOS structures with a tunnel-thin
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The first observation of amplification of the photogeneration current in Ay/8i6H-SiC

structures with a tunnel-thin insulator is reported. This effect can be used to increase the efficiency
of existing UV-range 6H-SiC-based photodiodes. It also shows that bipolar SiC transistors

with a MOS tunnel emitter can be produced. 1®98 American Institute of Physics.
[S1063-782628)02609-X

1. INTRODUCTION MS structures, which were fabricated on the same substrate
and which differed structurally from one another only by the
presence or absence of a thin intermediate,S&yer (Fig.

1). Homoepitaxialn-6H-SiC films, grown by sublimation
and chemical deposition from the gas phase doGDl) Si

ace of n-type Leli substrates, were used. The uncompen-
sated donor density in the films was 10cm 2 and

Silicon carbide, just like silicon, oxidizes with the for-
mation of a homogeneous silicon dioxide ($)@ilm on the
surface. Thermal oxide on-6H-SiC exhibits a high electric
strength; the interfacial density of states can be lowered t
values of the order of & cm 2, and classic MOS transis-

tors of different types have already been developed on th§><1015 cm3, respectively, and the thickness of the films

; i~
basis Of. SIC. . . . . .., was in the range 3-1gm.
Besides classic devices, SiC-based devices with a h ; | d isted of the followi
tunnel-thin oxide could be of interedb date, investigations . The experlm'enta procedure consisted of the following.
' First, Schottky diodes were formed on each wafer by evapo-

in this direction have not been performedf transistor ac- rating aold through a mask and their current—voltage char-
tion could be obtained in SiC structures with a tunnel-thin 99 g g

S s : gctenstlcs under illumination with a mercury lamp were
oxide, just as in silicon-based tunnel structures, then it woul . . ' .
. . . measured. Special reticular filters were used to vary the in-
be possible to improve the parameters of UV-range SiC pho:

; . : . tensity of the illumination. Each filter made it possible to
;Oe(jllce)(:rfiftearnd to produce bipolar transistors with a MOS tunEjecrease the illumination intensity sixfold with no change in

: o . the spectral composition. Next, the gold contacts were etched
Transistor action in silicon MIS structures with a tunnel- P P g

. . . off, and to prepare the SiC surface for “thin” oxidation pro-
thin insulator was discovered in the 197@®ef. 2 and has - S
been studied in detail in Al/Sigin-Si structures. The effect longed high-temperature oxidation was conducted, and the

is explained by the large difference in the values of the eIethle oxide was then removed. A thin oxide was formed by

. : o Pry oxidation at variable temperature and duration of the
tron and hole tunneling currents: Under the conditions o rocess(850—900°C and 15—60 min, respectivelp as to
strong band inversion at the semiconductor surface, the cu ' P

- X . ind the required regimes for oxidation and investigation of
rent of electrons injected from the metal into the semicon- q 9 9

. he influence of the insulator thickness on the characteristics
ductor can exceed the current of holes reaching the surface 3 MoS photodetectors. In all other respects, the work with

T e s sl esson o 4 s HOS sttcresve iave in mid depostion of the gl
current fI(;win into the %nvgrsion la éF:A Despite the fact contacts and the procedure for measuring the photoresponse
9 . yer. pIt . was identical to that performed with MS structures. At the
that the theory of tunneling in MIS structures is quite well . L S
61 rce: . last stage of the investigations, to check the reproducibility
developed®it is difficult to predict even roughly the current . . :
S . . .. of the results obtained, Schottky diodes were again formed
gain in the case of SiC structures, because there is no infor- L .
. : -on the same wafers and the characteristics of the diodes were
mation on the values of the energy barriers at a tunnel-thin
. L measured.
SiO,—SiC interface.
In the present paper we report the results of investiga-
tions of SiC structures with tunnel-thin oxide. These are the3- RESULTS AND DISCUSSION
first such structures prepared and studied for the purpose of - ppototransistor action in a MIS tunnel structure consists
observing possible transistor action. in the following. When a bias voltage needed for the inver-
sion regime is applied to a MIS structure, this voltage is
divided between the depleted region of the semiconductor
and the insulator layer. The voltage drop across the insulator
To estimate the current amplification we compared thdayer, which determines the useful electronic tunnel current,
photoresponse in Au/Sih-6H-SiC MOS and Aui-6H-SIiC  is set(under the conditions of moderate doping of the semi-

2. EXPERIMENTAL OBJECTS AND PROCEDURE

1063-7826/98/32(9)/3/$15.00 1024 © 1998 American Institute of Physics
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FIG. 1. Schematic diagram of the photoresponse measurements in
Au/SiO,/n-6H-SiC (left-hand sidg¢ and Auh-6H-SIiC (right-hand side
structures. The arrows indicate the direction of the flux of ultraviolet radia-

tion.

conductoy by the surface density of minority carriers in the
inversion layertholes — in the case of &type semiconduc-
tor). In turn, the stationary surface density of holes is set at a
value such that there would be a balance between their gen- 10k 1,73
eration channelgin the case of SiC this is essentially only -
photogeneration in the depleted layer of the semiconductor
and their loss channelsunneling leakage through the insu-
lator, diffusion in the interior of the semiconductor out of the
inversion layer at low voltage on the structure and recombi-
nation with electrons tunneling through the insulatddy
varying the intensity of illumination of the MIS structure we
vary the photogeneration curred,. This changes the sta-
tionary hole density in the inversion layer, the voltage drop 2
across the insulator, and correspondingly the electron tunnel- 3
~

ing currentd,.

Thus, if for a certain voltage across the insulator the 10
electron tunneling current is much higher than the hole cur-
rent, then small changes in the currggf, can in principle
result in large changes in the currelyt, indicating amplifi-
cation. In transistor terminology, the gate of the MIS struc-
ture plays the role of an electron emitter and the inversion d
layer plays the role of a light-inducqatype base, while the
depleted region of the semiconductor plays the role of a col- 10
lector of electrons “injected” from the emitter. Since recom-
bination in the thin induced base can be ignored because of 102k 1.736
the very short transit time through it, the amplification in 2
such a transistor can be very large if the emitter is suffi-

ciently efficient.

The typical current-voltage characteristics of our experi-
mental MOS structures under illumination with ultraviolet
light of different intensity are shown in Figs. 2a and 2c. As
one can see, for them the voltage dependence of the current a 2 4
is more complicated than in the case of the characteristics of
the MS structuregFigs. 2a and 2d The characteristic fea-
tures of the MOS structures are as follows:

First — very low short-circuit photocurrent;

second — rapid(almost exponential current growth

above a certain threshold voltage;

third — current saturation, the saturation current is pro

portional to the illumination
intensity.
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FIG. 2. Current-voltage characteristics of Au/Si®6H-SIC MOS struc-
tures(a, 9 and Auh-6H-SIiC MS structuregb, d) with different illumination
intensities(neighboring curves correspond to a sixfold change in the illumi-
nation intensity. Epitaxy methods and the uncompensated donor density in
the film Np—N,, cm 3: a, b — Sublimation, 19; ¢, d — vapor-phase,
3% 10, Conditions for the formation of a thin oxide layer: Oxidation tem-

“perature 950 °C; oxidation timg min: a — 15, ¢ — 60.

important that the saturation current in the MOS structures is

We note that the current—voltage characteristics of th&8—7 times higher than the corresponding currents in MS
MS structures are sublinear in the entire voltage range, whilstructures. This can be interpreted as an amplification of the
at zero bias the short-circuit photocurrent is quite high. It isphotogeneration current.
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The current—voltage characteristics shown in Figs. 2af the depleted region, where carrier photogeneration occurs,
and 2c correspond to the above-described principle of operand correspondingly by the higher hole current flowing to the
tion of a tunnel phototransistor. Indeed, for subthresholdsurface.
voltages on the structur@n this case there is still no strong
inversion the voltage drop across the insulator is small, the?- CONCLUSIONS
current through the structure is lofthere is no electron in- The characteristics of MOS structures based on ther-
jection from the semiconductor into the metand the ap- mally oxidized 6H-SIiC with a tunnel-thin insulator were
plied voltage falls across the space-charge region. When studied. It was shown that in such structures the hole com-
suprathreshold voltage, corresponding to strong inversioponent of the tunneling current is at least 3—7 times smaller
(the photogeneration current must be sufficiently high  than the electronic component. In practice, this can give a
applied, there appears an electron tunneling current, whichonsiderable increase in the efficiency of existing 6H-SiC
grows rapidly with increasing bias voltage, because a subphotodiodegin the UV region of the spectruyrbecause of
stantial portion of the increment to the bias voltage fallsthe phototransistor action.
across the insulator. At the same time, the hole portion of the  The values obtained by us for the injection coefficient of
increment to the bias voltage falls across the insulator. At the@ SiC-based MOS emitter are far from maximal. Apparently,
same time, the hole diffusion fluxfrom the surface into themuch higher values can be obtained by optimizing the sys-
interior of the semiconductor decreases. tem. In view of this circumstance, it is of interest to produce

The current through the structure continues to grow untiland investigate three-electrode devices based on ballistic SiC
the hole diffusion current drops to zero and a balance isnduced-base transistors and a tunneling MOS enfitBarch
established between the hole leakage, which increases withansistors could be competitive with respect to classical bi-
voltage, through the insulator and the rate of photogeneratiopolar SiC transistors. The current gain for the latter does not
of holes in the depleted region. Next, the surface density oéxceed 10—15%Ref. 1) because of the small diffusion length
holes in the inversion layer ceases to depend on the biag the minority carriers in the base region and because of
voltage, whose increment falls almost entirely in the semitheir high recombination rate in the space-charge region of
conductor; under these conditions, the current through théhe injectingp—n junction. In contrast, in transistors with a
structure stabilize§its magnitude is proportional to the pho- MOS tunnel emitter there is virtually no recombination in the
togeneration currepnt base, since the thickness of the induced base is very small

Additional evidence supporting the current flow mecha-(less 5 nmand the electrons pass through it ballistically in a
nism considered above is the character of the influence of thiéme of the order of 10**s. The photocurrent gain of such
SiO, thickness on the device characteristics. As one can seg transistor can apparently be quite large, since it is deter-
by comparing Figs. 2a and 2c, the threshold voltage inmined solely by the injection coefficient of the emitter, and
creases with the oxide thickness. This effect is explainedinder high voltages on the emittégreater thang,/q) it
mainly by the fact that the thicker the oxide, the larger theincreases even more as a result of impact ionization in the
voltage drop across the insulator that is required to attain gollector!
tunneling current with the prescribed vallhe section of | § Helnokov. Fiz. Tekt. Pol
exponential current growth is essentially the current-voltage (Piggé) 'E’S""gr?]‘i’cgr’: du?:/fofégf:lgogczlg\gal]:.lz' Tekh. Poluprovods, 1921
characteristic of the oxide Thus, all characteristic features 2y a Green and F. D. King, Solid-State Electraf).551 (1974.
of our structures are qualitatively similar to those of 2J. G. Simmons and G. W. Taylor, Solid-State Electr2®.287 (1986.
Al/SiO,/n-Si structureé. 1. V. Grekhov, A. F. Shulekin, and M. I. Vexler, Solid-State Electr8s,

- - 1533(1995.
The characteristics of structurg; _fabncated on the SaM&, "\ "chy and D. L. Pulfrey, IEEE TrandD-35, 188 (1988.
substrate .Showed good reproducibility and remained quite . |. veksler, Fiz. Tekh. Poluprovodr30, 1718(1996 [ Semiconductors
stable during repeated measurements. The absolute values cfo, 899(1996].
. . .7 H
the currents were higher in MOS and MS structures fabri-"!- V- Gfe'r‘]hov’kﬁ- V. Ostroumova, A. A-hRO%aChEV’ and A. F. Shulekin,
cated on the basis of epitaxial films with a lower uncompen- ©'S™a Zh- Tekh. Fiz17, 44 (1993 [ Tech. Phys. Lettl7, 476 (1991,

sated donor density. This is explained by the large thicknessranslated by M. E. Alferieff
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Vladimir Idelevich Perel’ (On His 70th Birthday )
Fiz. Tekh. Poluprovodr32, 1151-1152September 1998
[S1063-782628)02709-4

Vladimir Idelevich Perel’, a prominent theoretical physi-
cist, Chief Editor of the journal “Fizika i tekhnika polupro-
vodnikov,” and Corresponding Member of the Russian
Academy of Sciences, celebrated his 70th birthday on Au-
gust 24, 1998. V. I. Perel’ was born in Sverdlovékater-
inburg) into the family of a teacher. In 1950, after graduating
from the Department of Physics at Leningrad State Univer-
sity, he was assigned a job as teacher at the Petrozavodsk
Railroad School. At that time, YuriMaksimovich Kagan
worked at Petrozavodsk University. Scientific contacts with
him determined the field of the young theoretician’s first
research work — the candidate’s dissertation “On the mo-
tion of positive ions in their proper gas,” defended in 1956,
summed up Vladimir Idelevich’s scientific work at Petroza-
vodsk University and the Pedagogical Institute. One of his
teachers was L. EGurevich, to whose section at the Physi-
cotechnical Institute V. |. Perel’ transferred for work in 1958.
The association with Leviaanuilovich over many years, the
creative atmosphere fostered by him, and the constant con-
tacts with younger coworkers in the section undoubtedly
contributed to the development of the V. I. Perel’'s scientific,
pedagogical, and organizational talents.

His 40 years of work at the Physicotechnical Institute are
marked by outstanding results in diverse fields of physics —
the diagrammatic technique for calculating kinetic coeffi- The surprising cordiality of the scientist and the man are
cients, theoretical investigations of optical orientation instrikingly manifested in V. I. Perel's pedagogical work. The
gases and semiconduct_ors, the pr_ediction of the existence T‘cherly concern, the ability to formulate a problem in a
electromagnetic waves in metalselicons, the discovery of  gimple  clear and absolutely strict form, the ability to hear
recombination waves in semiconductors, the discovesy “murky” arguments and to extract from them the sen-
gether with experimentorsof optical momentum alignment gjpje kernel, and the many hours of discussions about the
of electrons, and the development of the theory of hot phoppysics of the phenomena under study and ways to describe
toluminescence in semiconductors, nonradiative recombingnhem mathematically determined the future fate of his re-
tion of electrons and holes, phenomena accompanying intekearch and graduate students and many theoreticians begin-
band absorption of intense picosecond light pulses, and marying their career at the Physicotechnical Institute, who still
other interesting physical effects. The results obtained argonsider themselves with pride as members of Viadimir
reflected in many original articles, review articles and mono-delevich’s school. Graduates of the main Department of Op-
graphs. His services have been acknowledged by the Staggelectronics at the St. Petersburg Electrotechnical Univer-
Prize of the USSR and the I. F. loffe Prize of the Russiansity, where V. I. Perel’ has given for the past 25 years a
Academy of Sciences. V. |. Perel' likes and knows how tocourse in solid-state physics, and young colleagues in the
work in close contact with experimentors. He possesses gection “Physics and Technology of Semiconductors,”
remarkable gift of being able to identify among many detailswhich V. I. Perel’ has headed since 1983, can rightfully con-
of a complicated experimental picture the key effects whos&ider themselves to be V. I. Perel’s students.
theoretical description gives an orderly, mathematically rig-  Administrative duties also befell V. I. Perel’ when this
orous model of the phenomenon under study. Every formulasection was formed. From 1988 to 1994 he also served as
assumption, and word in his published theoretical paper®eputy Director of the Division of Solid-State Electronics at
have been checked repeatedly. “Theoretical jargon” andhe Physicotechnical Institute, and since 1991 he has been
“vulgar simplifications” are equally foreign to these works. the Chief Editor of the journal “Fizika i Tekhnika Polupro-

1063-7826/98/32(9)/2/$15.00 1027 © 1998 American Institute of Physics
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vodnikov.” To work with such a leader is at once surpris- him good health, happiness, and success in his new scientific
ingly pleasant, interesting, and very difficult. Under today’sendeavors.
difficult working conditions, gentleness and kindness, careful ~ zh. I. Alferov, B. P. Zakharchenya, V. E. Golant, I. P.
thinking before making decisions, combined with demandingpatova, I. N. Yassievich, D. N. Mirlin, I. A. Merkulov, and
much of himself, stimulate better than any sharp rebukegy. |. D’'yakonov
good work from his groups. It is not surprising that Vladimir Editorial Board of the journal “Fizika i Tekhnika
Idelevich enjoys great authority and love at the PhySiCOteChPoluprovodnikov”
nical Institute and well beyond its walls.

On the day of his seventieth birthday we sincerely wishTranslated by M. E. Alferieff
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ATOMIC STRUCTURE AND NON-ELECTRONIC PROPERTIES OF SEMICONDUCTORS

Correlation between the temperature dependence of the band gap and the temperature
dependence of the enthalpy of semiconductor crystals

A. F. Revinskir*)

Brest State University, 224665 Brest, Belarus
(Submitted August 4, 1997; accepted for publication February 2,)1998
Fiz. Tekh. Poluprovodn32, 1025-1028 September 1998

The first-principles pseudopotential method of density-functional theory is used to study
electron-phonon interactions in silicon. The temperature shift of the indirect band gap, the
phonon spectrum, and the enthalpy are calculated consistently within the density-functional theory.
The relationship between the temperature dependence of the enerdyEgép) and the

temperature dependence of the enthaly(T) is AH(T)=K|AE(T)|. The physical origin of

this correlation is discussed. @998 American Institute of Physid$1063-782608)00109-4

As was noted earliera correlation is observed between ever, taking the electron—phonon interaction into account
the exponential temperature dependence of the band gdpads to a substantial renormalization of the electron energy
AE4(T) and the enthalpy incremetH(T) in semiconduc-  spectrum. In Refs. 6—8 in the adiabatic approximation with
tor crystals, which is expressed in the form of a linearthe help of Rayleigh—Schdinger perturbation theory the
dependence following formula was obtained for the shifts of the energies

e.n Of the single-electron staték,n) (k is a vector in the

AH(T)= K|AE9(T)|' oy Brillouin zone, andh is the index of the zone in the electron

Proceeding from the thermodynamic premise that the bangPectrum without allowance for anharmonicity effects:
gap should be equgl to the free energy of the electronlc sub- AE, n[u(g,x)]z(k,n|l:|im|k,n>
system of the semiconductor per electron—hole pair, several '

studies, a review of which is given in Ref. 2, have theoreti- (kK",n’[Hindk,n)|?
cally obtained in the most general case the linear dependence + E —, ©)
kyn#k"n’ Sk,n_sk’,n/+|77
JE . . TS
(—Tg ~C,, (2)  where the electron—phonon interaction Hamiltorlp was
J p used in the form of a power-series expansion of the

electron—ion interaction potential [r—R(&,x)—u(&,x)]
in the Cartesian coordinates,(¢, ) of the displacements of
the ion from its equilibrium position. Her®(¢,«) is the
Relations (1) and (2) are important for studies of the position vector of the ion in the lattic&, is the index of the

mechanisms for semiconductor—metal phase transforL_mit cell, andk is the index of the ion in the unit cell. The
mations? In this regard, it is of interest to ground the corre- temperatu_re gependenc_e of the real pe_lrt .Of the e“@?@af‘
lation (1) in the framework of quantum-mechanical approachbe obtaine b.y using the vanatlongl qerlvatlve
since it makes it possible to take the most complete accounfs.(AI.Ekv"?/qu'J V\."th respect to the Bose—Einstein phonon
in particular, of the effect of the electron—phonon interactiond's‘mbUtIon functionNg, -
(EP)) on the temperature dependence of the band gap and of S(AE, )
the various thermodynamic functions. AE, 1(T)= E T
It is well knowrf that the exact solution of the total 4 @
system of self-consistent equations for the electrons andhereq is the phonon wave vector, ands the index of the
phonons using the many-particle "Rtich Hamiltonian is phonon branch. At present, quantum-mechanical
fraught with certain difficulties. They are due, first of all, to calculation$™® of the temperature dependence of the band-
calculating the vertex function in the self-energy part of thestructure parameters of group-1V and IlI-V semiconductors
electron Green’s function. At the same time, using the adiahave been performed in the framework of the proposed
batic approximation, which reduces to separating the coordimodel. A distinguishing feature of these studies is the fact
nates of the electron and phonon subsystems, the phonahat the phonon spectrum was not calculated from first prin-
spectrum of metals and semiconductors can be reconstructegples. In these calculations the band structure was
with quite high accuracy-(m/M)Y? (Ref. 5, wheremand  calculated® with the help of local ion pseudopotentials.
M are the masses of the electron and ion, respectively. Howsuch an approach is motivated by the fact that the shifts of

from which Egq. (1) follows for temperatures below the
Debye temperature, where the specific h&xtsandC, dif-
fer only slightly.

1

ait 20 (4)

1063-7826/98/32(9)/4/$15.00 917 © 1998 American Institute of Physics
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the single-electron energiéd) are much smaller than the superscript DW and the real part of the self-energy contri-
energy gaps in the band structure. For this reason, accordirmution (with superscript SEwere calculated according to the
to Refs. 7 and 8, there is no compelling need to carry ouformulag
laborious self-consistent band calculations from first prin-

ciples using nonlocal ion pseudopotentials. However, as w. (AEx,n)
shown earlief? allowance for the nonlocal component of the | SNg
norm-preserving ion pseudopotentials when calculating the
electron—phonon interaction parameters is very important

and gives a contribution of-20%. In this light, it can be

seen that in order to gain an understanding of the physical

bw B%(k,n,n",0,k)Bg(k,n,n",0k")

1
=3 >

n',k,k' €k,n~ €k,n’

X

1 . .
M Cal—alix)Egalix)

reasons for the existing interrelationship between the elec- 1 ) ]

tronic structure of the crystal and its thermodynamic func- + M—ga(—QHK')SB(q“K’) ' ®)
tions it is necessary to calculate the band structure, binding «!

energy, phonpn spectrum3 anq thermodynamic characte'rilstics S(AEy ) o 1 [B(k,n,n’,q,x)E(qlj )|

of the investigated materials in the framework of a unified N | ,
approach. In view of this circumstance, with the goal of elu- o) n' o Mo €k,n™ Ek+qn’

cidating the physical mechanisms of the observed correlation ©)

(1) with the help of the density functional in the case of where&,(q|j«) are the Cartesian components of the phonon

silicon with diamond structure, we present here a consistenjolarization vectors.

calculation of the phonon contribution as a function of The matrix element of the electron—ion interactiBp

AEy(T) and AH(T) using electron and phonon spectrawas calculated in the approximation of the rigid unit-cell

obtained earlier from first principles:*? potential, which assumes that the displacement of the ion
To understand the algorithm for calculating the energywith index « from its equilibrium position,u(¢,«), takes

shifts (4) it is necessary to use intermediate formulas. Theplace without deformation of the potential due to that ion,

single-electron energies were calculated by self-consistent, . Mathematically, this reduces to the case in which the

solution of the Kohn—Sham equation quantity B in expression(9) is determined only by the gra-
42 dient of the ion pseudopotential in E{,) without regard for
= (K+G)2— &, 1|Cp(G) the Coulom_b and exchange—correlation potentials. Thus, the
2m * : elementB,, is equal to
A 1/2
+ 2 V(k+G,k+G')C,(G")=0, (5)  B,(k,n,n',q,6)= > —} Ci+qn(G)Cyn(G")
G’ G,G’ o(q,])
where V(k+G,k+G’) are the Fourier components of the Xexd —i(k'+G'—k=G)7,]
effective single-electron pseudopotentid, is the inverse X(k'+G' —k—G),V (k' + G’ k+G)
lattice vector, ancC,, (G) are the coefficients of the plane- . ’ ’
wave expansion of the pseudowave function (10
wherew(q,j) is the frequency of the normal vibrations, is
|k,n)=2 Cok(G)exdi(k+G)rl. (6) the basisl vec,:tor assgciated with the ion with index
G and V, (k' +G',k+G) is the form factor of the screened
nonlocal pseudopotential of the*Siion.
The screened effective pseudopotentigk+G,k+G') is a In silicon, as is well known, the band gap is determined
sum of the ion potential, the Coulomb potential, and thepy the direct transitionEésp—ATic”). According to my ear-
exchange—correlation potential lier calculations® E,=1.05eV, where the experimental

, ) value is EgP=1.17 eV (Ref. 14. This discrepancy stems
V(k+Gk+G")=Vipn(k+ G ,k+G’) from the fact that the density functional method is intended
+V4(G—G')+Vy(G—G’), (7) to describe the properties of many-particle systems in the
ground state. For this reason, the energies of the excited
where the ion potentiaV,,(k+G,k+G’) was constructed states in the conduction band are not accurately reproduced
as a superposition of shape-preserving nonlocal jorin the given approach. At the same time, this is not reflected
pseudopotentials’ in the calculated value of the phonon contribution to the
In Eq. (3) the first term(the Debye—Waller contribution —temperature dependence of the band §&j(T) since it is
is due to smoothing of the crystal potential as a result of iorequal only to the sum of temperature shifi€, ,(T) of
vibrations. The second terfthe self-energy contributigris  individual single-electron states, i.e., in our case
the increase in the electron—phonon coupling in the second- _ , min
order perturbation theory. The imaginary component of this AEy(T)=AE(I'55,|T) + AE(ATL]T). 1D
term is the lifetime of the polarofan electron accompanied In the calculation of the dependena&, ,(T) according
by lattice deformations The variational derivative to Eq.(4) a difficulty of a calculational nature arises in the
O(AEy )/ 0Ny for the Debye—Waller contributiorjwith integration over the Brillouin zone. Specifically, to obtain
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el T tevend e band aas of silbonhis work The calculation in Ref. 18 of the contributiakE]~(T)
o C'alceur;;‘:iirnag:f_ e&?eg i”ceige:m?en??Re?_""q% 5 _eﬂétal'fu‘l"gt’iror; due to thermal expansion of the silicon crystal showed that
(Ref. 9. anharmonicity effects are insignificant in the temperature in-
terval plotted in Fig. 1. Specifically, foF <300 K AE;%(T)
is less than 2 meV.
numerical values of the quantitiesER5(T) for each vector The specific heat€, andC, of the crystal are interre-
g of the Brillouin zone it is necessary to obtain additional lated by the standard thermodynamic relation
self-consistent solu.tions of the K_ohn—Sham equation with Co(T)=C,(T)+9Ta?(T)B,Q, (12)
the goal of calculating the energieg. o, and wave func-
tions |k+q,n). In order not to use up unjustifiably large Where(} is the volume of the crystak(T) is the tempera-
amounts of computer time, we have first calculated the deture coefficient of linear expansion of silicdhandBy, is the
rivatives (9) for specially chosen symmetric points of the bulk modulus, calculated at the minimum of the total energy
Brillouin zone(using the five-point Chadi—Cohen schéme  of the silicon crystal al=0 (Ref. 20. The lattice specific
after which the points in 1/48 of the Brillouin zone were heatC,(T) was calculated with the help of the silicon pho-
chosen by the Monte Carlo method and the derivati@s hon spectruni? The theoretical dependen@(T) obtained
were calculated with the help of an interpolation procedfire. using Eq.(12) is plotted in Fig. 2. The phonon contribution
The phonon polarization vecto&q|j x) were calculated as to the temperature dependence of the enthalpy is
eigenvectors of the dynamical matrix of silicon, obtained

T

earlier in Ref. 12. Ath(T)zf Cp(T)dT". (13
The phonon contribution to the decrease in the band gap 0

of silicon AE4(T) is plotted in Fig. 1 in comparison with the The change in the enthalpy due to formation of

available experimental and theoretical datzl. én account o¢lectron—hole pairs can be calculated using the forfAula
the nonlocality of the pseudopotential of thé Siion gives
somewhat better agreement with experiment in comparison AHe_n(T)=Ne_nEg(T)+TASe_4(T), (14

with the calculations of Ref. 8, which were made with thewheren,_,, is the concentration of electron—hole pairs, and
help of local pseudopotentials. The large scatter of the thedAS,_,(T) is the change in the entropy. Calculations show
retical results relative to the experimental data necessitatabat the contributiomdH._,(T) is negligible in comparison

an analysis of the accuracy of the calculated dependenceith the phonon contributiothH (T).

AE4(T). We used two fundamental characteristics of silicon  Figure 3 plots the dependendeH ,,(T)=K'|AE4(T)|

to calculateAE4(T): its band structure, calculated with an calculated by us in comparison with the experimentally ob-
accuracy of 0.01 e¥Ref. 11 [200 plane waves in expansion tained dependencd). It can be seen that a linear relation-
(6)], and the frequencies of the normal vibrations of the ionsship is observed betweeAH(T) and AEy(T) in the
calculated with an accuracy of 0.2 THRef. 12. Varying  proposed calculational scheme. The electron—phonon inter-
the single-electron energies, , and frequenciesw(q,j) action probably plays an important role in the appearance of
within the indicated limits gives an absolute error for this correlation. At the same time, the theoretical value of the
AEy(T) of 2.5 meV. The accuracy of the experimental data coefficientK’ is much greater than its experimental value.
is 1meV. This discrepancy is due to the disagreement between the
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electrons would substantially complicate an already cumber-
4r some calculational procedure. In view of the discussion
above, the proposed calculational scheme in any case should
be considered as an initial approximation aimed at better
understanding the physical reasons for the observed interre-

w
T
85

S lationship between the structure of the electron energy spec-
E trum and the thermodynamic functions of semiconductor
- crystals.
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The implantation of a %¥cm™ 2 dose of 1-MeV dysprosium and holmium ions with subsequent
annealing at temperatures in the range 600—900 °C leads to donor center formation. The

donor center concentration increases with increasing oxygen concentration in the starting materials
as well as upon additional oxygen implantation. Such behavior of the activation and the

donor center concentration profiles as a function of the annealing temperature and oxygen
concentration is observed in Si:Dy and Si:Ho. The results show that the formation of at

least two types of donor centers containing rare-earth elements and/or oxygen atoms takes place.
© 1998 American Institute of PhysidsS1063-782808)00209-9

INTRODUCTION Europe B2K. In addition, some of the wafers were implanted
with oxygen ions: specifically, ax2 10**-cm™2 dose of 145-
keV ions into Si:Dy, and the same dose of 140-keV ions into
; ; ; - - Si:Ho, which corresponds to a maximum concentration of
been motivated by its potential for applications in silicon j '

y I's P PP ~5x 10" cm™3. Their energy was chosen such that the pro-

optoelectronics as a light source at 1&dh. The efficiency . red ¢ ths of th g dth
of erbium luminescence depends on the spectrum of optﬂ-ec ed mean Iree paihs ot the rare-earth lons and the oxygen

cally and electrically active centers containing rare-earth ellons c_ommded. Implantation was POt accompanied by amor-
ements(REE). There is so far, however, a lack of under- phization and was effected at a 7° angle so as to prevent ion
standing of the processes by which electrically active erbiunﬁ:harlme“r?g' th £ 30 mi |

centers from in silicon. From this point of view, a study of sochronous(over the course o mjnanneals were

the electrical properties of silicon doped with other rare_eamperformed in the temperature range 600-900°C in a

elements is of current interest for establishing the generathorme-contalnlng _atmosphere. The latter cons_lsted of an
oxygen flux containing 1 mol% carbon tetrachloride.

trends of the processes of formation of electrically active The t ¢ ductivity of th ¢ | :
centers in such systems. In addition, structures based on sili- q e_t%’?ﬁ ohclon ;JC ';Q y 0 | € St;” a_lc_ﬁ ayr:er vtvas r_n?m-
con doped with rare-earth elements can serve as sources fed wi € edlobO t?] ]?rma pLO €. theds _?r? resis anctﬁ
infrared radiation. In particular, silicon doped with dyspro- S was measured Dy the Tour-probe method. 1ne rare-ear
sium (Si:Dy) and holmium(Si:Ho) may be promising. Data distribution with depth was measured by secondary-ion mass
on the formation of electrically active centers for these im_;pectrosc_:opfSlMS) on a Cameca.IMS 4f setup. Conp entra-
tion profiles of the charge carriers were determined by

purities are, to the best of our knowledge, lacking. In our ) = )
study we have investigated the electrical properties of Si Iayglapgcnance—'vp ltage profiling W.'th a mercury probe. The ac-
ers implanted with Dy and Ho. t|vat|0n_coeff|0|ent of the electrl_cally active centers associ-
ated with rare-earth element implantation was calculated

from the relatiork= (euRs) ~Y/Q,t, WhereQ, is the dose,
e is the charge of an electron, apd=1350 cn#/V s is the

As substrates we used polished silicon wafers-ofpe  electron mobility(it is assumed that it does not depend on
conductivity, grown by the float-zone method-EZ), with  the electron concentratipn
resistivity in the range 80—140)-cm, and ofn-type and
p-type conductivity, grown by the Czochralski method, with
resistivities of 5 and 20)-cm, respectively. The oxygen con-
centration in the starting material was:2x 10*® (n-F2), First let us consider the behavior of the holmium impu-
8.6x10'" (n-Cz), and 1.K10®¥ cm™2 (p-Cz). A Q=1 rity. Curvel in Fig. 1 shows SIMS-profiles of the total hol-
x 10" cm™2 dose of 1-Mev dysprosium and holmium ions mium concentration after implantation. Subsequent isochro-
was implanted on a setup built by High Voltage Engineeringnous anneals do not lead to any changes in the holmium

Studies of the properties of erbium-doped sili¢&iEr)
have recently increased considerablfhese studies have

EXPERIMENTAL CONDITIONS

RESULTS AND DISCUSSION

1063-7826/98/32(9)/3/$15.00 921 © 1998 American Institute of Physics
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FIG. 1. Concentration profiles of holmium atori§x) after implantation

(1) and electronsi(x) (2-7) in p-Cz-Si:Ho (2—-4) and p-Cz-Si:Ho:0(5-7) FIG. 3. Dependence of the maximum concentration of donor centeon
after implantation and annealing for 0.5 h. Annealing temperakufeC: 2,  the annealing temperatufein n-FZ-Si:Ho (1), p-Cz-Si:Ho(2), n-Cz-Si:Ho
5— 700;3, 6— 800;4, 7— 900. (3), n-FZ-Si:Ho:0(4), p-Cz-Si:Ho:0(5), andn-Cz-Si:Ho:0O(6).

distribution. No changes in the SIMS-profiles were observecf the maximumx,,, deeper into the sample. In this case, the

in silicon implantEd with erbium and anneale.d in the Sameyglue Ofnm in the Samp|e with add|t|0na||y imp|anted oxy-

temperature range. The absence of changes in this case Wgisn is higher, and,,, is situated closer to the surface than in

explained by the low values of the erbium diffusion gj:Ho.

coefficient?_“‘ _ Similar behavior ofn(x) as a function of the annealing
A postimplantation anneal at the above temperaturegemperature was observed pFZ-Si and n-Cz-Si doped

leads to the formation of donor centers. In this casewith holmium. The dependence of, andx,, on the anneal-

p—n-conversion of the type of conductivity of the implanted jng temperature for the different grades of investigated sili-
layer is observed ip-Cz-Si. The dependence of the activa- con are plotted in Figs. 3 and 4.

tion coefficient on the temperature of the isochronous anneal | et us consider in more detail the data fBEZ-Si:Ho.

is shown in Fig. Acurvesl and2). The maximum values of ~ After the anneals at 700 and 800 °C the concentration of
the coefficient are observed at 700 °C and are equal to 18%onor centers exceeded by not less than twofold the oxygen
for Si:Ho and 26% for Si:Ho:O, of the total dose of im- concentration in the starting materidig. 3, curvel). This
planted holmium. gives us reason to believe that the dominant donor centers do
The concentration profiles of the electrons in the im-not contain oxygen atoms. On the other hand, increasing the
planted layen(x) have the form of curves with a maximum. annealing temperature not only lowers the concentration of
The nature of the variation of the distributioifx) as a func-  donor centers, but also shifts their maxima deeper into the
tion of annealing temperature for tipeCz-Si:Ho andp-Cz-  sample(Fig. 4, curvel). Since diffusion of holmium atoms
Si:Ho:0 samples is shown in Fig.(turves2—7). The maxi- s not observed at these temperatures, it is reasonable to as-
mum electron concentration was observed after annealing a8ime that in addition to the immobile rare-earth atoms, the

700°C. Increasing the annealing temperature decreases theyre mobile intrinsic point defectwacancies or interstitial
maximum electron concentratian, and shifts the position

03 o6k o1
at A2
a2 "
e3 o4
o4 05F a5
02} g o §
.
x E
® o4t
01t .
0.3f B
] i 1 " L
0 , . . . ) . 700 800 900
600 700 800 900 %
7,°C

FIG. 4. Dependence of the position of the maximum concentration of donor
FIG. 2. Dependence of the activation coefficighbn the annealing tem-  centersx,, on the annealing temperatufein n-FZ-Si:Ho (1), p-Cz-Si:Ho
peratureT in p-Cz-Si for implantation ofLl — holmium, 2 — holmium and (2), n-Cz-Si:Ho(3), n-FZ-Si:Ho: O(4), p-Cz-Si:Ho: O(5), andn-Cz-Si:Ho:
oxygen,3 — dysprosium4 — dysprosium and oxygen. O (6).
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silicon atom$, which are formed during the annealing of the corresponding dependence for holmium implantation.
implantation defects, also participate in the formation of do-  Comparison of our results for Si:Ho and Si:Dy with the
nor centers. The surface of the sample functions as a sink favailable data for Si:EfRefs. 4, 7, and Breveals hardly any

the intrinsic defects. With an increase in the temperature, afeatures associated with specific rare-earth elements. This is
increasing number of the intrinsic defects escape to the suprobably explained by their atomic structure. Differences be-
face. As a result, the concentration of donor centers wasveen the elements are connected with changes in the degree
found to decrease, and the maximum was found to shifof filling of the inner 4f shell. The outer electron shell,
deeper into the sample. The qualitative model for Si:Er dewhich determines their interaction with other atoms, is the
scribed above was first proposed in Ref. 4. Later a quantitassame. As a result, the rare-earth elements are similar in their
tive model was developed, which assumed that erbium atomshemical properties.

and intrinsic interstitial atoms participate in the formation of In summary, we have examined the influence of anneal-
donor centers. ing temperature and oxygen impurity on the electrical prop-

The increase in the concentration of donor centers irerties of silicon layers implanted with dysprosium and hol-
Cz-Si:Ho in comparison with FZ-Si:H@=ig. 3, curvesl-3) mium. We found that implantation of rare-earth elements is
is connected with the formation of new donor centers thaticcompanied by formation of donor centers whose concen-
contain oxygen atoms. Are two different donor centers withtration increases with increasing oxygen concentration. In
comparable concentrations formed in Cz-Si:Ho or does onaddition to the rare-earth atoms, oxygen also participates in
center dominate? Our data do not allow us to answer thithe formation of the donor centers.
guestion It is important to note that after annealing at 700°C ~ We wish to thank Yu. A. Kudryavtsev for carrying out
the concentration of donor centers is highenitype Cz-Si  the secondary-ion mass-spectroscopy measurements of the
than in thep-type material, although the ratio of oxygen the concentration profiles. We also thank B. A. Andreev for
concentrations in the starting samples is the reverse. measuring the oxygen concentration.

Additional coimplantation of oxygen also increases the  This work was carried out with the partial financial sup-
concentration of donor centers. The largéestd almost the port of CRDF (Grant No. 235, a joint arrangement of
same concentration of donor centers is reached after annealNTAS and the Russian Fund for Fundamental Research
ing at 700 °C in all grades of the investigated silidéig. 3,  (Grant No. 95-053], and a separate grant from the Russian
curves4—6). Here the positions of the maxima also coincide Fund for Fundamental Resear@Brant No. 96-02-17901
(Fig. 4, curvei—6). The experimental data give us reason to
believe that formation of oxygen-containing donor centersa)FaX_
takes place. Their rate of formation at 700 °C is several or-
ders of magnitude greater than the rate of formation of clas=—
sical thermal donors formed in silicon that does not containigar,a E?rtEnDtt)pad Eer;'ﬁicrqdnd:cg)rsNMFf:S S)r/::p- PK;IJc.é VIO!. ﬁﬂé%h
rare-earth eIgmenf’sWﬂh an increase in the .anneallng tem- > Arrc]’;uc(’j, De. ‘Avitaya, :n' dc‘)].,Ch-rob.o C;{;’z Mz(t:ér. Sci.aE\;;ﬁzs-( 192;.‘96‘“'
perature, their concentration decreases, as in the case of clag= v . Ren, J. Michel, Q. Sun-Paduano, B. Zheng, H. Kitagawa, D. S.
sical thermal donors. Jacobson, J. M. Poate, and L. C. Kimerling, MRS Symp. Proc., Vol. 301,

After dysprosium implantation and subsequent annealing“?)? Sgil?a-ksandrov N. A. Sobolev, E. I. Shek, and A. V. Merkulov, Fiz
at 600-900 O.C the same _regularltles a.re Ob.served. as in theI'ékhl. Poluprovodn,30,. 87.6(1996 [’Sehi.conduyctor§0, .4653(199@]. o
case of holmium implantation: the holmium distribution does sy A sonolev, 0. V. Alexandrov, and E. I. Shek, MRS Symp. Proc., Vol.
not change during isochronous anneals, the maximum elec-442, 237(1997.
tron concentration in the implanted layer is observed afterGX-?\g- Eg‘tse‘lh G. A. Oganesyan, and K. Schmalz, Solid State Phenom.
annealing at 700°C, raiSin_g the annea!i_ng ter,nperatur? |0W7J. [ g,en?c?n(, ?.gla.ichel, L. C. Kimerling, D. S. Jacobson, Y.-H. Xie, D. J.
ers the electron concentration, and additional implantation of gaglesham, E. A. Fitzgerald, and J. M. Poate, J. Appl. PRgs2667
oxygen raises the electron concentration. The dependence 0f1991. i
the activation coefficient of the donor centers associated with' - Priolo, S. Coffa, G. FrarizdC. Spinella, A. Camera, and V. Bellani,

d i implantation on the annealing temperature is *- AP Phys74 4936(1993.
ysprosium imp g p
plotted in Fig. 2(curves3 and 4) and is identical to the Translated by Paul F. Schippnick
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A multicomponent infrared study of boron nitridBN) pyrocrystals was performed in polarized
light. A series of textured polycrystals, which included samples with different dergees of
ordering, with various ratios of the concentrations of the hexagonal and rhombohedral phase, was
prepared by chemical vapor deposition. This study revealed the essential influence of the
microstructure of the pyrocrystal on the reflection and transmission spectra. It is shown that to
identify the normal oscillations of the hexagonal phase, crystal-optical effects and effects
associated with phonon scattering must be taken into account. The normal oscillations of the
rhombohedral phase of BN were identified directly from experimental spectra of
pyrocrystals which are similar in their properties to a single crystal. On the basis of the results
obtained by us it is shown that ionic—covalent bonds exist between some of the atoms of
neighboring layers in anisotropic modifications of BN. A refined model of the lattice structure
eliminates an entire host of contradictions between the experimental data and shows that

in addition tosp? hybridized electronss p hybridized electrons participate in the formation of
interatomic bonds in anisotropic BN. @998 American Institute of Physics.
[S1063-7828800309-3

Boron nitride(BN), almost from the very moment of its sence of single crystals of anisotropic modifications of BN,
synthesis by chemical vapor deposition by one of the authorthere are no reliable data on the dispersion laws in such
of this paper; has found wide technological applications. crystals of the electrons and phonons, which would make it
Pyrocrystals of BN obtained by the given technique are texpossible to validate the calculational and theoretical model
tured, layered polycrystals, possess mechanical hardnessssumptions. Thus, as will be shown below, the band calcu-
thermal stability, are chemically inert up to 2000 °C, andlations of Ref. 2 and the group-theoretical analysis of the
possess small dielectric losses in a wide frequency rangdattice reflection spectra of BN pyrocrystals carried out in
The unique thermal-physical and chemical properties of BNRef. 4 disregarded an important feature of the structure of the
pyrocrystals are determined by a feature of the crystal strucerystalline lattice of anisotropic modifications of BN.
ture of its anisotropidhexagonal and rhombohedrahodi- The technique of chemical vapor deposition modified by
fications: strong bonds of the B and N ions in hexagonathe author of BN technolodyhas made it possible to obtain
arrays that form monatomic layers, and a weak bond belarge, highly ordered pyrocrystals of the rhombohedral modi-
tween the layeréwhich was previously assumed to be purely fication, from which by cubic compression perfect samples
van der Waals This configures the high degree of anisot- of the cubic modification have been obtained. A complex of
ropy of a number of physical properties of BN pyrocrystals:infrared (IR) spectral studies of samples of BN of rhombo-
mechanical, thermal, chemical, and what is especially imporhedral and cubic modification has shown that their properties
tant for semiconductor technology, diffusion properties. Pro-are similar to those of single crystals. This has made it pos-
duction equipment fabricated from BN pyrocrystals is ideallysible to uniquely identify the normal lattice vibrations not
clean, i.e., it does not introduce impurities into any semicon-only in the isotropic cubic structure, but also in the aniso-
ductor material being grown in them. tropic rhombohedral structure of BN. It was found that the

In view of the properties of the crystal structure of BN, it high frequencies of the modes polarized parallel to the
is also a unique object for physical study. Theoreticalaxis in the anisotropic modifications are attributable to the
calculationé have used BN as a model material for con- existence in those modifications of ionic—covalent bonds be-
structing electron bands of a two-dimensional and a quasitween some of the atoms of neighboring layers. Allowance
two-dimensional insulator. However, the models of the crysfor interlayer bonds leads to a substantial correction in the
tal structure of BN used in these calculations were based omodel of the crystal structure of the anisotropic modifica-
x-ray diffraction data obtained on polycrystals with weakly tions of BN, thereby eliminating contradictions between a
pronounced texture. Data available for a number of IlI-Vnumber of experimental data. The ideas developed by us
semiconductor compoundsp which class BN belongs, al- pertain to an entire class of layered crystals, including the
low us to make some grounded assumptions about the propromising and actively investigated nitrides having a
erties of only the cubic modification of BN. Due to the ab- hexagonal modification.

1063-7826/98/32(9)/9/$15.00 924 © 1998 American Institute of Physics



Semiconductors 32 (9), September 1998 Ordin et al. 925

1. MAIN CHARACTERISTICS OF THE INVESTIGATED BN their C axis. However, in contrast to uniaxial single crystals,
PYROCRYSTALS in the case of pyrocrystals greater changes were observed in

Anisotropic boron nitride is produced as the product of athe reflection spectra corresponding to the ordinary wave
pyrolytic reaction at the boundary of the gas phase and, dtL C when the mutual orientation of th@axis and direction
the initial moment, at the surface of the graphite substratedf propagation of the light wave was varied. Therefore, to
As a result of pyrolysis, usually a white layered ceramiccompletely characterize the optical anisotropy of the BN py-
grows on the graphite substrate, consisting of smalfocrystals we examined the dependence of the reflection
crystallites—scales of the hexagonal and rhombohedrapectra on the orientation of the propagation vector of the
phases of BN. The crystallites form growth cones, whoseadiationk relative to theC axis. We found that in this case
vertices are located on the graphite substrate, and correspotite optical properties of the pyrocrystals varies monotoni-
to nuclei of the anisotropic phase of BN. The dimensions ofcally. A monotonic transformation of the reflection spectra of
the crystallites and the deviation of their symmetry axes fronthe BN pyrocrystals was also observed when the concentra-
the preferred orientation—the normal to the substratgion of the rhombohedral phase was increased at the expense
surface—strongly depend on the conditions of growth—of the hexagonal. The monotonic nature of these depen-
deposition. BN pyrocrystals with average misorientationdences makes it possible to carry out a qualitative analysis of
angle of the crystallite axes~30° are characterized by a the crystal-optical properties of the pyrocrystals and of the
maximum concentration of the hexagonal phase with lineaerystal structure of anisotropic BN using the reflection spec-
dimension of the crystallites along the symmetry axistra of pyrocrystals of the extreme compositions, i.e., purely
L.=100 A and roughly an order of magnitude greater linearrhombohedral and purely hexagonal, with three mutually or-
dimension in the transverse direction. When the misorientathogonal orientations of thk, E, andC vectors: } ELC,
tion angle of the crystallites is decreased to 10°, their dimeng|C, 2) ELC, kL C, 3) E||C, kL C (Fig. 1). The reflection
sions were found to increase monotonically. 160 A),  spectraR(») shown in Fig. 1 reveal two characteristic lattice
accompanied by the appearance of an asymmetry in thejeflection bands: a high-frequency one at frequencies about
physical properties, in particular, their thermal conductivity. 1500 cni'l, and a low-frequency one at frequencies about
Further increase of the degree of mutual orientation of theggg cnil. An intense high-frequency reflection band is ob-
crystallites @~1°) corresponds to an abrupt increase in theseryed at the polarizatioBiL C (Figs. 1a and Ipboth in the
dimensions of the crystallited (~1000 A) and in the con-  hompohedral phase and in somewhat weakened form in the
centr_a_t|on of the rhombohedral phase_. Optimization of thehexagonal phase, and is due to the strong bonds of the B and
conditions of growth allowed us to obtain yellqw, translucenty ions in the hexagons. However, in the hexagonal phase for
pyrocrystals with an area of a few énand thickness~5  he given polarization a small reflection peak also shows up
mm in the form of a sheaf of rhombohedral crystallites—i, the anove-mentioned low-frequency region. The character
monolayers with mean thickness of the monolay@.2um. ¢ the spectra remains mostly unchanged as the orientation of
In this case the anisotropy of some of the physical paramg,q | yector is varied relative to the axis, but the shape and

eters of the rhombohedral pyrocrystals turned out to be,loweémplitude of the observed oscillators undergo some changes.
than those of the ordered hexagonal crystals. In partlcularp__or the polarizatiorE||C, complete extinction of the high-

the thermal conductivity along th€ axis, which decreases frequency band, accompanied by a flare-up of an intense

monotonically ?S _the misorientation of the CryStaIIIteSIow—frequency band, is observed in the reflection spectrum of

decre_ase to 107, Increases _monotonlcally as the degree ﬂ{e rhombohedral phas@ig. 19. A qualitatively similar

ordering of the crystallites is increased. transformation is observed in the reflection spectrum of the
hexagonal phase when the polarization is changel||®,

2. INFRARED SPECTRAL STUDIES OF BN PYROCRYSTALS but the extinction of the high-frequency band and flare-up of

In this section we present the results of experimentthe low-frequency band are incomplete. In addition, in the
studies of normal reflectioR and transmissiofT spectra of ~hexagonal phase the high-frequency band is described well
BN pyrocrystals in polarized infrared light and a theoreticalPy the two-oscillator model. In this case, the reflection peak
treatment of these results. The series of pyrocrystals foforresponding to one of the oscillato(Sig. 1b remains
study included samples with varying degree of order of thehearly constant when the polarization of the light is varied,
crystallites and, correspondingly, with different ratios of thePoth in intensity and in frequenc{Fig. 19. This peak is
concentrations of the hexagonal and rhombohedral phases. #i¢scribed well by the single-phonon dispersion relations;
this case, the preferred orientation of the crystallographi¢herefore, its identification by the authors of Ref. 4 as a two-
axes of the crystallites coincided with the normal to thephonon peak is in error.
deposition—growth surface of the pyrocrystals and in what ~ The transmission spectra were investigated only for lay-
follows will be referred to as th€ axis of the pyrocrystals. ers perpendicular to th€ axis. Since the cleavages of the
Studies of the reflection spectra were carried out on mechanpyrocrystals had noticeable surface relief, in our studies of
cally polished crystal planes, oriented at different angles tdhe transmission spectra we also used mechanically polished
the C axis, and for different orientations of tHe vector of  surfaces. To determine the absorption spectra in this case, we
the electromagnetic wave relative to t@eaxis. As these measured transmission speclig;(v) of the sample as we
studies showed, the optical anisotropy of the BN pyrocryssuccessively shaved down its thicknekg from 150 to 5
tals, like the anisotropy of the other properties, depends omm, where the indices andj are the steps of this process.
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FIG. 1. Reflection spectra of the culit), rhombohedral2), and hexagonal3) modifications of boron nitride for different polarizations and directions of
propagation of the light. Points — experiment, solid lines — calculated spectra with all possible oscillators taken into account. b: dashed line — calculation

of the reflection spectrum of a hexagonal crystal without allowance for the transverse oscillator; dot—dashed line — with allowance for the oscillator appearing
in all polarizations.
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The resulting absorption spectrum was found from the plane, but forms an angle of roughly 30° with the normal to
simplified formula the reflection surfacg.Such an analysis would, of course,
T contain many more uncertainties than an analysis of the lat-
i(v) : : : :
—— log , 1) tice reflection of a single crystal. The production of large,
di—d; Ti(») highly ordered rhombohedral pyrocrystals of BN with devia-
which, for equivalent processing of the sample surfaces, i§on of the crystallographic axes of the crystallites from the
insensitive to the surface state of the sample but it stricthlC axis not greater than 1° and with linear dimensions of the
holds in the region of the absorption bands. crystallites more than two orders of magnitude greater than
The absorption spectra recorded for the orientakit@, those of the hexagonal crystals enabled us to determine the
EL C reveal a finer structuréig. 2). Upon going from the normal modes of the rhombohedral phase directly from the
rhombohedral to the hexagonal pyrocrystal, the main absorpaxperimentally observed lattice oscillators for polarization of
tion bands undergo a transformation in frequency and intenthe incident radiation parallel to the principal crystallo-
sity similar to the transformation of the reflection spectra.graphic axes(Fig. 1). The highly ordered texture of the
The frequencies of the longitudinal and transverse phonongiombohedral pyrocrystal leads to hardly any loss of energy
obtained by fitting the spectra calculated according to théf the polarized radiation upon excitation of a selected mode,
dispersion relations are very close to the frequencies oband this is manifested in the observation of only those oscil-
tained from the reflection spectra. A number of absorptiorlators that correspond to the modes with the prescribed po-
bands observed in the rhombohedral phase went beyond tt@rization. Therefore, the high-frequency, weakly damped os-
framework of the phenomenological calculations. The weal€illator observed forEL C corresponds to the longitudinal
absorption peaks at the frequencieg=827cm! and (L.) and transverseT( ) optical phonons polarized perpen-
v,=753cm , as can be seen from the reflection spectrundicular to theC axis. Analogously, the lower-frequency os-
for orthogonal polarization, are due to parametric excitatiorgillator observed forE|C corresponds to longitudinall()
of the longitudinal and transverse phonons polarized parallétnd transverseT|) optical phonons polarized parallel to the
to the C axis. In addition to the fundamental absorption C axis. Since the oscillators are weakly damped, it is pos-
bands, there are bands characteristic of multiphonon process#le to first order to estimate the frequencies of the corre-
in the absorption spectra of the rhombohedral and hexagonaponding optical phonons from the real part of the dielectric
phases. The high-frequency doublet band in the frequenc§onstants;(v) (Ref. 6. Finding the extrema of the deriva-
range 2800-2200 cnt probably corresponds to mul- tive of R(v) in the region of the lattice oscillators, we obtain

tiphonon sum processes, and the low-frequency band arouritie desired frequencies for the rhombohedral phase
920 cni !, to multiphonon difference processes. Table ). A more rigorous method of determining the fre-

quencies of the optical phonons involves a theoretical treat-
ment of the experimental reflection spectra in the framework
of the single-oscillator or many-oscillator model of the band

of residual rays.

The reflection spectra of BN pyrocrystals obtained and ~ To determine the frequencies of the longitudinal and
analyzed earlier in Ref. 4 are similar to the spectra we obtransverse phonons, we used the technique described in Ref.
served for purely hexagonal pyrocrystdiig. 1). The au- 7 for fitting the spectra calculated from the dispersion rela-
thors of Ref. 4 linked the spectral features of the weaklytions for the many-oscillator model of the band of residual
ordered hexagonal polycrystal with the normal modes of théays to the experimentally measured spectra. Expressions for
BN crystalline lattice and, using a formal Kramers—Kronig the dielectric constant and reflection and absorption coeffi-
procedure and a group-theoretic analysis, they attempted &ents were obtained from the zero-pole representation of the
determine to which lattice model of the hexagonal phase déomplex dielectric constant:

a(v)=

3. ANALYSIS OF THE INFRARED SPECTRAL FEATURES OF
BN PYROCRYSTALS

the modes they introduced belong. Our infrared spectral N 2
. fV .
studies show that the hexagonal pyrocrystals are character- e(v)=g,+is,=¢ +E 17Tj )
. . 1 2 ® e 2 2 . 1
ized by a strong dependence of the shape of the lattice re- =1 vy = v vy
flection and absorption bands on the microstructure formed N
by the crystallites—in first place, on the mutual misorienta- B vfj— V%’ vfk— v%-
tion angle of their hexagonal axes, which for purely hexago- fj= W2 itk v — 2 )
nal pyrocrystals is roughly 30°. It is therefore erroneous to T Tk T
assume that the lattice oscillators observed in pyrocrystals of Je—1 2
the hexagonal phase for the orientati&< andEL C cor- R= . 4
respond uniquely to the normal vibrations of the crystalline Ve+1
lattice. To find the modes of the hexagonal phase from the =47y Im(\E), )

given oscillators, a preliminary theoretical treatment, based
on the models which account for crystal-optical effects inwhere (v) is the complex dielectric constant,, is the
misoriented crystallites and phonon scattering at their boundhigh-frequency dielectric constarit, is thejth oscillator,v+;
aries, is needed. In particular, the polarization-independents its transverse frequency,; is its longitudinal frequency,
high-frequency reflection peak can be explained by reflectiory; is its damping factor, antl is the number of oscillators in
from crystallites whose hexagonal axis lies in the reflectiorthe band of residual rays.



928 Semiconductors 32 (9), September 1998
¢

q

[&

qg

q

g

1500 ¢

g

q

(

™
' g
3 A
hd D
s D
7000

8 §
3

s

500 §

1500

cm -7

1000

%,

500

Ordin et al.

kHe

9 khe

1500 2000 2500 3000 3500 4000

v, cm-?

FIG. 2. Absorption spectra of rhombohedfal and hexagonalb) boron nitride. Points — experiment, dashed lines — calculation.



Semiconductors 32 (9), September 1998 Ordin et al. 929

TABLE |. Parameters of oscillators of boron nitride.

Method VT, VL, v v, V13, VL3,
Structure  Orientation  of determination ., cmt  em! Y. cmt  em! Y cmt  em! Y3
cubic dR/dv 1047 1306
cubic d/arR 4.6 1057 1306 0.0051
rhomb dR/dv 1365 1616 756 826
rhomb kllc a(v) 753 827
rhomb k||C d/aR 5.2 1374 1617 0.0050
rhomb k||C dlaa 1.6 1355 1617 0.012
rhomb ELC d/aR 4.3 1372 1617 0.0068
rhomb E|C diarR 2.7 762 827 0.0057
hex k||C d/aR 3.8 779 794 0.063 1373 1487 0.023 1508 1615 0.068
hex k||C d/aa 0.21 781 803 0.031 1321 1328 0.046 1338 1644 0.0030
hex ELC d/aR 3.7 780 790 0.033 1372 1487 0.021 1510 1616 0.067
hex ELC d/aR 3.2 795 829 0.0094 1498 1616 0.054

Note d/aR — dispersion analysis of the reflection spectrum;d/a- dispersion analysis of the absoprtion spectrum; cubic — cubic, rhomb —rhombohedral,
hex — hexagonal.

The experimental spectra for the rhombohedral and cu756 cm! and in the absorption spectrum in the form of
bic phases agree with the calculation for the single-oscillatoparametrically excited peaks for the orthogonal polarization
model (see Figs. 1 and)2The corresponding values of the | C at the frequencies 827 and 753 th respectively.
frequencies and damping factors are listed in Table I. For thghe disordered textures and growth of defects in the pyroc-
hexagonal phase it was possible to achieve better agreemeikta| as a result of the increase of the concentration of the
between the theoretical and experimental spectra using thgxagonal phase or as a result of introducing artificial defects
two- and three-oscillator model¥igs. 1 and 2 The com  jnig the crystal surface leads to a partial suppression of the
putation parameters for these models are also given in thefiection band in the frequency region under consideration
table. , _ _ _ for E||C and to a flare-up of the reflection baffgig. 1) and

The high-frequency optical phonons polarized in they,q ahgorption bantFig. 2) for EL C. Therefore, there is no
plane of the layery,, andvr,, as has already been men- . qis o jinking the oscillator observed in the given fre-
tioned, can be uniquely associated with the vibrations of th%uency region foE||C with lattice defects of the rhombohe-
ions at the intrqlayer bonds. The strengt_h of the ionic—dral phase. The optical phonons observed EHC are
covalent bonds in the hexagong,, determines the bond uniquely determined by normal lattice vibrations polarized

Strengthé:zgh of the effecyve dipole which lies in the along theC axis. Defects of the investigated rhombohedral
layer plane. It in turn determines the frequency of the trans-

verse phonon polarized in the layer plane pyrocrystals are manifested f&fC only in the large damp-

= (2£,/m*) 12 wherem* =m,m, /(m, +my) is the reduI:Led ing of the corresponding lattice oscillator and in the small

= h y = . . .

mass of the dipole, anth; alndzmz alre tﬁe masses of the divergence of the frequencies; determined from an analy-

ions® The ion chargeg, the volume concentration of the sis of the reflection and absorption spectra, apparently due to

dipoles lying in the Iay,ersn and the reduced mass* the order-of-magnitude smaller linear dimension of the crys-
1

determine the oscillator strength and are thereby relatelf!lites along theC axis. However, the high frequency of the
to the frequency of the longitudinal optical phonon qbserved trangverse mode. polarized alongQleis contra-
vt g(n,) me?m* = (v, )% (v7,)? Calculations show _dlcts th.e previously held idea of a purely van der' Waals
that the values of the frequencies, and»;, obtained are Interaction bet_vveen the .Ia)_/ers of hexagons. T.o. elucidate the
not only in qualitative agreement with the BN lattice param-"€asons for this contradiction requires an additional analysis
eters, but can also be used to obtain quantitative estimates 8f the lattice model of the rhombohedral phase, whose re-
some of them. No other reflection bands or intense absorpiults are presented in the following section.
tion peaks forEL C in the rhombohedral phase, except for ~ The positions of the principal reflection and absorption
those described, are observed down to 250 tfiFigs. 1 and  bands of the hexagonal phase correspond primarily to the
2). Consequently, the frequency of the transverse moddrequencies of the normal vibrations in the rhombohedral
vr, , is governed by short-range forces, and for quantitativePhase(Figs. 1 and 2 However, the principal band corre-
calculations the implemented single-oscillator model is apsponding to the polarization-selected crystallographic direc-
plicable. In particular, using the expressigf(n, )/ wc’m*, tion is somewhat suppressed. Here excitation of the orthogo-
which determines the Coulomb splitting of the optical pho-nal mode is observed fdEL C to a lesser degree, and for
non frequencies and which is the square of the plasma fréE|C to a greater degree. Noting that a substantial misorien-
quency of the ions bound in the layer;, , it is possible to  tation of the hexagonal axes of the crystallites of roughly 30°
determine the main parameters of the ion plasma in the layeis observed in the hexagonal phase, the damping of the fun-
The low-frequency optical phonons | and vy are  damental mode and excitation of the orthogonal mode can be
manifested in the rhombohedral phase in the reflection spedinked with the crystal-optical effect defined by projections
trum for the polarizationE||C at the frequencies 826 and of the E vector onto the crystallographic directions of the
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crystals® Here mode mixing due to intercrystallite and in- a
tracrystallite phonon scattering cannot be ruled out.

4. ANALYSIS OF THE CRYSTAL STRUCTURE OF
ANISOTROPIC BN

The model of the crystal structure of anisotropic BN
contains as its main element flat layers formed by boron—
nitrogen hexagons. Here the B and N atoms alternate in such
a way that each B atom is surrounded in the layer by three N
atoms, and vice versa. The side of the hexagon correspond-
ing to the minimum interatomic distance has length 1.445 A,
which is roughly equal to the sum of the covalent radii of B
and N(Ref. 9. It is thought that the symmetry of the atomic
environment in the layer and the strength of the intralayer
bonds are uniquely determined By? hybridized electrons
on both the B atom and the N atom.

In the hexagonal modification of BN, the interplanar dis-
tanced, is equal to 3.335 A. In their model of the structure
a number of authors place the atoms of neighboring layers
exactly one on top of the oth€Fig. 33. The other view is
that the hexagons of neighboring layers are shifted, one rela-
tive to the other, in such a way that three atoms of the shifted
hexagon are located above the atoms of the underlying layer
while three are located above the centers of the hexagons
(Fig. 3b.3*° The third layer, for an analogous shift relative
to the second layer, is located such that its atoms are found
exactly above the atoms of the first layer. Since in the direc-
tion perpendicular to the layer, atoms of different elements
are located on neighboring lattice sites, both lattice models
of the hexagonal phase give the same period of translation
along theC axis, equal to twice the interplanar distancd,, 2
(Figs. 3a and 3b

For the above-described layer shift, three atoms of the
second layer can be located above the six atoms of the hexa-
gon in two different ways. If we alternate the shift rule, then
we obtain a model of the crystal structure of the rhombohe- ik
dral phase of BN with periodic translation equal to triple the
interplanar distance ® (Fig. 39. The interplanar distance
for the rhombohedral phase is 3.337 A.

The large interplanar distances in the anisotropic modi-
fications of BN, which exceed the interatomic distances in
the layer by more than a factor of 2, were taken as an unam-
biguous indication of a purely van der Waals interaction of
the dipoles of neighboring layers, although the lattice models
themselves assign a specific arrangement to the atoms of
neighboring layers.

As was already mentioned, the modes polarized along
the C axis do not have high frequencies corresponding to
weak van der Waals interactioffSMoreover, the frequency _ o -
of the transverse moder;, polarized paralll o thE axis, {15, S st of ovr e - hesegeral bon e
is equal to 757 cm- for the rhombohedral phase and eX- same, but with displacement of the centers of the hexagors rhombo-
ceeds by almost a factor of 3 the frequency of the transversegdral boron nitride.
vibrations in the purely ionic compound LiFr=285 cm !

(Ref. 1. This ionic compound is found in the same series as

BN and its reduced ion mass* is 15% lower than that of ~action {|=8.5,;=. Using the frequency of the transverse
BN. Thus, the bond strength of the dipoles parallel toGhe mode in the cubic modification of BN obtained from the
axis in the rhombohedral phase of B~ V$”m*, exceeds reflection spectray, c=1047 cm ! (dR/dv) or 1057 cm'?
even the strength of the bond created by the Coulomb interdispersion analysjsand noting the change in the atomic

cr
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environment, we find that the decrease in the bond strengtsame time, the above estimates, together with the fact that
by about 10%, which occurs upon going from the anisotropidche same ion charge enters into the effective plasma frequen-
modification to the cubic, corresponds to an increase in theies, yield the value-12. The contradiction in the rhombo-
interatomic distance from 1.445 to 1.545 A. Comparing in ahedral model between the experimentally observed high fre-
similar way the strength of the intralayer and interlayerquency of the transverse interlayer vibrations and the model-
bonds in rhombohedral BN, we find that an increase in thalerived high plasma frequency for the interlayer dipoles is
interatomic distance by a factor of 2.3 corresponds to a deremoved if we assume that the ions in the interlayer dipoles
crease in the strength of the B—N bond by a factor of 1.6are displaced from the layers toward each other. This as-
Making even the mild assumption that this weakening of thesumption completely explains the increase in the Coulomb
bond depends only on the Coulomb interaction, we find thatontribution to the interlayer interaction due to a decrease in
the given increase in the interatomic distance should correthe screening of the ions of the interlayer dipoles and pro-
spond to a decrease in the bond strength by a factor of 1%ides the conditions necessary for the appearance between
Proceeding from the above-enumerated contradictions arttie displaced ions of a covalent bond, which can only corre-
an entire host of other contradictions arising in the modekpond to the observed high strength of the interlayer bonds.
constructed from the x-ray diffraction data, we can assum&he existence of interlayer ionic—covalent bonds also ex-
that this model reflects only the main feature of the crystalplains the high electron density in the interlayer space re-
line lattice of the rhombohedral phase, and takes only partialealed by the x-ray diffraction data. The suggested displace-
account of the effects of the interaction of the atoms ofment of the ions from the layers in the framework of the
neighboring layers, but only indirectly, in terms of the mu- implemented model alternates in direction within the layer
tual arrangement of the layers. If the given model lattice iS(Fig. 4); therefore, x-ray structural analysis methods are in-
sectioned by a plane that passes through the sides of tieensitive to the resulting nonplanarity of the hexagons and
hexagons and th€ axis (Fig. 4), then it can be seen that the splitting of the monatomic planes. To directly observe the
arrangement of some of the atoms above the centers of thdisplacements of the atoms, high-resolution transillumination
hexagons corresponds to two nonequivalent interatomic dislectron microscopy is needed.

tances along th€ axis. In this case, the B—N pairs formed The proposed refinement of the lattice model naturally
from atoms of neighboring layers are staggered at a distanaaises the following question: What kind of orbitals give rise
equal to triple the interplanar distance. Clearly, these pairs ao ionic—covalent bonds between the atoms in the lattice? A
neighboring atoms form dipoles which interact with the ra-comparative analysis of the frequencies of the normal vibra-
diation that is polarized along th@ axis. It is also clear that tions in the rhombohedral and cubic modifications leads us to
the Coulomb interaction of the ions of such an ion pair subthe qualitative conclusion that the interlayer covalent bonds
stantially exceeds their interaction with the ions of distantarise becaause afp hybridized electrons. Since the strength
pairs. An account of the immediate intralayer environment ofof the interlayer bonds is roughly 1.5 times lower than the
the ions of a given paifFig. 4) shows that the Coulomb strength of the bonds in the cubic phase, the interlayer bonds
interaction in a dipole is partly screened. As a result, thedo not correspond tep® hybridized orbitals. This is also
force of their mutual attraction is weakened by a factor ofindicated by the higher strength of the intralayer bofids
4.4. Nevertheless, taking into account the high degree of ioneomparison with the cubic phasevhich in the framework
icity of this compound? it follows directly from the x-ray  of the refined model correspondsg@? hybridized orbitals.
diffraction data that a Coulomb component is necessarilyThe absence in the rhombohedral latticespf hybridization
present in the interlayer interaction. However, as can be seandicates that the displacement of the ions from the layers is
from the above estimates, the screened Coulomb interactidny less than 1/3 of a bond length, i.e., by less than 0.5 A.
of such distant ions cannot be explained by the observe@hus, the intralayer bond arises from somewhat distes{#d
high frequencies of the vibrations and, consequently, théybridized orbitals. The assumed distance between the atoms
high strength of the interlayer dipole bongs On the other in the interlayer dipole 2.8-2.9 A is somewhat large for a
hand, the relatively high value dfi does not contradict the covalent bond between B and (We do not have any litera-
high anisotropy of the mechanical properties of the pyrocrysture data on such a bopdHowever, sincesp? hybridization

tals since, first of all{={,/1.6 and, secondly, the volume is linked with excitation of atoms and since in boron nitride
concentration of the interplanar bondg is three times s and p° states in the B atom remain unactivated while in
smaller than the concentration of the intralayer bounds  the N atom in the analogous orbitad¢ and p! electrons

In contrast, the existence of strong interlayer bonds explaineemain unactivated, and also noting the symmetry of the in-
the decrease in the anisotropy of the mechanical propertigerlayer bond, it can be asserted that the strong dipole bond is
and the thermal conductivity of the pyrocrystals with in- created from unactivated electrons in linear asymmesgc
creasing concentration of the highly ordered rhombohedrahybridized orbitals. Thus, analogous to the intralayer
phasé and the fact of the existence of this highly orderedsp?—sp? bonds, in the interlayer dipole asp—sp bond
phase. However, these arguments and estimates fly in thaises.

face of the large values of Coulomb splitting of the frequen-  The interplanar ionic—covalent bonds detected in rhom-
cies of the optical phonons polarized along fBeaxis. It  bohedral BN also substantially alter the picture of the hex-
follows from the experiments that the ratio of squares ofagonal modification of BN. To analyze the hexagonal lattice,
effective plasma frequencies for the dipoles lying in the layetespecially to obtain quantitative estimates, it is necessary, as
(V;L)Z and the interlayer dipoles;zgu)2 is ~6.85. At the was shown above, to take account of the influence of the
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a b bonds are probably presefftig. 4b. From the section of the

- e - ‘ & - g - hexagonal lattice shown in Fig. 4 it can be seen that for
3 displacements in the given lattice, in contrast to the rhombo-
hedral lattice, there is no preferred direction. The direction of
« %—. P NP S Y 5 - @ the displacements depends on the displacement of the neigh-
‘ ' boring atom, and not on the arrangement of the atoms.
Therefore, during synthesis, as the temperature is lowered,
formation of the first interlayer dipole is equally likely at any
site; i.e., the probability for the appearance of a large con-
centration of nuclei of the hexagonal phase is high. This is
probably also the reason for the large inhomogeneity, the
small size of the crystallites, and the lower degree of order-
ing of the texture in the hexagonal phase. Thus, the disorder-
ing of the texture of the hexagonal pyrocrystals reflects the
instability and imperfection of the crystalline lattice of the
crystallites themselves.
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d

dy,
dy
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The electrical properties and photoluminescence spectra of single crystals of the ternary
compounds CuliBs, AginsSg and their solid solutions have been investigated. We have
determined the type of conductivity, the mobility, charge carrier concentrations and energies of the
radiative transitions in these materials. We have fabricated surface-barrier structures from

these single crystals and measured the voltaic photosensf8i§63-782808)00409-9

INTRODUCTION sis. It was found that the composition of the Cyp and
AgIngSg crystals and their solid solutions corresponds to the
galculated composition within the limits of error of the
method.

The structure and parameters of the crystal lattices of the

The ternary semiconductor compounds Cyln&nd
AgInS, have been confirmed as materials suitable for use i
high-efficiency thin-film converters and photodiodes of lin-
early polarized radiatioh? The development of the fabrica- : ) ! )
tion technology of these compounds identified various'”d'cat,ed matenals were determined by x-ray diffraction.
phases in the systems £84+In,S; and AgS—In,S;, which The diffraction pattgrns were re_cc_)rded with the hel_p of a
can arise under certain fabrication conditions and whose for?RON-3M setup with CK« radiation and a nickel filter.
mation and suppression must be controlled in order to obtain "€S€ studies showed that both the ternary compounds
high-efficiency converters. In this regard, the need arises t&UINsSs  and  AginS; and  their solid solutions
study the fundamental properties of compounds such aS%Ad1-xINsSg crystallize in the spinel-type cubic structure.
CulnS; and AginS; (Refs. 3-5. In the present paper we The re_so_lunon of th_e_ hlgh-angle lines in the diffraction pat-
report the results of a study of some physical properties ofe™$ indicates equilibration of the ternary compounds and
the compounds CulSs and AginSs, the solid solutions homogeneity of the solid solutions. The unit cell parameters

CuAg; ,InsSs, and surface-barrier structures based orfalculated using the least-squares method from the lines
these materials. for which 26>60° are a=10.769 A for CulgS; and

a=10.825 A for AginS;. The parametea varies linearly
as a function of the compositiorx), in accordance with
Vegard’s rule.

The indicated compounds and their solid solutions were

synthesized by the two-temperature method. The bars ok ecTRICAL PROPERTIES OF THE SINGLE CRYSTALS
tained after synthesis were loaded into double quartz cells

with a conical bottom. The evacuated cells was placed in a  The electrical properties of the crystals were investigated
vertical two-zone furnace in which the single crystals wereln Weak, constant electric and magnetic fields. The sample
grown. The temperature in the melting zone was held afrystals had the shape of rectangular parallepipeds with di-
1390-1420 K, and in the annealing zone, at 1100—1120 KMensions X 2x 8 mn?. An ohmic contact was prepared us-
The cell with the melt was dragged through the crystallizai"d pure indium solder £200°C, time~3 min). As the
tion front at a speed of 0.26—0.52 mm/h with a temperaturdneéasurements showg¢see Table), all crystals of the solid
gradient in the crystallization zone of 30-40 deg/cm. TheSolutions and the starting compounds GiEinand AginSs

single crystals grown in this way had diameter 12—14 mmhad n-type conductivity. The free electron concentrations
and length~50 mm. in these crystals encompass a wide range fron* 10

10*® cm~3. The measurements show that the value bias

no definite correlation with the composition of the solid so-

lution, i.e., withx, and is more likely determined, according
The composition and homogeneity of the crystals werdo Ref. 5, by the concentration of the dominant donor defects

determined with the help of microprobe x-ray spectral analyV5. The Hall mobilitiesu are worthy of note, and are quite

GROWTH OF SINGLE CRYSTALS

X-RAY STUDIES

1063-7826/98/32(9)/4/$15.00 933 © 1998 American Institute of Physics
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TABLE |. Electrical and luminescence properties of,8g, ,InsSg single
crystals.

T=300 K T=77K E

—fl

Y 1.0
X n,cm 3 u, cn?/(V-s) fioy, eV 812, meV  Ref. 5

1.0 2x10° 240 1.22 270 1.30
(inflection 1.35 1 lf

0.8  7x10% 75 1.09 160 — '

0.6 1x10%® 5 1.26 280 —
(inflection 1.35

0.2 2x10Y 150 1.26 230 —
(inflection 1.35

0.0 3x10% 120 1.63 260 1.80

TR

N
=20
Tt

a8,
BLASY

=
S,

typical for diamond-like semiconductorgsee Table )L
Therefore, we may assume that in the spinel-type crystal
structure conditions are also present for efficient charge-
carrier transport. This conclusion is very important since it
was previously assumed that a diamond-like structure is
needed to realize semiconductor propertiégor the inves-
tigated crystals, as for ordinary 1l11-V semiconductors and
their analogs, we have found that growthrofs accompa-
nied by a decrease in the Hall mobility of the electrons. This
latter fact may be due to an increase in scattering by static
lattice defects, whose role in samples of the given system is
filled by vacancies in the sulfur sublatti®g;.

Intensity , ard. units

S
-~
T

LUMINESCENCE MEASUREMENTS 0.01f ¥

PhotoluminescencéPL), whose intensity fell rapidly A
with temperature, was observed in samples of the ternary 1.0 % v z.0
compounds Cul§sg and AgInSg and the solid solutions Wyt
CuAg; 4InsSg when excited by an argon las@vith power  giG. 1. spectral dependence of the stationary photoluminescence of
densityP=0.8 W/cnt) at 77 K. Photoluminescence was re- n-CuAg,_,InsS; single crystals aT=77 K. x: 1 — 1.0,2 — 0.8,3 —
corded from freshly cleaved surfaces, from the illuminated®-6:4 — 02,5 — 0.0. Arrows show inflection at 1.35 eV.
side. The spectral dependence of the photoluminescence was

closely reproduced when scanning different segments of thSefect levels offset from one of the free bands by 0.08-0.17

sample surfacegdiameter of the laser spot-0.2 mm), eV. The results also show that,,, like the electrical char-

;/_vh|cr_1”|qnd;ca£eshgo%d rllomt?genenr): n thﬁ'f[hrag't?]t'vehprtofer'acteristics of the crystals, does not exhibit a smooth depen-
Ies. The Tact should aiso be emphasized that the photolumye. oo 5 This most likely reflects the fact that for com-

nescence intensity for continuous excitation did not reve ositionsx<0.2, recombination is due to one type of lattice
any degradation. Typical spectral curves of the phOtOIUmI'defect, for which the energy level is insensitive to the ratio of

nes_t;_encefa:;e Ehov(\jm n F'g'né’ and qéj?nﬁ'ta.tgiﬁ p?;]arlr;eter opper and silver atoms in the solid phase, and these are
position ot The band maximutwy,, and Tufl width at hatl> -, 5 likely defects in the sulfur sublattice.

maximum(FWHM) §;,, are given in the table. It can be seen
that the photoluminescence spectra, both for the startingURFACE BARRIER STRUCTURES

compounds and for the solid solutions, are characterized by i

rather wide bands. Their FWHM values,,,, suggest that We tried to create the first photosensitive structures
the radiative transitions responsible for the photoluminesbased on crystals of this system. As our studies showed,
cence band are non-elementary. Evidence for this conclusigphotosensitive structures can be created by vacuum thermal
is also provided by the circumstance that for some sampledeposition of pure indium onto a cleavage surface of the
in the short-wavelength falloff another inflection, which is crystal without heating it during or after deposition. Such a
associated with changes in the recombination channels, ontact is characterized by a rectification factor up té fb®
clearly resolved. The energy of the photoluminescence banblias voltages up to 5 V. When illuminated it generates a
maximum, as can be seen from the table, turned out to bphotovoltage corresponding to positive polarity in the
less than the band gdf, in all the samples for the starting n-CuAg;_,InsS; crystal.

compounds. Therefore, there is reason to believe that pho-  In samples witlk=1 andx=0.8 we prepared structures
toluminescence in the investigated materials is associatedith maximum voltaic photosensitivit,=10° V/W at 300

with radiative transitions of nonequilibrium carriers to lattice K. The sign of the photovoltage did not depend on either the

i '
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guantum efficiency of photoconversion of mRCuAg; ,InsS; surface-

FIG. 2. Spectral dependence of the relative quantum efficiency of photocont—)arrler structures aI=300 K. x: 1, 3— 1.0;2, 4— 0.8. The extrapolated

version of Inh-CuAg,_In.S, surface-barrier structures &i=300 K. intercepts of the energy axislashed lines, indicated by arronasre 1.28,

; ) - 1.34, 1.62, 1.68 eV.
The structures were irradiated by natural radiation along the normal to the €

surface from the side of the barrier contact.1 — 1.0,2 — 0.8. 2w,
eV:1—2.02:2— 2.15.

CuAg; _4InsSg crystals can be used as wideband photocon-
position of the light probe or the energy of the incident pho-verters of natural radiation in the energy rane=1.8
tons, which indicates the absence, apart from the surface batr-2.7 eV.
rier, of other “parasitic” barrier structures. In this case the A plot of the long-wavelength photosensitivity edge of
greatest photosensitivity is realized when the structures arypical structures in the coordinatesf{w)?> — A w and
illuminated from the side of the metal barrier layer. Typical (7% w)? — fiw is shown in Fig. 3. The results of this analy-
examples of the spectral dependence of the relative quantusis are similar to those obtained for the optical absorption
efficiency of photoconversiom under conditions generated coefficients of the starting compounds Cyp and AginSg
by a weak signal, when the photoresponse is proportional tm Ref. 5. As can be seen from Fig.(8urvesl and2), the
the incident light flux density, are shown in Fig. 2. In a experimental spectrg(% ») are straightened out in the co-
structure based on the ternary compoundrve 1), and a  ordinates @ﬁw)”z— hw. This allows us to conclude that
structure based on the solid solutitmurve 2) the photosen- interband transitions in the ternary compound G&jand in
sitivity spectrum, normalized to the number of incident pho-the solid solution(for the composition withbk=0.8) are in-
tons, has a wideband character. The rapid growth of the phadirect, and the extrapolationnfiw)¥?>—0 can be used to
tosensitivity in both structures begins at a photon energybtain the energies for the indirect optical transitions: 1.28
hw>1.2 eV. The spectral contours of the photosensitivityeV for CulnsSg and 1.34 eV for CglgAggolnsSg at 300 K.
for barriers created on crystals of different compositionsThe high-energy segment of the spectral dependeiite)
turned out to be similar. Maximum photosensitivity in them is straightened out in the coordinategi(w)? — A w, and an
is attained at energiesw=2.0 eV, which turns out to be analogous extrapolatiofturves3 and4, Fig. 3 allows us to
higher than the band gap, of the starting compoundsee  estimate the energies of the direct optical transitions for
tablg. The high quantum efficiency of photoconversion deepCulnsS; — 1.62 eV and CyligAgpnsSg — 1.68 eV. The
in the fundamental absorption region indicates that the creestimate of the energy of the interband transitions for the
ated energy barriers quite efficiently suppress the influenceernary compound Cul$g, which we obtained from photo-
of surface recombination, which was manifested in theelectric measurements, is in satisfactory agreement with the
abrupt short-wavelength falloffs of the photoconductivity. results of conventional analysis of the optical absorption
This circumstance indicates that such barriers orcoefficient® but the observed discrepancy of these estimates
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may be a consequence of deviations from stoichiometry3M. Robbins and M. A. Miksovsky, Mater. Res. Bug, 359 (1972).
This latter point requires further study. 4C. Paorici, L. Zanotti, N. Romeo, G. Sbherveglieri, and L. Tarricone,

It is important to note that upon formation of the solid Sg"aber- _Res.gu!lkz 12r?7é19|577g 4T Trie. 3o 3. Ao, PBISS0S
solutions the nature of the interband absorption remains the(l'ggj)“”ma‘ - Takeuchi, S. Endo, and T. Trie, Jpn. J. Appl. PBYSS
same as in the starting compounds. 5N. A. Goryunova,Chemistry of Diamond-like Semiconductékeningrad
State Univ. Press, Leningrad, 1963
1 K. L. Chopra and S. R. Daghin Film Solar Cells(Plenum Press, New ’F. P. Kesamanly and Yu. V. Rud’, Fiz. Tekh. Poluprovodi, 1761
York, 1983. (1993 [Semiconductor®7, 969 (1993].
2Yu. V. Rud’ and Z. A. Parimbekov, Zh. Tekh. Fig4, 2253(1984 [Sov.
Phys. Tech. Phy9, 1320(1984]. Translated by Paul F. Schippnick
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The spectral dependence of the optical reflection-§Ph, 765 59 1_xINyTe (x=0.02 and 0.08

and p-Phy 7gSny »oTe doped with 3 at. % In and 1.5 at. % Tl has been investigated at

T=300 K. Minima associated with plasma vibrations of the free carriers were observed in all

the experimental spectra. The electron densignd the hole densitp were estimated

by the Kukharski-Subashiev method. It is shown that the value @b obtained is much smaller
than its value obtained from the Hall effect only ir(Phy 76SM 20)0.94Ng.03T€ IN Which, as

had been assumed previously, hopping conductivity dominates. This result may be viewed as an
independent experimental confirmation of the unusual character of conduction in
Nn-(Phy 78Sy 20 1—xIN,Te solid solutions with high indium content. @998 American Institute

of Physics[S1063-782@08)00509-3

As is well known! the electrical and optical properties carrier concentration in some independent way.
of PbTe and its solid solutions Pb,SnTe, doped with In samples with a known dispersion law the indicated
small amounts of indium at concentration level,, problem can be solved by examining the optical reflection
<1at. %, can be explained on the basis of the model of @pectraR in the region of the plasma minimufiTherefore,
guasilocal impurity leveE, located near the bottom of the in our study we examined the spectral dependdRe) in
conduction band at 4.2 K. As the dopant concentraignis  (Phy 76529 1_xINTe with n- and p-type conductivity. The
increased, the nature of the temperature dependence of te&periments were performed &t 300 K. The indium con-
kinetic coefficients in PbTe:In and pPhSmy »,Te:ln becomes  centration in the investigated samples did not exceed 3 at. %.
markedly more complek® To interpret the entire set of ex- For such low impurity concentrations, on the one hand, it is
perimental data on transport phenomena obtained in PbTgossible not to suspect the considerable influence the indium
and Ph_,SnTe with high indium content, we used the con- impurity has on the magnitudes of the principal parameters
cept of hopping conductivity over the indium impurity states.of the energy spectrum of Pb,SnTe. On the other, for

Despite the qualitative similarity of the properties of N;,=3 at. % in (Pl ,e5Mn 20 1-_«INsTe all of the peculiari-
PbTe and Pp ,SnTe with high indium content, quantita- ties in the kinetic coefficients, which were thought to be
tively they differ significantly. This difference shows up linked with a manifestation of hopping conductivity, have
most clearly in the temperature dependence of the Hall coalready been observéd.
efficients Ry . A comparison of the data in Refs. 2 and 3 The samples investigated by us were prepared, as in
shows that in heavily doped samples, at the same indiurRefs. 2 and 3, by the metalloceramic method and were sub-
concentrations and temperatures, the Hall electron concentrgected to a homogenizing anneal for 100 hTat 650 °C. As
tions ny [Ny=(eRy) 1] in (Pky Sy 20 1_«IN Te turn out in Refs. 2 and 3, the indium concentration was determined
to be substantially higher than in PhlIn,Te. Moreover, in  from the amount of the stock material. In one of the investi-
(Phy.7e5My 29 1-«In Te forx=0.1 the values ofi; turn outto  gated samples the donor action of indium was compensated
be comparable to the indium concentration and even exceddr by introducing an acceptor impurighallium, 1.5 at. %.
it. This indicates that the Hall coefficient and its temperature  The results of these experiments are plotted in Fig. 1. It
dependence in (BbgSny 201 xINTe for high impurity con- is clear from the figure that plasma minima are observed in
tent does not reflect the value of the electron concentration ithe optical reflection spectr®(\) of all the investigated
the conduction band. Such a situation is possible under corsamples, which shift toward shorter wavelengths with in-
ditions of hopping conductivity. creasing Hall electronniy) and hole py) concentrations.

We therefore thought it worthwhile to carry out an inde- However, in the samples with electronic conductivity the
pendent experiment that would enable us to obtain additionahift of the plasma minimum with increasing, is small,
information about the nature of the conductivity in such ma-despite the fact that the valuesmyj in them differ by more
terials. The need to set up such an experiment stemmed frothan an order of magnitude (1.220%m 3 for x=0.02
the fact that peculiarities of the temperature dependence @nd 1.7 10'° cm 2 for x=0.03). This indicates that the free
each of the kinetic coefficients examined in Refs. 2 and 3 caelectron concentrations in these samples are similar.
be explained in another, alternative way. It is possible to  To estimate the free current carrier concentrations in the
verify the assumption of a hopping conductivity mechanisminvestigated samples, we calculated the optical reflection
enunciated in Refs. 2 and 3 if we determine the free currengpectraR(\). We were thus able to determine the values of

1063-7826/98/32(9)/2/$15.00 937 © 1998 American Institute of Physics
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90 tron concentrations im-Ph, 7gSny ,oTe:In are indeed close
and are equal to (1:80.2)x 10" cm™2 for x=0.02 and
(2.4+0.3)x 10" cm™ 3 for x=0.03. Note that the first of the
above values oh agrees witny, whereas the secorfor
x=0.03) deviates sharply from the Hall data.

In material withp-type conductivity, a direct estimate of
the free hole concentration is hindered since the parameters
of n-Phy 7¢8Sny »oTe are not known with sufficient accuracy.
Therefore, on the basis of the data obtained in
300 70 2‘0 30 n-Phy 7e8Sny 2oTe:ln we determined the value ahz corre-

A, pm spoqd|ng Fo the Hall hole concentrathq. It turns. out that in

the investigated sample the conductivity effective mass is

FIG. 1. Spectral dependence of the reflection coefficigdtin  equal to (0.1%0.02)my and is found to be in reasonable
n-(Ply 765 201 -«INxTe with n-type (1,2) and p-type conductivity(3) at  agreement with the results of Refs. 7 and 11.
T=300K.x: 1,3— 0.037,2 — 0.02. Hall concentrations of the glectrons We note in conclusion that a noticeable discrepancy be-
(hole9 ny(p,) X 10%, o 1 —17.0,2 — 2.27,3 — 102 Points — tween the Hall electron concentratial d the f [
experiment; lines — calculation according to the method in Ref. 6. For . ’ A an ’ € Iree carrier
sample 2 theR values are increased by 30%. concentration found from the optical reflection sped(a)
is observed only in the sample in which the hopping conduc-
tivity mechanism was suspected to play a dominant role.
This conclusion is consistent with Ref. 4. Therefore, the re-
- 21 1t sults obtained here constitute an independent confirmation of
quency w,=(4mne’mg e, )" The dependence®(N\) e jdeas developed in Refs. 2 and 3 about the nature of the

were calculated using the method developed in Ref. 6. W‘Eonductivity in PbTe and RbeSn, »;Te with large indium
also used a method proposed by the authors of Ref. 5 tgqient. ' '

estimates,. and w,. Note that the two methods for deter-
mining e., andw,, yielded similar results. In particular, in the * v. 1. Kaidanov and Yu. I. Ravich, Usp. Fiz. Nauk5, 51 (1985 [Sov.
investigated samples,, turned out to be equal to 41.5 Phys. Usp28 31(1985].

; ; ; 7 23. N. Lykov, Yu. I. Ravich, and I. A. Chernik, Fiz. Tekh. Poluprovodn.
+ il il i}
+2.5, which corresponds to the available experimental’data 11, 1731(197 [Sov. Phys. Semicond, 1016(1977).

%o

~§0

the high-frequency dielectric constant and the plasma fre-

for solid solutions W_ith the composition RSy o Te. 3S. A. Nemov, Yu. I. Ravich, A. V. Berezin, V. EGasumyants, M. K.
For the conductivity effective masag we adopted the  zhitinskaya, and V. 1. Proshin, Fiz. Tekh. Poluprovo@a, 303 (1993
valuemg=0.05m, (M, is the mass of the free electrofhis [Semiconductorg7, 19 (1993].

sk : “N. F. Mott and E. A. DavisElectronic Processes in Non-Crystalline
value, which is the average for samples having free electron Materials (Clarendon Press, Oxford, 1971

concentrations1=(1-5)x 10'® cm™3, was obtained in the 5T s Moss, T. D. F. Hawkins, and G. J. Burrell, J. Phys., €435(1968.
framework of the Kane model from Eg&.43 and(A.3) in 6A. A. Kukharski and V. K. Subashiev, Fiz. Tverd. Telaeningrad 8,
Ref. 8. Here we used the effective mass at the bottom of the 753 (1966 [Sov. Phys. Solid Staté, 603 (1966].

PbTe conduction bandnf;O:O.l?mO (T=300 K) which G. Dionne and J. C. Woolley, Phys. Rev.6B3898(1972.

. . g 8Yu. I. Ravich, B. A. Efimova, and I. A. Smirnowlethods of Study of
was determined in Ref. 9, and the extrapolation formula, semiconductors Applied to Lead Chalcogenid&Te, PbSe, PbS

from Ref. 10, for the band gap in Pb,SnTe (Nauka, Moscow, 1968
9M. K. Zhitinskaya, V. |. Kadanov, and I. A. Chernik, Fiz. Tverd. Tela
Eg(x,T)=171.5-535+[12.8+0.19 T+20)%]¥2 meV. (Leningrad 8, 296 (1966 [Sov. Phys. Solid Stat8, 195 (1966].

L 10G. Nimtz and B. SchlichtNarrow Gap Lead SaltsSpringer Tracts in
The calculated dependencB$\) are plotted in Fig. 1 Modern PhysicgSpringer, 1988 Vol. 98.

by solid lines. It can be seen that we have a reasonably goddl. M. Nesmelova, N. S. Baryshev, Yu. S. Kharionouskizh. I.
agreement in a wide spectral interval between the experimen-Akhmedova, and V. I. Kosheleva, Fiz. Tekh. Poluprovodng91 (1979
tal data and the calculated curves. We were thus able tolS°V- Ps: Semicond, 650(1975].

determinedo, and estimate. It turns out that the free elec- Translated by Paul F. Schippnick



SEMICONDUCTORS VOLUME 32, NUMBER 9 SEPTEMBER 1998
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bombardment
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The effect of heat treatment at 530 °C and electron bombardment on the electrical parameters of
silicon single crystals has been investigated by DLTS and by the Hall effect. The temperature
530°C was found to correspond to the minimum efficiency of generation of oxygen-related
thermal donorgOTD) in the temperature interval 500—600 °C. It is shown that thermal

defects created at 530 °@©TD-530 do not influence the formation of the main types of secondary
radiation defects upon subsequent electron bombardment. It is found that the spectrum of
OTD-530 levels is complex and that it depends on the duration of the heat treatment. The main
characteristics of these levels were determined. An abnormally small cross section for

capture of the electrons by the OTD-530 donors and the absence of any interaction between the
OTD’s and the primary radiation defects are explained in terms of screening of their

interaction with the mobile charges as a result of the nonuniform spatial distribution of the
OTD’s. The local OTD concentration in the microinhomogeneities is estimated to lie in the range
10-10%cm 3. © 1998 American Institute of Physids$S1063-7828)00609-7

INTRODUCTION process are electrically neutral, which substantially hinders
their study. However, it is possible to obtain information
The effect of heat treatment on the properties of siliconabout their properties by using electrical methods which ex-
has been studied extensively. The main results of these studmine the effect of the given defects on the accumulation of
ies were reported in sufficient detail in two review articleselectrically active secondary radiation defe@®D).
(see Refs. 1 and)2It was found, for instance, that the main
reason for changes in most of the properties of crucible sili®BJECTS AND METHODS OF STUDY )
con for non-quenching forms of heat treatment is decompo- We used commercial silicon of grade RE5 with the
sition of supersaturated solid solutions of oxygen impurityfollowing initial parameteré? the free electron concentration
(O)) in silicon. As a result, a series of oxygen-containingat 300 K n,=(7-8)x10cm™3, the concentration of the
defects which differ greatly in size, concentration, structurepxygen impurity in the interstitial stateNo=(8-9)
and other properties, has been obtained. Special attention hasl0'’cm ™2, the concentration of carbon in the implanted
been focused on the electrically active forms of the oxygenstateN-<5x 10*cm™3. All samples were cut from a single
containing defects, the so-called oxygen-containing thermatrystal.
donors(OTD), which are most efficiently formed in the tem- To generate thermal defects we performed a heat treat-
perature intervals 350—-500 and 600—-800 °C. It most casasent in air with temperature stabilization to within 2°C.
the OTD’s are the cause of the inhomogeneity and thermaRadiation defects were generated by bombardment with
instability of the electrical parameters of silicon crystals.3.5-MeV electrons at a current density of u&/cm? in the
From the point of view of application, it is important to study flux range 1&°-~10*cm 2 at room temperature. The accu-
OTD’s in order to improve the fabrication technology of mulation of electrically active thermal and radiation defects
silicon-based devices. was monitored by tracking the temperature dependence of
Until now, there has been no unanimity of opinion aboutthe Hall effect and by deep-level transient spectroscopy
the structure and specific mechanism of formation of OTD’s(DLTS).
One aspect of this problem is the question of similarities and
differences between OTD'’s formed in the two temperaturdRESULTS AND DISCUSSION
intervals indicated abov€DTD-1 and OTD-2, respectively In any study of transitional states of oxygen precipitates
In this context, a study of the properties of defects arising irbetween the defect states OTD-1 and OTD-2, of particular
silicon during heat treatment in the intermediate temperaturenterest are defects arising at temperatures at which OTD-1
interval 500—600 °C is of interest, as well as transitionaldefects are essentially no longer generated but OTD-2 de-
forms of the thermal defects between OTD-1 and OTD-2fects are still formed only in small amounts. To determine
For heat treatments in this temperature range, intense formauch temperatures, we investigated the dependence on the
tion of OTD’s has not been noted, even though oxygen acheat-treatment temperature of the free-electron concentration
tively escapes from the dissolved state. For heat treatments @icrement atT =300 K, Anzgg=n;—ng (ng is the electron
these temperatures many @efects formed during the decay concentration in the untreated silicon, amdis the electron

1063-7826/98/32(9)/5/$15.00 939 © 1998 American Institute of Physics



940 Semiconductors 32 (9), September 1998

Neimash et al.

6+ TABLE I.
n — tanns D E;, meV
lE 5'—' ann
e 41 5 39
® | 25 26
s I 150 23
&} 300 22
-7 2+
| [ ]
1 1t 1 [ N L |
500 520 s40 S0 s&0  600

Toans C

ann?

creases monotonically with increasing duration of heat treat-

ment at 530 °C, which agrees with the results of Refs. 3 and
FIG. 1. Dependence of the concentration increment of the free electrons g

T=300 K Anzy on the isochron heat- . . N .
300 Isochronous heat-treatment temperalig Much greater possibilities for monitoring the electrical

characteristics of OTD’s are presented by the method of
deep-level transient spectroscof@LTS). Figures 3 and 4
concentration in the heat-treated sili¢gafter a 5-hour heat show characteristic DLTS spectra for the same samples as
treatment in the temperature interval 500—-600 °C. The rewere used in the measurement of the Hall effect. Three peaks
sults shown in Fig. 1, are plots of the dependencdpf,, can be distinguished in the DLTS spectrum of the samples
on the isochronous heat-treatment temperature. It can be sebeaat-treated fo5 h at 530 °C(Fig. 3a. All three peaks cor-
that the minimum ofA n,,, which corresponds to the mini- respond to exponential relaxation of the DLTS signal, in-
mum of the production rate of both types of OTD'’s, lies atcluding the low-temperature pedk which is found in the
T=530°C. Next we studied samples heat-treated at thisemperature interval corresponding to recharging of phos-
temperature. phorus. The amplitude of pedk varies substantially from
Figure 2 plots the dependence ®h on the duration of sample to sample in the same heat-treatment regime. In the
the heat treatment at 530 and at 450 °C. It can be seen thaamples heat-treated for 25kig. 3b the peaks which were
over the entire investigated time interval the generation rat@resent in the preceding spectrum are preserved. At the same
at 530 °C of the OTD’s responsible fam is almost an order time, two new peaké4 and5) appear in the low-temperature
of magnitude lower than the generation rate of OTD-1 de-
fects at 530 °C in this same material.
The temperature dependence of the free electron concen-

tration in the samples that had undergone heat treatment at 100
530 °C has a complex character and cannot be described by
either a one- or two-level defect model. This may indicate
. : 80
the presence of several close-lying defect levels in the band
gap. Hall-effect data enabled us to determine the effective
ionization energy of the OTD’s formed at 530 °€;§ from 60
an analysis of the low-temperature part of the dependence
n(1/T). Results of this analysis are presented in Table I. It 40
can be seen from the table that the ionization en&gge-
.*§ 20
]
e 0
]
< 120
100
a6
60
B 40
3 20
1 1 1 | 5 1 1 i i)
10 20 40 60 80 100 120 10
tznn’h T,K

FIG. 2. Dependence of the concentration increment of the free electrons oRIG. 3. Temperature dependence of the amplitude of the DLTS signal of a
the heat-treatment time,,,,, for T,,,, °C: 1 — 450,2 — 530. sample heat treated at 530 °C fgf,, h: a — 5, b — 25.
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#%a low-temperature region in comparison with Fig. 4a. The shift
of the DLTS peak toward lower temperatures is evidence of
a lower ionization energy of the center responsible for the
appearance of this peak. From the shape of the peak in Fig.
4b it is difficult to determine the number of initial DLTS
peaks from which it is formed. We can say that only the
component corresponding to pea&kin Fig. 3a has com-
pletely disappeared. As will be shown below, computer
analysis can be used to describe the given spectrum by the
superposition of two peaks. It should be noted that the sig-
nificant fluctuation of the amplitude of pe&kfrom sample

to sample, and also the absence of any obvious correlation
between its amplitude and the duration of the heat treatment
do not allow us to identify this peak as corresponding to any

120

100

80

/]

8, arb. units
o

OTD.

ok b To determine the ionization energy and the cross section

1 for capture of current carrierss{) by centers corresponding

120+ - to each specific peak of the DLTS, we used a special com-
puter program for isolating overlapping peaks. Table Il pre-

ok 45 sents the results of this analysis of the above-mentioned
experimental data using this program.

a0l The results of these calculations may be considered as
approximate for the ionization energi€s and as merely

sok rough estimates for the cross sectiansfor the following

- reasons:

wh First, the relaxation of the DLTS signal corresponding to
some of the peaks is nonexponential. Thus, in the case of

20k phosphorus the nonexponential character is due to a signifi-

cant relaxation of the conductivity. In the samples heat
oL A ) L | | i treated for 150 and 300 h, this renders any calculations of
20 40 60 parameters of the given peak impossible since the OTD con-
T,K centration is close to the concentration of the small impurity.

FIG. 4. Temperature dependence of the amplitude of the DLTS signal for a Second, the results of the analysis are possibly influ-
sample heat treated at 530 °C fgf,,, h: a — 150, b — 300. enced by the Poole—Frenkel’ effect since we are dealing here

with shallow donor centers. However, comparison of Tables

I and Il reveals satisfactory agreement between the values of
part of the spectrum. Pedkacquires the pronounced trian- E; determined by two different methods. This may be an
gular shape characteristic of a phosphorus peak. The amplirdication of insignificant influence of the above-mentioned
tude of peak3 again depends strongly on the choice offactors. Peakl in the DLTS spectra has the characteristic
sample. Significant changes in the DLTS spectrum are obtriangular shape and corresponds to the phosphorus impurity.
served after 150 h of heat treatmdfig. 49. Instead of Since we used capacitance instead of current spectroscopy,
separate peaks we see a new wide peak which is formed hiis peak is shown schematically. However, the possibility of
the superposition of at least three separate peaks. Here thbserving it is a qualitative confirmation of the existence of
amplitude of peak has decreased considerably with simul-levels with ionization energies;<0.044 eV. It is character-
taneous increase of the amplitudes of peaksd5. In com-  istic that peakst and 5, and also peak in Fig. 4a, which
parison with the spectrum in Fig. 3b, this combined peak ishave ionization energies less than that of phosphorus, are
shifted slightly toward the low-temperature region. Furtherobserved at higher temperatures than the phosphorus peak.
transformation of the spectrum after 300 h of heat treatmenthis is possible because the cross secttdor the capture of
is shown in Fig. 4b. This spectrum contains the phosphoruslectrons by the centers corresponding to these peaks is sev-
peak and the broadened peak, still further shifted toward theral orders of magnitude smaller than the cross section for

TABLE II.

tann, N E;, eV oy, cm 2 E,, eV oy, cm 2 E;, eV o3, cm 2 E,, eV o4, Ccm 2 Es, eV o5, cm 2
5 0.042 3.%10712 0.05 1.4<10718 0.083 8.%x10 18 — — — —

25 0.047 4.%10°1? 0.058 6.2<10718 0.087 2.x10°Y 0.033 8.%<10° Y7 0.039 9.%x10°%°
150 — — 0.03 3.%x10°%° — — 0.019 3.x10°%° 0.022 5<10°%°

300 — — — — — — 0.018 1.%x10°1 0.019 3.5¢10°2°
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TABLE Il two main secondary radiation defe€RD): the A center €,
N— - equal to 0.17 eYand theE center g, equal to 0.44 eY.
' ' Analysis of the DLTS spectra showed that bombardment has
10 5x10 '8 no effect on the OTD parameters for any of the preliminary
18112 ii 18:13 heat treatment times at 530 °C. In turn, the parameters of the

radiation defects and their generation rate are independent of
the duration of the preliminary heat treatment and coincide
with the values in the contrdluntreatedl samples. We ob-
tained the following values of the generation rates of Ahe

. _ =1
capture by phosphorus atof&Such values ofr are more and E centers:dN,/d®=(0.20£0.05) cm ™ and corre-

H _ =1
characteristic of repulsive centers. One possible explanatiopPoNdinglydNg/d®=(0.05-0.01) cm . The rates of re-
for this result may be the strongly nonuniform spatial distri-moval of the current carriers, determined from Hall measure-

bution of these centers. According to Ref. 7, the cross sectiof1€Nts at 300 and 100 K, also depend on the duration of the
for capture of electrons at a positively charged center can breliminary heat treatment times.

10%° 3x10°%

represented in the form This result is analogous to the results of Ref. 10, whigh
5 showed that defects of the types OTD-1 and OTD-2 are sig-
o=4mr°/3L, (D) nificantly less sensitive to the action of ionizing radiation

where r=e?Z/4meskT is the capture radiuseZ is the than are chemical donors and have no effect on the accumu-
charge of the center, ardis a temperature-independent pa- lation of the main secondary radiation defects. These are not
rameter. If the OTD’s are found in clusters in which their trivial results since they imply the absence of any interaction
local concentration is significantly higher than its volume©f an unusually yveak Interaction betvy(_aen a negatively
average, then this can lead to screening of the charge of trfdarged(under typical experimental conditionprimary ra-

defects, which affects their interaction with the mobile diation vacancy and a positively charged OTD. Such an in-
charges. Taking such screening into accafmt Z=1), we  teraction in the case of chemical donors leads to the forma-

can findr from the equation tion of an E center (a “vacancy—donor” complex A
) possible explanation for this absence may be the situation in
e“exp—r/rp)/dmeeor =kT, (2 which most of the OTD-530 defects are concentrated in

wherer, is the Debye screening length. We determined thesmall, but very dense clustetsthus, if the conditiorR<d
capture radiug from relation (2) for temperatures corre- <L is satisfied R is the mean diameter of the clusteksis
sponding to the peaks in the DLTS spectra and substitutethe mean distance between them, drid the mean free path
them into expressionl). We obtained the following values ©f the vacancies then the indicated effect can be attributed
of the capture cross sectienas a function of the local OTD to the low probability of encountering vacancie¥)(and
concentration in the clusteN¢ ); see Table Ill. From a com- OTD’s in comparison with the probability for the capture of
parison of the calculate@able Ill) and experimenta(Table & vacancy at other sinks. An alternative explanation would
Il) data it can be seen that there is agreement for the loc&le screening of the OTD’s in microclusters, which would be
OTD concentratiotN* =10"—10cm™2, in agreement with  capable of substantially weakening the Coulomb interaction
the data obtained in Refs. 8 and 9. of the OTD’s with the vacancies, by analogy with the expla-

Thus, heat treatment at 530 °C leads to the appearance ftion suggested above in the interpretation of the cross sec-
the silicon band gap of at least four new levels. Their numbefions for capture of electrons by the OTD-530 defects. How-
and concentration vary with duration of the heat treatment€Ver, in our case it is legitimate to speak of the role of
Specifically, as the heat-treatment time is increased, the cogcreening only in a qualitative sense since the correlated dis-
centration of the deeper levels formed at the outset decreaséFution of the Q atoms in the OTD microclusters and
all the way to complete disappearance with the simultaneouground them remains unaccounted for. The OTD microclus-
formation of shallower levels and growth of their concentra-ters are apparently always immersed in an “atmosphere” of
tion. This probably corresponds to a restructuring of theO; atoms, because they are the product of precipitation; of O
OTD’s similar to that observed at 450 °@ However, at atoms in the initial microfluctuations of the, Goncentration
530 °C this restructuring is of a more pronounced nature. — “oxygen clouds” (Ref. 11. This atmosphere may serve

To bring to light any possible bistability properties of the as an additional obstacle to penetration of the vacancies into
investigated defectéOTD-530, we investigated the depen- the OTD microclusters and, consequently, to their interac-
dence of the shape and amplitude of the DLTS spectra on tHén.
duration of the filling pulse and the conditions of cooling.
However, over the ent!re range of durations of the heat treatéONCLUSIONS
ments at 530 °C we did not detect any such influence.

To examine the effect of heat treatment on the genera- The results obtained by us lead us to the following con-
tion of radiation defects in silicon, we subjected the sameclusions.
samples(after a preliminary heat treatment at 530°C) to 1. The minimum of the efficiency of generation of
electron bombardment. We then again recorded DLTS spe@xygen-containing thermal donors with respect to variation
tra and the temperature dependence of the free electron coof the heat-treatment temperatdrg,,was found to lie in the
centration. After bombardment we recorded the levels of theegion T,,~530°C, which corresponds to the transition



Semiconductors 32 (9), September 1998 Neimash et al. 943

from dominance of defects of the type OTDftormed in the We thank A. N. Kabaldin for helpful discussions of the
interval of heat-treatment temperaturég,;=350-500°C) results of this work.
to dominance of defects of the type OTD-ZTf,  aFax: 38-044-2651589; E-mail: neimash@elvisti.kiev.ua
=600-800°C). However, at the heat-treatment temperatur%'fhg grade KE-45 isn-type silicon doped with phosphorus, having a re-
Tan=530°C generation of oxygen-containing thermal de- Sistivity of 45Q-cm.
fects takes place at an initial rate 6f2x10° cm™3.s7 1,
2. At T,,=530°C at least four donor levels of the

OTD-530 defects are formed in silicon, whose concentra-, ) ) ) )
tions and ionization eneradies depend on the the heat trea _A. Bourett, inProceedings of the Thirteenth International Conference on

) 9 p Defects in Semiconductqrd985, edited by L. C. Kimerling and J. M.
ment time. For heat-treatment times from 5 to 300 h the parsey, Jr. Warendal@1985; Warendale Metallurgical Society AIME
ionization energy of these OTD’s varies from 0.05 to 0.018 (1985, p. 192.

. 2
eV. The concentration of OTD-530 fdg,=300 h reaches ,P- Wagner and J. Hage, Appl. Phys48, 123 (1989.
V. M. Babich, N. P. Baran, Yu. P. Dotsenko, L. T. Zotov, and V. B.

5 73. . . . . g
10*cm ; however, thIS IS not its I|m|t|ng value. Koval'chuk, Fiz. Tekh. Poluprovodr26, 447 (1992 [Sov. Phys. Semi-
3. The cross section for cappture of electrons by OTD- cond.26, 436(1992].
530 defects is several orders of magnitude smaller than by éK- Schmalz and P. Gaworzewski, Phys. Status Solidi4A151(1981.
chemical donor(phosphoru)s OTD-530 defects, in contrast L. S._Berman aqd A. A._Lebedemeep Levels Transient Spectroscopy in
h h h | heir el ical . .. Semiconductorgin Russian (Nauka, Moscow, 1991
to the phosphorus donor, do not lose their electrica aclivitys; gourgoin and M. LanooPoint Defects in SemiconductoSpringer-
when subjected to electron bombardment and do not influ- verlag, New York, 1983
ence the generation of Secondary radiation defects. BotHV. I. Abakumov, V. |. Perel’, and I. N. Yasievich, Fiz. Tekh. Poluprovodn.
TSR : 12, 3 (1978 [Sov. Phys. Semicond.2, 1 (1978].
thesg fa(_:torls may be an indication of a s.trongly nonumformsv_ B. Nefmash, T. R. Sagan, V. M. Tsmots’, V. |. Shakhovtsov, V. L.
spatial distribution of the OTD-530 defedise., of the exis-  ghindgich, and V. S. Shtym, Ukr. Fiz. Z87, 437(1992.
tence of microfluctuations of the concentration of OTD’s °A. N. Kabaldin, V. B. Némash, V. M. Tsmots’, A. V. Batunina, V. V.
with local density on the order of 16-10°cm™3), which Voronkov, G. I. Voronkova, and V. P. Kalinushkin, Ukr. Fiz. Z38, 34

leads to.a significarjt weakening of the interactioniof themill.ngl:‘)Neimash’ T.R. Sagan, V. M. Tsmots’, V. |. Shakhovtsov, and V. L.

OTD’s with the mobile charges as a result of screening.  shindich, Fiz. Tekh. Poluprovod@s, 1857(1991) [Sov. Phys. Semicond.
4. The electrically neutral forms of the second phase of 25, 1117(1991].

oxygen, which occurs at 530 °C, do not have a strong effectA. N. Kabaldin, V. B. Némash, V. M. Tsmots', V. I. Shakhovtsov, and

on the kinetics of accumulation of the main vacancy-type V- S Snym. Ukr. Fiz. Zh40, 218 (1995

secondary radiation defects. Translated by Paul F. Schippnick
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The effect of antisite defects on the band structure and dielectric function
of In,_,Ga,Sb solid solutions

V. G. Delbuk and V. I. Studenets

Chernovytsy State University, 274012 Chernovytsy, Ukraine
(Submitted June 31, 1997; accepted for publication February 26,1998
Fiz. Tekh. Poluprovodr32, 1054—-1056September 1998

A nonlocal empirical pseudopotential scheme that includes the spin-orbit interaction is used to
calculate the electronic structure of;InGaSb solid solutions. A modified virtual-

crystal approximation is used to explain the nonlinear experimental dependence of the width of
the band gap on composition. The computed band structure is then used to calculate the
dispersion of the dielectric constant and compare it with experimental result4998® American
Institute of Physics[.S1063-782608)00709-1

Semiconductor In_,GaSb alloys are promising materi- VL (G)=vX(G)cosGr+iv”A(G)sinGr, (6)
als for optoelectronic devices in the near- infrared spectral
region. In the design and analysis of such devices, optical/Nere
prop_erties are particu_larly in_1portant. Although thorough VS(G)=[va(G)+vg(G)]/2,
studies of the dielectric functions of GaSb and InSb have
recently been publisheld? information about these same VA(G)=[va(G)—va(G)]/2, (7)
properties for their alloys is quite sketchy. Therefore, in this
paper we propose to determine the dielectric function of‘a
these alloys, which is directly related to their fundamental

optical characteristics, by starting from a correct caIcuIatior'|5 we write the nonlocal atomic correction in terms of the

of the band sFructuré._ . . nonlocal ionic correction in the form
Let us write the single-electron pseudopotential Hamil-

nd7=(a/8)(1,1,1), whera is the lattice constant.
In the method of empirical pseudopotentials we consider
only the first four values of S andv”. Following Refs. 4 and

toqian in the following formusing the RydbergRy) as the ) VIN(K,K ")
unit of energy: V= (KK 'E):—s(q) : (8)
__v2
H==Vo+Vy(n), (1) whereq=|K—K’'|, (q) is the local linear screening factor,
where and
V(N =V(r)+ 2 (E-E)[by(b, @ NLKK ) == 2 A(B)(N) Py ©

whereV(r) is the true crystal potential, antl;) is the wave  HereA\(E) is a fitting parameter with dimensions of energy
function of the g_rou_nd state with ener&y_. If we ignore t_he that depends on the depth of the potential we|ljis a pro-
nonlocal behavior in the pseudopotential, we can write th*}ection operator for théth component of angular momen-

Fourier transform o¥(r) as follows: tum, and
Vp(n) =2 Vi(G)e'®, 3 _L TRy
¢ " 0, r=R,. (10
where

We can find the band structure by solving the secular equa-
tion

VL(G)=2 S4(G)v,(G), (4)
“ de({kz_ En(k)}5GG’5ss’+{VL(G_G,)
and . +Vp (KK E)} g +VES (K,K'))=0. (12)
S.(G)= N—az e 1OR}, (5)  The spin-orbit term is
where G is a vector of the reciprocal lattice;,(G) are VS (KK ') =KXK'ose{—iNSCOSK—K') 7
atomic form factorsN, is the number of atoms of type, FAASInK =K ') 2. (12)

and RJ-Z determines the position of thigh atom of typec.
For ANB®~N compounds with zincblende structure, theseHeresands’ are spin statesr; are Pauli matrices, and®
equations can be written in the form and\® are treated as fitting parameters.

1063-7826/98/32(9)/3/$15.00 944 © 1998 American Institute of Physics
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FIG. 1. Dependence of the width of the band gap on compositifam the
solid solution In_,GasSb. The solid curves are calculatiorfs— in the , N
virtual-crystal approximation2 — in our modified model of the virtual i} - L 1:‘ 5 6
crystal. The points are the experimental data of Ref. 7. 1 2 J F.eV
?

In the usual virtual-crystal approximatiofCA), the
lattice constant and pseudopotential form factors of the solid
solution In_,GaSb are defined by the following linear
combinations:

Ass= AgastX T sy 1 —X),
Vss=VgasK+ Vinsf 1—X),

whereags andV are the lattice constant and form factors of
the substitutional solid solution.

Equation(13) will hold if Ga atoms are substituted for In
atoms or conversely. However, since the synthesis of the
solid solution takes place under conditions far from thermo-
dynamic equilibrium, these cation atoms can also occupy the
positions of anion atoms in the lattice as well. Let us inves-
tigate how these antisite defects in the lattice affect the band
structure of In_,GaSb in the modified virtual-crystal 3 m
approximatiorf In this approximation the form factor of at- E. eV
oms of the solid solution should depend on the probability ?
for each type of atom to occupy some particular positionFIG. 2. Theoreticalsolid curve and experimentaldashed curvespectra
Then the symmetric form factors do not change, while thesee Ref. 2of the dielectric functiore,(E) for GaSb(a) and InSh(b).
antisymmetric form factors have the form

Ves=[1-8ax(1=X)1[VGasX+ Vinsd 1= X)1. 14

13

& (E)

Gl
-

- o fied VCA model fora~0.05. The experimental data were
In deriving Eq.(14) we used the fact that the probability of taken from Ref. 7. Comparing these results, we see that these
an antisite defect depends quadratically on composition:  |attice defects lead to a considerable departure from linearity
1-W;,=1-Wg,=1—Wr=4a(1-x)X, (15) in the composition dependence of the band gap width for
. . . . In; _,GasSh alloys.
wherelalls a coefficient equal to the probability of forrr_ung If we know the energy structure, we can investigate the
an antisite defect whex=0.5. Because the degree of disor- tqy,ency dependence of the dielectric function. The imagi-

der in the solid solution at this composition is saturat@d, nary part of the dielectric function is calculated from the
corresponds to the maximum value of this probability. expression

The band structure was calculated numerically in high-
symmetry directions of the Brillouin zone using a basis of e’h fren, (K)dS
137 plane waves. For the limiting cases 1 (GaSh and ea(w)=— f En o (K[VEnn (K]’
x=0 (InSb), the calculated values of the energy at high- e e
symmetry points was found to be in good agreement withvhere
known experimental data. Figure 1 shows that t.h_e depen- E, . (K)=E, (k)—E, (k), (17)
dence of the width of the band gap on the composition of the ¢ ¢ v
solid solution calculated in the VCA model and in the modi- and

(16)

nen,
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0.02 eV does not change the fine structure in the curves
shown in Figs. 2a and 2b, we can assume that the fine struc-
ture in these curves is determined primarily by the band
structure and not the integration technique. The fact that the
experimental peak&,;, E;+A;, andE, in the spectrum
e,(E) are somewhat smaller than the calculated ones is
worth discussing. To explain it, we note that the pseudodi-
electric function would exactly equal the bulk dielectric
function of the sample if the surface were infinitely sharp and
free. However, it is well knofithat high-quality surfaces are
harder to prepare on semiconductor alloys than on binaries
like GaSb and InSbh. It is also known that microscopic rough-
ness of the surface affects the dielectric function of semicon-

1 2 3 U [ 6 ductors. In Fig. 3 we show calculated spectrgE) for

E, eV In,_,GaSb alloys with a stepx=0.25. The calculated
In; _,GaSb spectrum shifts toward higher energies with in-
creasingx, in agreement with Ref. 8. The results of these
calculations are in good agreement with the experimental
data over the entire energy range.

(=]

FIG. 3. Calculated spectra,(E) for In,_,GaSb alloys: 1—x=0, 2—
x=1. The quantityx changes in steps &x=0.25 between curveband?2.

N [
ncnv( - m Encnv(k)

(18)
1's. Zollner, M. Garriga, J. Humlicek, S. Gopalan, and M. Cardona, Phys.

: ; ; oo Rev. B43, 4349(1991).
is the mterband oscillator strength. The sum runs over |n|t|aI2D_ E. Aspnes and A. A. Studna, Phys. Rev2B 985 (1983.
states in the valenc_e bamg and final states in thg conduc- 33 R, Chelikowsky and M. L. Cohen, Phys. Rev18 556 (1976.
tion bandn., andSis a constant energy surfacekrspace.  “T. P. Humphreys and G. P. Srivastava, Phys. Status SolitilB 581
Figure 2 shows the calculated energy spectiytE), 5&9&326 A 4V, Heine, Solid State Phgst, 37 (1970
. . . . L. Cohen an . Helne, Soli ate 3 .
along with the corresporjdlng eXpenmental CUIVES. TheeA. P. Dmitriev, N. V. Evlakhov, and A. S. Furman, Fiz. Tekh. Polupro-
_agreement l_)etween them is good for the most part. The m0§k,odn_3o, 106 (1996 [Semiconductor$0, 60 (1996].
important discrepancy between the calculated and experiD. Auvergne, J. Camassel, H. Mathieu, and A. Joullie, J. Phys. Chem.
mental data is the fact that the amplitude of the p&ak 8§°'|'d5,35v 232(1A9d74>-h_ Jon. 3. Appl. Ph2. 3860(1993
compared with peakk; andE;+A; is too small. Because - 'M@& @nd S- Adachi, Jpn. J. Appl. Phis?, 3860(1993.

integration with a decreased energy step size from 0.05 tOranslated by Frank J. Crowne
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The Harrison bond-orbital model is used to derive expressions for the pressure dependence of the
static dielectric constant, and rf dielectric constard.,, and also the longitudinab, 5(0)

and transverseto(0) optical frequencies of the wide-gap semiconductors 3C-SiC, BN, AIN, and
GaN. © 1998 American Institute of Physids$$1063-782@08)00809-4

The dielectric and optical properties of silicon carbide pressuresnearly the same result as our calculation. Table |
and boron, aluminum, and gallium nitrides are of great interindicates that the quantitye.,/dP changes sign as the com-
est for microelectronics applicatiohdn two recent papers pounds become more ionic. This is connected with the sign
(Refs. 2 and B we discussed the cubic modifications of change of the parametej, which goes from positive to
these compounds in the framework of the Harrison bondnegative fora,> 1//3=0.58. Now, the scale of the Phillips
orbital model! Because it is important to understand how ionicity f; (see Ref. 1Dis related to the Harrison parameters
these properties change under pressure, both from an apphby the relatiof
cations and from a theoretical point of view, in this paper we fo1—o? ®)
investigate the dependence of the statig)(and high- ! ¢’
frequency €.,) dielectric constants and optical frequencieswhere f* is the boundary value of ionicity that separates
w710(0) andw (0) on pressuré. de. 1dP<0 from de.,/dP>0. Using this fact, we find that

We begin our discussion with the functige.,/dP, us-  f*=1—(2/3)*2=0.46, which corresponds exactly to com-
ing the expression foe,. we derived in Ref. 2. Using the pounds such as AIN and AlSb.
definition of the bulk modulu8 (Ref. 5, we can show that We now derive the pressure dependence of the phonon
frequencies. Let us assume that the Lyddane—Sachs—Teller

de e,—1
Lo 22 relation holds'*
P 773B @)
2
wheren=2(1-3a}). Herea, measures the degree of polar ©70(0) _ £ 6)
character of the compourfd? Expressions foB were given wio(0) €0

in Refs. 3, 4, and 6.
The following relation holds between the statig) and
rf (&.,) dielectric constants within the Harrison model:

even when an external pressure is applied to the crystal
(which in any case is small Using the expression we
derived in Ref. JEq. (7)] for w25(0), we obtain

80_1

=1+, 2 Joto W10 )
e,—1 P~ 3B (2+3ayp), @
where 9= aj(1+2al)/2a;, a, is the covalency of the
compound, andr+ a;=1. It follows from Eq.(2) that doo @10 [d80 €o ﬁsm) N [0 dwTo ®
- L L e 5 P 2sge, | 0P €. P €. P
JP = (2= )(?P ( ) aP A series of calculations using these expressions

gives the following values for 3C-SiC(in units of
10 rad-s™t-Mbar 1): dwro/dP=0.77, dw o/ IP=0.74.
a0y 2 af, a,z) For the pressure dependence of the splitting between longi-
P 3B o2 3+ 2? . (4 tudinal and transverse optical frequencles w, o— wto We
¢ obtain a very small negative valehich is contradicted by
Table | lists our calculated results fate../dP and  experiment in Ref. 12" Analysis shows that this difference
deqldP. The matrix elements were calculated using the coris primarily due to the theory underestimating the ratio
related scheme of Harrison and tables of Fisher atomie,/e., compared with experimer(see Table )l Therefore,
terms!8 we will use a different approach. We take the experimental
Unfortunately, we know of no experimental data on thevaluesB=2.46 Mbar (from Ref. 3 and b and w;o=1.43
pressure dependence of the dielectric characteristics of thesel0'%rad-s !, w o=1.56x10%rad s ! (from Ref. 13
materials. However, the first-principles calculation of theand the dielectric constant from Table I. The parameigrs
quantity de., /P for 3C-SiC described in Ref. 9, which is and ¥ are calculate as before, using the Harrison model. We
based on the density functional formalism, gived low thus we obtain dwro/dP=0.43x 10" rad st Mbar %,

and

1063-7826/98/32(9)/3/$15.00 947 © 1998 American Institute of Physics
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TABLE |I. Dielectric characteristics of wide-gap semiconductors: initial parameters, calculation results and
experimental data.

o £

degldP, e ldP, derloP,
d A a, a theory experiment theory experimentMbar® Mbar!  Mbart

SiC 188 0.26 097 6.36 9.7 5.83 6.5 —2.02 —1.45 —-0.27
BN 157 034 094 583 — 5.02 4.5 —0.87 —0.48 —-0.29
AN 189 059 081 1012 — 5.72 4.8 -6.51 0.14 —1.00
GaN 194 0.60 0.80 11.05 12.2 5.03 5.8 —-6.9 0.26 —1.15

dw o/IP=0.56x 10" rad- s *-Mbar !, which gives a dence ofer onP, the authors of this paper assumed that the
value of 0.1 10% rad- s~ - Mbar ! for 9A/9P. The calcu- high-frequency dielectric permittivity of 3C-SiC depends on
lations in Ref. 9 lead to nearly the same result. Analogougressure in exactly the same way as silicon and diamond.
estimates ofgey/dP and de../dP give —1.65 and—1.19  However, our work and calculations shbwhat this is not
Mbar~! respectively, in fairly good agreement with the re- correct. Thus, we cannot rigorously associate the increase in
sults given in Table I. the LO-TO splitting with an increase of the charge. A
Unfortunately, we do not know of any experimental val- situation is possible where; decreases with increasirfg
ues of the elastic moduli and frequencies for the wide-gaput e.. decreases more rapidly. According to our data, this is
nitrides. However, values of, and e, are known for exactly what happens.

gallium nitride. Using the valu8=0.93 Mbar for the bulk In conclusion we note that the pressure dependébce
compressibility obtained within the Keating—Harrison of the Phillip’s ionicity f; has the form

modell* we find the values-8.27 and+0.28 Mbar ! for prs >

deqldP andde, /dP, respectively, in satisfactory agreement 0—F; =— Eagaf,. (12

with the theoretical calculations. For the frequencies we ob-

tain (in units of 10*rad-s -Mbar !): dwro/dP=1.23  With increasing pressure, the lattice constant decreases, the

and dw o/ dP=1.25. For the splittindin energy unitswe  bond charge distribution becomes more symmetric, and the

have dA/9P=14 cmi *-Mbar !, which is approximately ionicity of the compound decreases. There is not enough

five times smaller than for 3C-SiC. This is logical becauseevidence to expect the opposite case for IV-IV compounds,

the value of the LO-TO splitting in the series of 1lI-V and as the authors of Ref. 12 do.

lI-VI compounds decreases in general with increagitf This work was carried out with the partial support of
In deriving the expressions for the pressure dependencirizona University.

of A=w o— wto we used Eq(6). However, the authors of

Ref. 9 based their results on the relation

YHowever, we must be careful in comparing with the data of Ref. 12,

2 2 4776%82 because the value of the bulk modulus that these authors used in their
@LoT Y0 MOs ©) analysis of the experimental data is an average over data for silicon and
0% diamond, equal to 3.22 Mbd#f rather than the true bulk modulus
which defines the Born transverse chaege(Ref. 4 (or Z® B=2.46 Mbar. This introduces an error in the frequencies and in their

in the notation of Ref. 9M is twice the reduced mass, and derivatives with respect to pressure.
Q, is the volume occupied by one atom. For 3C-SiC the________

quantityer determined from Harrison’s moddhas the form
!Silicon Carbide and Related Material Proceedings of the 5th Confer-

8 2 ence,edited by M. G. Spencegt al. (Inst. Phys. Conf. Serl37, Bristol
er=4apt zapac. (10) and Philadelphia, 1993
2S. Yu. Davydov and S. K. Tikhonov, Fiz. Tverd. Té&t. Petersbuig7,
It is easy to show that 3044(1995 [Phys. Solid Stat&7, 1677(1996)].

3S. Yu. Davydov and S. K. Tikhonov, Fiz. Tekh. Poluprovo@q, 834

Jer 8 2 4 (1996 [Semiconductor80, 447 (1996].
— = —apag 1+ —ag— —a’2J . (11 “W. A. Harrison, Electronic Structure and Properties of Solidir,
P 3B 3 3 Moscow, 1983, Vol. 1.

. . . 5L. D. Landau and E. M. LifshitzTheory of Elasticity 3rd English ed.
The results of these calculations are given in Table I. The g gamon press, Oxford, 1986: Nauka, Moscow, 1987

derivative der/JP is a negative quantity. According to the ¢s. yu. Davydov and S. K. Tikhonov, Fiz. Tekh. Poluprovo®0, 968
calculations of Ref. 9, the quantigz®/dP for SiC is close 7(1996 [SemiconductorS0, 514 (1996].
to our value (-0.5 Mbar 1), but has the opposite sign. Not - A Harrison, Phys. Rev. 4, 5835(1981.

K . ils f f K it difficult f W. A. Harrison, Phys. Rev. B7, 3592(1983.

nowing an_y details from Ref. 9 ma_‘ es it difficult for us to 9K. Karch, A. Zywietz, F. Bechstedt, P. Pavone, and D. Straucimtir-
understanding the reason for this difference. national Conference on Silicon Carbide and Related MateriaB95

From the negative sign of the derivative;/JP, it was lO(ICSCRhNIII-%) Technicac: DiaeStKyoto,(Japgn, 1995p. 87.
. e 103, C. Phillips, Rev. Mod. Phys2, 317 (1970.

Cc.mC|Ude.d. in Ret. .12 that Harrlspn S t.heory Cz.innm be apllC. Kittel, Introduction to Solid-State PhysicSth ed.(Wiley, New York,
plied to silicon carbide. However, in their analysis of E®), 1976; Nauka, Moscow, 1978

from which they also derived the “experimental” depen- '?D. Olego, M. Cardona, and P. Vogl, Phys. Rev2§ 3978(1982.
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The photoluminescence spectra(@00 GaAs layers, both undoped and doped with silicon, is
investigated aT =77 K. It is found that along with th&-band, which corresponds to

interband radiative recombination, the spectra of doped layers also exhibit a so-called Si-band
located neahv=1.4 eV. In multilayerd-doped structures, an additional band appears in

the regionhv=1.47-1.48 eV, which is called here tldeband. The dependence of the energy
positions, intensities, and shapes of these photoluminescence bands on the doping dose

Ng;, laser excitation power, and temperature are investigated. It is shown that the Si-band is
caused by optical transitions between the conduction band and a deep acceptor level

(~100 meV) connected with Si atoms on As sites. It is also established that the dependences of
the shape and intensity of thiband on temperature and photoluminescence excitation

power are identical to the corresponding dependences fdB-tend. The behavior of thé-band

in the photoluminescence spectra is viewed as evidence of quantum-well effects in the
S-doped structures. €998 American Institute of Physid$$1063-782@08)00909-0

The amphoteric behavior of silicon as a doping impurity with arsenic-to-gallium flux ratio® o/ Pg,= 15— 20, which
in gallium arsenide has attracted the unflagging interest oforresponds to optimal conditions for creating structurally
investigators of this material. It has been shogee, e.g., perfect and stoichiometric GaAs layers. This has been con-
Refs. 1-8 that the electrical activity of the incorporated sili- firmed by measurements of the electron mobiliy of
con and the conductivity type depend strongly on the methmodulation-doped N—AlGaAs/GaAs heterostructures. In
ods and regimes of grOWth of the epitaxial Iayers. EVidenCQhese structuresue reaches its maximuni=77 K value
for this conclusion is especially striking in molecular-beam[ ,,.=1.7x10° cn?/(V-s)] when the flux ratios lie in this
epitaxy (MBE), where the mechanism that locates Si atomsange; when they deviate to one side or another, the mobility
at a given site of the GaAs crystal lattice is determined by thgjecreases due to the generation of defects in stoichiometry.
multiplicity of free chemical bonds and by kinetic phenom- Following growth of an undoped buffer layer (Qu8n),
ena at the grovvth Surfa(?é? It has been ShOV\;ﬁs'7 that in uniform|y doped |ayers 0.7- ]__,Qm thick with dopant con-
MBE growth on(100 and(111) B planes, Si atoms behave centrationsn=10, 2x 107, 7x 10, and 1x 108 cm 3
essentially like donors, while o1l A planes, depending were grown afT,=610°C. Thes-doped structures, which
on the growth conditions, they can behave either like accepyere grown aff;=570°C, consisted of: an undoped buffer
tors or like donors. layer of thickness 0.gm, three S-layers with Ng=6

One way to determine the nature of the electronic statesx 102 cm~2 separated by distances of 300 A, an undoped
connected with Si atoms in GaAs is by investigating photo{ayer of GaAs with thickness 700 A and 50 A doped layer
luminescencePL) spectre’~® However, the optical proper- (N=1.2x 10" cm™3). The half-width of the doping profile
ties of this material cannot always be interpreted unambiguof a single 5-layer measured by secondary ion mass spec-
ously according to literature models. This applies withtrometry on an IMS4F machine in the highest resolution
particular force when acceptor levels associated with Si atregime did not exceed 80 A in thickness.
oms participate in optical transitions. Measurements of the PL spectrum were made in the

Our goal was to study optical transitions in the photontemperature range from 77 to 240 K in the range of photon
energy range from 1.3 to 1.6 eV for layers of GaAs with energies from 1.3 to 1.6 eV. In order to excite the PL we
(100 orientation, doped either uniformly of-doped with  ysed a At laser with a wavelengthh =514.5 nm and a
silicon, by investigating PL spectra at various temperaturegnaximum power of 850 W/cf The concentration and mo-
and excitation powers from the laser source. bility of the current carriers in these samples were deter-
mined by measuring the Hall coefficient.

Figures 1-3 show PL spectra for undoped and doped
samples measured &@t=77 K. From the figures it is clear

The layers we studied were grown by MBE in an MBE- that for an undoped sample only one PL band is observed,
32P Riber machine. As a substrate we used semi-insulatingplled here theB-band, with a maximum abr=1.508 eV
GaAs films with(100 orientation. The epitaxial growth took corresponding to interband optical transitions in intrinsic
place at a substrate temperatiiten the range 570°-610°C, GaAs. Its small widtthAv=5 meV is evidence of the high

EXPERIMENTAL PART

1063-7826/98/32(9)/3/$15.00 950 © 1998 American Institute of Physics
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FIG. 1. PL spectra of undoped and dofi@80) GaAs layers measured at a FIG. 3. PL spectra for a sample with three silicortloped layers i1100

temperatureT=77 K: 1— undoped samples?, 3, 4—uniformly doped ~ GaAs afT=77 K and at various excitation powers W/cn?: 1—332—

samples witn=2x 10, 2x 10", and 7x 10" cm 3. 340,3 — 850 (the intensity of theB-band maximum is reduced to the same
value for all the spectja

quality of the layer as grown, and the absence of additionajjgse, the Si-band also broadens, like Buband, and its
lines also indicates a low concentration of background impumaximum shifts to largehv. However, it is worth noting
rities and defects in stoichiometry. Doping with silicon leadsthat under identical excitation conditions the PL intensity of
to an increase in the width of th@-band and a shift of itS the s-band relative to theB-band always turns out to be
maximum towards higher energies. smaller ins-doped structures than it does in uniformly doped
In Si-doped layers, thé3-band is accompanied by a samples with the same average bulk concentration of silicon.
PL band that for relatively low carrier concentrations |n this case its low-energy edge is located at somewhat larger
(n=10" cm™®) is located neahv=1.4 eV. Measurements h, in s-doped structures than in uniformly doped layers.
of uniformly doped ands-doped samplegsee Figs. 1-8 Along with the B- and Si-bands, we observe an addi-
show that this PL band appears only when the layers argonal band in the PL spectra étdoped layers in the range
doped with silicon, and is absent in undoped layers. Theren;, ~1.475—1.480 eM(see Fig. 3 which we call here the
fore, we call it here the Si-band. With increasing dopants.pand. The intensity of this band increases with increasing
dose of5-dopant.
Figures 2 and 3 are plots of the PL spectra versus tem-
8-band perature and laser excitation powefor 5-doped structures.
From Fig. 2 it is clear that thB-band becomes weaker with
\ increasing temperature, and also broadens and shifts towards
% lower hv. As for the Si-band, it attenuates very rapidly with
'\ increasing temperature and virtually disappears at or above
‘ T=150 K. On the other hand, the behavior of ihdand as
‘, the temperature varies is similar to that of #dand.
l From Fig. 3 it follows that increasing the laser excitation
! powerP leads to growth in the intensity of all the PL bands;
\, however, the rate of this growth is not the same for all of
| them. We observe that the rates are equal folBiand and
'\ for the §-band, and their spectral shapes and intensity ratios
. do not change with increasinB. On the other hand, the
\ growth rate of the Si-band is at least an order of magnitude
lower than for the other bands, which at high valuesPof
leads to its weakening compared to tBeand 6 bands.

Intensity , arb. units

4
1.39 1.40 g’l‘fv 1‘§0 1.5 DISCUSSION OF RESULTS

FIG. 2. PL spectra for a sample with three silicérdoped layers with Let us begin with a discussion of the dependence of the

Nsi=6X 102 cm™2 in (100) GaAs, measured at various temperatures T, K: PL Spectra on Concemr?ﬂd’mr dgse of dOPamNSi: The
1— 77,2 —150,3 — 255. increases we observed in the width of tBdband with in-
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creasingNg; and the shift of its maximum to higher energies acceptor level of Si. However, in this case we would expect
hv are caused by the donor-like behavior of a significanthe band to attenuate even more strongly with temperature

number of Si atoms and, as is well known, are manifestationthan the Si-band, and to see a more rapid saturation of the
of two effects: dependence of its intensity on PL excitation power. Instead,

— a decrease in the width of the band gap due to ~ We find that thes-band behaves exactly like tiband with
merging of the band of donor states with the bottom of theincreasing temperature and PL excitation power. Hence, it
conduction band, and should involve interband optical transitions, like tBéand.

— an increase in the degree of occupation of the conlt is possible that thes-band is due to the quantum-well
duction band by electrons and, accordingly, an increase igffects in the narrowy-shaped potential wells o$-doped
the Fermi energye . structures. In other words, it could be caused by radiative

Both these effects extend the spectral range for interbantecombination of electrons in one of the two-dimensional
transitions towards small and large energies and, accordiuantum subbands of thé-shaped potential wells in the
ingly, broaden theB-band. The second effect, known as the d-layers with holes at maxima of the valence band between
Burstein-Moss effect, is responsible for the shift of the high-the é-layers. It is possible that a number of other features of
energy tail and the maximum of ti&band to largehw. the intensity and shape of the Si-banddttoped structures

As we already mentioned, analogous changes take p|adeat distinguish this band from its counterpart in uniformly
in the Si-band with increasing dopant dasg;. This pro- doped layers are related to this effect.
vides direct proof that the initial states for optical transitions
connected with the Si-band are also electrons in the conduGGONCLUSIONS
tion band rather than the donor level corresponding to an
arsenic vacancy, as was assumed for the PL band mear
=1.37 eV for GaAs layers witkl11) A, (211 A, and(31])

A orientations’® The final state for these optical transitions
is probably an acceptor level located 100 meV above the to
of the valence band. We assume that this deep level corr
sponds to acceptor behavior of some of the Si atoms, speci
cally those that occupy As sites in the GaAs lattice. We d

not rule out the possibility that these Si atoms can also forrrby investigating the dependence of the PL spectrum on the

certain complexes with defects in stoichiometry. o
n i, the laser excitation power, and th m-
The temperature dependences of the PL spectrumepa t doseNs;, the laser excitation power, and the te

shown in Fig. 2 for théB-band, which match the regularities per_ature, we_have established that the S_|-band can be due to
. . : . . ... optical transitions between the conduction band and deep

described in the literature for interband optical transitions . :

uite well, are explained by the temperature-induced dez_icceptor levels £ 100 meV) connected with Si atoms on As

grease in t’he widthpof the bar{d andpan increase in the sites. In contrast to the impurity-related Si-band, the depen-
gag dence of the é-band (which also appears at energies

amount of nonradiative recombination due to electron—hv<Eg) on temperature and PL excitation power turns out

phonon intera_ctions. On t_he o_ther hand, the stronger attenlt’() be identical to the corresponding dependences foBthe
ation of the Si-band and its disappearance at high temper%-and_ This prompts us to suggest that #vand, like the

tures can be logically explained by thermal ionization 0fB—band, also may be due to interband optical transitions that

holes from the acceptor level discussed here. are strongly modified due to the quantum-well effects in the
The considerable difference observed in the dependences gy d

. . o multilayer 6-d structures.
of the PL intensity on laser excitation power for tBeband Y oped stru S

. 4 . S This work was carried out with the support of the Min-
and the Si-bandFig. 3) can be explained by the significant . : , .
difference in the density of hole states that participate i istry of Science of the Russian Federatigthe program

n. . . " .
these optical transitions. In the first ca$ee B-band, we are Physics of Solid-State Nanostructures,” Project 2-030/4

dealing with intrinsic optical transitions and, accordingly, S
with holes in the valence band, whose density exceeds by M- Kondo, C. Akayama, N. Okada, H. Sekiguchi, K. Domen, and
| ord ; itude th . f hol . ° T. Tanahashi, J. Appl. Phyg6, 914 (1994).
several orders of magnitude the concentration of NOIes kg 5 gose, B. Lee, and M. H. Stilman, J. Appl. Ph§&, 743 (1988.
acceptor levels in the second caiee Si-bandl Therefore, if  3w. 1. wang, E. E. Mendez, T. S. Kuan, and L. Esaki, Appl. Phys. l4&tt.
the flux density of excitation photons is sufficiently large 4826 (1985. _ _ '
(comparable to or exceeding the concentration of Si atoms in éh?sm[’e Eél\s;la{ggéi)ig%% J. Ballingall, Y. Yu, and J. Mazurowski, Appl.
acceptor statgsthe increase in the intensity (?f the .Si' band sy okano, H. Seto, H. Katakama, S. Sichine, I. Fujimoto, and J. Suzuki,
should slow and then saturate, whereas the intensity d8the Jpn. J. Appl. Phys28, 151(1989.
PL band Should Continue to increase_ 63, Subbana, H. Kroemer, and J. Merz, J. Appl P%.488 (198@.
The behavior of thes-band. which is present is-doped "F. Piazza, L. Pavesi, M. Henini, and D. Johnston, Semicond. Sci. Technol.
: ’ P P .7, 1504(1992.
structures, seems quite unusual when compared to the Sk pavesi, M. Henini, and D. Johnston, Appl. Phys. L86, 2846(1995.
band. Since this band is located above the Si-band in energ§l. C. M. Henning, Y. A. R. R. Kessener, P. M. Koenraad, M. R. Leys,
but below theB-band(i e. forhv<E ) it can be formally W. van de Vleuten, I. H. Wolter, and A. M. Frens, Semicond. Sci.
. . R 9 Technol.6, 1079(1991).
assigned to optical transitions with participation of one or '

several levels in the band gap that are shallower than theranslated by Frank J. Crowne

Thus, our investigations of the PL structure of undoped
and silicon-doped GaAs layers &t 77 K show that, along
with the B-band corresponding to interband radiative recom-
bination, the spectra of the doped layers also contain a
Bo-called Si-band which is located neaw=1.4 eV for
@Si: 10" cm™3. Moreover, three-layers-doped structures
exhibit an additional band in the neighborhood of
%hv=1.47-1.48 eV, which we refer to here as théand.
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The method of hot-wall epitaxy is used to grow epitaxial heterostructuresRifTeh-PbS on

BaF, substrates. Hall-effect measurements are analyzed in order to obtain the dependence

of the effective carrier mobility on thickness and temperature in the ranges @uih-&nd

100-300 K, respectively. It is found that this mobility depends on the thickness of the sample and
on the individual thicknesses of its constituent layers. The effective mobility is calculated

under the assumption that charge carriers are scattered by the surface of the structure and by
dislocations that form at the heterojunction boundary. 198 American Institute of
Physics[S1063-782808)01009-9

INTRODUCTION value by using a material batch whose composition corre-

Lead-chalcogenide multilayer structures, both systems 0§ponded to congruently evaporatmg matetial.
The contacts for measuring the Hall EMF were made of

superlattice type and systems with multiple quantum weIIsi di M " de i tant electri q
have been studied intensely because they are promising gdium. vieasurements were made in constant €lectric an

vice candidates for infrared engineering applicatibhghe magnetic fields for two current and two magnetic field direc-

electrical properties of these structures are primarily deteriOns: The 0.5-mA current through the sample ran parallel to

mined by the quality of the heterojunction boundaries. Untilthe heterojunction, while the magnetic field was applied per-

now, experimental results, e.g., Hall-effect measurementsp,endicmar to the heterojunction and had a magnetic induc_-
have come from multilayer samples with buffer lay&s. tion of 0.8 T. The temperature dependences were recorded in
Measurements of this kind give information about param—the range .100_300 K Measurements were made both on
eters of the structure as a whole, but do not reveal the co _amples with equal_ thicknesses of the PbTe anq Pb.S layers
nection between properties of the heterojunction and th qtdﬁferent 'gotal_thlcknesses., and.on samples with different
ickness ratiogdifferent configurationsbut the same total

electrical characteristics, due both to the large number o

layers and to the presence of the buffer layer itself. It iSthlckness of the structure. Carrier concentrations in all the

obvious that the larger the thickness of the latter, the Iarge§amples were in the range-13x 10 cm=.
the role it plays in determining the concentration and mobil-
ity of the charge carriers.

There are two easy ways to solve this problem: first,2. RESULTS AND DISCUSSION

decrease the number of layers of the sample to a minimum )
(ie., to two and, second, stop using a buffer layer. Such In order to improve the completeness and accuracy of

two-layer structures with matched lattice parameters ar@Ur @nalysis of the two-layer structures, we first investigated
widely used as wideband infrared radiation detectdrsthis (€ dependence of the carrier mobility on thickness and mea-
paper we will discuss two-layer PbTe/PbS structures, witpsurement temperature for individual films of PbTe and PbS.

the goal of determining how the heterojunction acts as g NeSe “touchstone samples” were grown using the same
scattering factor. fabrication regimes that were later used to grow heterostruc-

tures. The results obtained are shown in Fig. 1. In analyzing
the data, which usually consisted of Hall-mobility measure-
ments, we followed Mathiessens rule and subtracted out con-
We used the “hot-wall” method of thermal vacuum tributions to the mobility arising from scattering by thermal
sputtering to deposit individual films of PbTe and PbS, alondattice vibrations and ionized impurities. Our analysis paral-
with p-PbTehn-PbS heterostructures, on freshly cleavediels that of Vayaet al.® who also investigated films oftype
substrates of Baf* The rate of growth of the layers was PbTe obtained by the “hot-wall” method. Taking into ac-
chosen from the range 1—42m/h, which is most typical for count the contribution of surface scattering, these authors
growing superlattices. The thicknesses of the PbTe and Pb&rived the expressionu,=uyTP®, where p=—(0.8
layers were varied by varying the sputtering time. The tem-+0.2861). The quantityu, is associated with scattering by
perature of the substrate was 520-570 K. This range wagrain boundaries, dislocations, and roughness of the sub-
chosen so as to ensure epitaxial growth of the layers in thetrate. For germanium films, Rameyal.’ included scatter-
[111] direction while at the same time decreasing the probing by dislocations using the formulas of Dexter and S&itz,
ability of mutual diffusion of the chalcogedsThe carrier and for the residual mobility they found an expression
concentration in the as-grown films was fixed at a constant/u,= A log(b/d), whereA andb are parameters that depend

1. EXPERIMENTAL TECHNIQUES
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FIG. 1. Dependence of the Hall mobility of a charge carrig) ©on film FIG. 2. Effective mobility of PbTe/PbS heterostructures versus thickness
thickness ¢) for the following materialsl— PbTe,2— PbS. (d;=d,): 1— experiment,2— calculations in which the heterostructures

are represented as structures with layered nonuniforniiigs(3)].

on the growth conditions and structure of the film. If we

approximate the curves in Fig. 1 by fourth-order polynomialsK. even for the t?innest sampl€s00 nm), is not very prob-
able. It is known! thatp=2.5 for sufficiently uniform films

— 4 3 2 . . . . .
p=apX '+ ax"+aX +agX+ay, of lead chalcogenides, which usually is explained by invok-
where a,—a, are dimensional coefficients, andhas the ing scattering by long-wave acoustic phonons and including
same dimensions as the thicknesg:m), then the following the temperature dependence of the effective mass. For sur-

empirica| expressions will be correct: face Scattering we haVﬂ~T70'5 in PbTe. A number of
B 4 3 ) papers® have reported scattering by dislocations, by the sur-
pa=—90.7d"+294.61°— 127.1d°+56.21+ 0.3, face, and by grain boundaries for polycrystalline films. Thus,
0.1<d<2, (1) for films of lead telluride with thickness 1-2m grown on
KCI substrates the mobility is observed to depend on tem-
pp=—0.7d*+6.6d°+18.90°+15.3d + 2.5, perature with an exponemt=0.8, which is associated with
01<d<2. (2) scattering by growth defects. Values pfwith 1.5<p<2.0

are associated with scattering by dislocations. The critical
Here and in what follows labels 1 and 2 correspond to PbTéilm thickness at which a network of dislocations forms, cal-
and PbS. culated using the method of Ref. 12, comes to 12 nm. Thus,

We can write the temperature dependence of the mobilwe may assume that in films of PbTe and PbS with thick-
ity in the forn® u=AT P, whereA is a constant that de- nesses %d;,<2 um the carrier mobility arises from scat-
pends on the material parameters, gnd a coefficient that  tering by misfit dislocations. For thicknesses less thani
depends on the specific scattering mechanism. Valugs of scattering by the surface and by growth defects will begin to
for various samples of PbTe and PbS are given in Table laffect the mobility of our samples, because there is no buffer
These values correlate with valuesmbbtained in Ref. 6. layer.

In principle, thin films can also exhibit size effects that Figure 2(curve 1) shows the experimental dependence
involve the average mean-free path of a charge carrier angf the effective mobility forp-PbTen-PbS heterostructures
the Debye screening length. However, the maximum valueen the total layer thicknessd (d;=d,). In general,
for both lengths calculated from the expressions given inmultilayer heterostructures can be treated as samples with
Refs. 9 and 10 are 40 and 25 nm, respectively. Consequentljayer-like nonuniformities including changes in the carrier
the appearance of dimensional effects in our data for leadoncentrationn(z) and mobility «(z), and accordingly in
telluride and lead sulfide in the temperature range 100—30the conductivityo(z), wherez is the direction perpendicular

to the plane of the layers. In particular, for two-layer struc-
tures the expression for the effective mobility of a charge

TABLE I. carrier (u?B2<1) has the form

Sample d, um d,/d P prerr=pa(1+B) "t pp(1+ 871 7Y (€)

PbTe 0.5 - 120 whereB=o0,d,/0.d;. Curve2, shown by a dotted curve in

’ 11 - 152 Fig. 2, was obtained by substituting Eq$) and (2) in Eq.

" 16 - 1.70 . : o

PbS 05 _ 131 (3. Itis clear that values of the carrier mobility computed

" 11 _ 158 according to Eq(3) are always larger than the experimental

" 1.6 - 1.81 curves. We can thus assume that additional mechanisms for
PbTe/PbS 0.5 1 0.50 scattering of charge carriers are important for the layer thick-
1'8 i ;gi nesses under discussion, which are not associated with scat-
y 16 0.45 1.5 tering within the layers.

" 16 22 1.92 The experimental points plotted in Fig.(8urve 1) re-

veal that the effective carrier mobility in PbTe/PbS structures
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FIG. 3. Effective mobility of PbTe /PbS structured=d;+d,=1.6 um) (d,=d,): 1— experiment2— calculations for surface scatterifigg. (4)1,

versus the ratiod, /d,: 1— experiment,2— calculations in which the . . ) .
heterostructures are represented as structures with layered nonuniformitig’s_ calculations for scattering by dislocatiofq. (7)]
[Eg. (3)], 3— calculations that include scattering by dislocati¢is. (7)].

wherel is the mean-free patld,is the thickness of the struc-
t&ne, anduy is the mobility of a bulk film. Curve2, repre-
"Cented in Fig. 4 by the dashed curve, was obtained from Eq.
(4). In this case the value dfis assumed to be 50 nm, and
the bulk mobility is assumed to begs, which was calcu-
lated from Eq(3) for d=2 um. It is evident from the figure
that agreement between experimental and calculated curves
is good up to values ol=0.5 um. This fact, together with
It is clear that, just as in the previous case, the experimentt e fact thap=1.2 for a hetgrostructurg with a total thick-

' ' ess of 0.5um, actually points to an increasing role for

values of the effective mobility are smaller than the COM-g rface scattering with decreasing thickness of the PbTe/PbS

puted values. This result points to the appearance of addgamples as a whole

tional mev(\:/hﬁm\lzws fo:}tfj[erscrerl]tte([lr*;g oflcn;eilr%e carriers in this Misfit dislocations can be treated as scatterers and as
cas?Nas ins ’ i Otsfj a utte rinus inehcfr etr. wres in th charged inclusions that modify the potenfiafhe deforma-
N estigated scattering elerostructures Sion potential associated with the lattice distortion arising

same way as we did in binary films, i.e., by analyzing th.efrom dislocations leads to a type of scatterfnglowever,

temperature dependences of the effective carrier mobilit)_/ urther investigations show that we must also consider the

heterostructures of various thicknesses and configurationg. .+ of disiocations from the point of view of large-scale
(i.e., d;/d,). The values of the coefficient are listed in

Table I. From this table it is clear thatis a stronger function potential fluctuations. In other words, the electrostatic fields
) . o . f disl ions ar le of reasing the mobili
of the total heterostructure thicknedsthan it is for indi- of dislocations are capable of decreasing the mobility to

. . o larger extent than their deformation potenti&is?
vidual PbTe and PDS films. Furthermore, the coef_flcpem There are localized levels on the dislocation axis that can
also found to depend on the ratio of layer thicknesse

4. /d S'trap majority carriers and form inclusions of the opposite
1742

Basically, the presence of a boundary can give rise t('iype of conductivity. For this reason, dislocations in r&n
’ X " . . e crystal behave like negative line charges, and create a
two factors that contribute to the kinetic coefficients. First of yp Y 9 9

all, a solid solution can arise at the boundary as a result ositive space charge around them. An electron moving to-
o L . y ard a dislocation is repeled by it, which leads to scattering.
interdiffusion, which introduces disorder. However, as we

noted above, our choice of growth temperatures and the da#ﬁ order to calculate this scattering we can consider each
' . dividual dislocation as a charged cylinder. The effective
of Ref. 1 suggest that the creation of the metastabl 9 y

. . . ) onductivity in this case is given by the expresstotry
PbS _,Te, phase is not very likely. Secondly, it is possible — o(1— 8), wherea, is the bulk conductivity, and is the

for misfit dislocations to form by virtue of the mismatch : : .
. . raction of volume occupied by space-charge cylinders. The
between the lattice constants of lead telluride and lead suf— P y sp ge cy

fide. For these materla_ls, the cr|t|ca_\l thlckness_ for formm_gthe effective concentration,; and mobility ue of & charge
a network of dislocations determined experimentally is

2_3 nmt carrier._ln moderately nonuniform semiconductm@fzﬁ,
Whend;=d, it is also necessary to take into accountWheren is the concentration averaged over the bllkhere-

scattering by the surface as a resuit of the decrease in tHgre, the general form of the effective mobility’s’

total thickness of the heterostructure. The carrier mobility in -, _—, (1— ). (5)

this case can be calculated by using the expre&sfon

depends on the ratio of the thicknesses of the compone
heterostructure layersi(/d,) even when their total width is
held constantd=1.6 um. The observed minimum is ex-
plained by considering the rate at which the mobility of the
PbTe layer decreases with decreasing rdii¢éd, compared
to its rate of increase in the PbS layer. In this figure, citve
shows the functionues=f(d,/d,) calculated using Eq.3).

quantity o in an electronic semiconductor is determined by

The expression for the volume fraction occupied by
__Mv 4) space-charge cylinders in terms of their radRiand surface
“ST1%1d’ dislocation densityN¢ has the forn® 6= 7R?N. If we as-
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sume that networks of misfit dislocations are formed in bothsurface, which in this case has been deliberately ignored,
materials as a result of the growth of the PbTe/PbS heterdsecomes more effective. However, over a large range of val-
structure, and that the density of dislocations remains condes ofd;/d, we observe good agreement between the ex-
stant during subsequent increases in the thicknesses of bgberimental data and calculations. Even better agreement is
layers, then it is necessary to find the dependefeé(d) in observed in the range G&d,/d,<2, which is the most
explicit form in order to account for the thickness depen-important for practical problems.

dence of the volume fraction occupied by dislocations. The In summary, we have investigated the effective mobility
ratio of the volume occupied by the cylinders to the totalof charge carriers in binary films and in two- layer PbTe/PbS

volume is heterostructures of various thicknesses and configurations in
N=R%a the temperature range 100—300 K. We have compared our
5= Sd experimental data with the results of calculations in which

we represent the heterostructure samples as structures with
whereN is the number of cylindersa is the characteristic layered nonuniformities. Good agreement between calcula-
sample sizeSis the sample area, antis its thickness. This tions and experiment is obtained when we assume that for

expression can be rewritten as total structure thicknessed=d;+d,<0.5 um (d;=d,)
5 scattering is due to the surface, while = 0.7 um a sub-
5=N, 7R stantial role is played by scattering by dislocations. By con-
d sidering samples with various configuratioths/d, (d=1.6
where N, is the line density of dislocations. Setting #M), we have shown that scattering of charge carriers by the
N|=\/N—s we finally have heterojunction is due to the presence of misfit dislocations
5 down to very small thicknesses of either of the PbTe or PbS
mr layers.
o= T\/N—S (6) y

Substituting Eq(6) into Eq. (5), we obtain the dependence

. . e . 1 : ilehd H H
of the effective carrier mobility on sample thickness for scat- ~S: S- Borisova, 1. F. Mikfov, L. S. Palatnik, A. Yu. Sipatov, A. 1.
tering by dislocations Fedorenko, and L. P. Shpakovskaya, Kristallograf84 716 (1989

[Sov. Phys. Crystallogi34, 426 (1989].
7TR2 2S. N. Davidenko, F. F. Sizov, and V. V. Teterkin, Ukr. Fiz. 48, 938

=uy| 1— ——Ng|. 7 (1993.
Kd MV( d S) ™ 3T. A. Gavrikova and V. A. Zykov, Fiz. Tekh. PoluprovodBl, 1342

- . . . (1997 [Semiconductor81, 1331(1997].
The mobility calculated from Eq(7) is shown in Fig. 4 by  4s. L. Mmiloslavov, I. V. Saunin, and D. A. Yaskov, lzv. Akad. Nauk

curve 3 (the dot-dashed curyeln these calculations we as- SSSR, Neorg. Mated9, 55 (1983.
sumed that ford=0.01<1 we have,U«d—hva In this case 5V. P. Zlomanov and A. V. Novoselov&®-T-x State Diagrams of Metal-
- T ) Chalcogen Systenidlauka, Moscow, 1987
the mobility rg_aches |.ts bulk _vaIue only for=26 um. For 6p R, \f]aya’ 3’ Mr:jhi’ B S V. Gopalaa, and C. D. Dattarreyan, Phys.
the bulk mobility iy, just as in the case of surface scatter- status Solidi A87, 341 (1985.
ing, we use the quantity.4(d) calculated from Eq(3). ;R- L. Ramey and W. D. McLennan, J. Appl. Phi8, 3491(1967.
- g PP D. L. Dexter and F. Seitz, Phys. Re86, 964 (1952.

Fljohmt:he flgur_e Itis Tlear that E(W) IS. in gOOd agreement 9E. V. Kuchis, Galvanomagnetic Effects and Methods for Investigating
with the e_xperlmenta data starting witt=0.7 um. Them(Radio i Svyaz’, Moscow, 1990

Equation(7) was also used to calculaje, for the case 1°K. L. Chopra, Thin Film PhenomendMcGraw-Hill, New York, 1969;
of fixed d=1.6 um and variable ratia, /d,. Here the pa-  Mir, Moscow, 1972. , ,
rameterd was chosen to be the true value of the thickness of Yu. I. Ravich, B. A. Efimova, and I. A. SmirnoWlethods for Investigat-

. ing Semiconductors Applied to the Lead Chalcogenides PbTe, PbSe, and
the PpTe layer for the interval 0§Ed_1ld2$ 10, and the same  pps(Nauka, Moscow, 1968
quantity for the PbS layer for the interval &4,/d,<2.In  *2yu. V. Kochetkov, V. N. Nikiforov, O. N. Vasil'eva, and A. M. Gas'kov,
the range where these intervals overlapped we obtained theBull Moscow State Univ. Ser. 3, Physics, AstronoBfy 68 (1994.
same value of the effective mObi|iwd(d1/d2) using either S. I. Pekar, Fiz. Tverd. Teld.eningrad 8, 1115(1966 [Sov. Phys. Solid
i a1’ ) . State8, 890(1966)].

d; or d,. The function constructed in this way is shown in 14yy v. Koryushin, L. S. Mima, and O. V. Tretyak, Fiz. Tekh. Polupro-
Fig. 3 by curve3. The values ofuy neard,/d,=0.1 and 10 | vodn. 15, 2159(198) [Sov. Phys. Semicond5, 1254(1981)].
are smaller than the experimental values. To explain this'* F- “&?ta;/el'DefeCtggi”on'cs in Semiconductoig/iley, New York,
result, we argue that when the thickness of one of the layers™> '~ " VOSCOW:

that make up the heterostructure is small, scattering by the&ranslated by Frank J. Crowne



SEMICONDUCTORS VOLUME 32, NUMBER 9 SEPTEMBER 1998

SEMICONDUCTOR STRUCTURES, INTERFACES, AND SURFACES

Many-body effects and electron tunneling in metal-insulator- p-type semiconductor
structures
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Investigation of the tunneling conductivityy(V) of structures made on a highly doped, narrow-
gap p-type semiconductor HgJCdTe reveals an abrupt increase in this quantity at voltages
corresponding to the start of tunneling into the conduction band. It is shown that the observed
functionso4(V) cannot be described in the framework of a model based on single-

particle tunneling. It is proposed that the abrupt increase,ifV) is attributable to tunneling

into exciton states. €1998 American Institute of Physid$$1063-7828)01109-(

It is well known that single-particle tunneling into elec- which corresponds t&,=20-80meV and a concentration
tronic states at the edges of allowed energy bands of thgf uncompensated acceptdig— Np=1.5x10"cm 3. The
electrodes does not lead to sharp features in the voltaggnethod used to prepare these tunneling contacts was
current characteristics at the corresponding bias volthgesdescribed in Ref. 3.

Thus, e.g., for a metal-insulatprtype semiconductor tun- Figure 1 shows the functionsy(V) for one of the
neling contact in which the semiconductor has a simple paracontacts. It is clear that there is a certain threshold value
bolic conduction band, the dependence of the differential/, ~80mV at which an abrupt increase iry is observed:

conductivity oy=dj/dV on bias voltage {) for eV>E; .., a change in bias of only 5-7 mV causegsto increases
+ Ef has the form by more than an order of magnitude. In a quantizing mag-
Ta(V)(eV—Eqg— Er)3? netic field B oscillations in the tunneling conductivit§Fig.

1) are observed for bias voltag¥s>V,,,. These oscillations

whereEg is the width of the semiconductor band gap &d  are periodic with respect to inverse magnetic fielé Bt
is the Fermi energy measured from the top of the valenc@onstant bias, with a period that is the same for either orien-
band. The fl,lnCtiOﬁle(V) will have this form if it is assumed tation BLn or BHn (Wheren is normal to the p|ane of the
that there is no surface band bending in the semiconductofunneling contadt This fact, and also the fact that the posi-
and that the tunneling transparency of the insulator does nafons of peaks of the oscillations in a magnetic field do not
depend on charge-carrier enerdy)(or bias voltage in the exhibit the angular dependence that is typical of the 2D state,
ranges ofE and V under discussion. In fact, these factorsimplies that the observed oscillations are caused by tunneling
may profoundly change the functional dependeng€V), into Landau levels derived from bulk semiconductor states.
but they cannot change the smoothness with which the stateus, the positions of the oscillation peaks in coordinates
of the conduction band are “switched on” in the process ofandB (Fig. 2) indicate the positions of Landau levels of bulk
tunneling. states, and their extrapolation B=0 makes it possible to

The modification of tunneling by many-electron effects directly determine the energy corresponding to the bottom of
changes the functioiry(V). Beginning with the paper by the conduction band. It is clear that within limits of measure-
Aronov and Altshulef many authors have shown that ment error the position of the step in the functiog(V)
electron—electron interactions are one of the main reasonspincides with the extrapolated point, and hence corresponds
for the appearance of a “zero-voltage anomaly” in theto the bias at which tunneling to the bottom of the conduc-
voltage-current characteristics of tunneling contacts. Howtjon band begins.
ever, the question of how the tunneling conductivity is af- In order to analyze the experimental results we calcu-
fected by electron—electron interactions that mediate the tunated the functiono4(V) for single-particle tunneling into a
neling of electrons into excitonic final states as well assemiconductor with a Kane dispersion relation. This is not

conduction-band states ofpetype semiconductor has, to our difficult to do using the standard expression for the tunneling
knowledge, not been addressed, even though this phenorgyrrent

enon obviously should appear in tunneling experiments.
We investigated the dependence of the tunneling . ~
conductivity on bias voltage and magnetic field in J“DE (v)*,
p- Hg;_,Cd, Te—Al oxide structures in which the HgCdTe
solid solution compositions were in the range 6<% 0.2,  whereD is the tunneling transparency of the barriery? is

1063-7826/98/32(9)/3/$15.00 957 © 1998 American Institute of Physics
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FIG. 3. Dependences of the tunneling conductivity on bias voltagé—
FIG. 1. Dependence of the differential resistance on bias voltage for one ofxperiment2—4— calculations for the following values of surface potential
the structures under study in a magnetic fiBlgh; B, T: 1 — 0,2 — 0.3, ¢s, meV:2— —80,3 — 0,4 — 80.
3 — 0.6,4 — 2.5. The inset shows the energy diagram for the tunneling
contact.

calculated functionsr4(V) for several values of the surface

] . potential (ps) that are not large enough to localize a 2D
the square of the velocity of semiconductor states at thgite.

taken over all the states of the semiconductor unoccupied bé’orresponding to the bottom of the conduction band for any
electrons. Thusi for this calculation we need to the know thggjue of (@o). Furthermore, the experimentally observed
dependence ofu()? on energy. This dependence is found function o4(V) cannot be explained within the framework of
for a model structure in which we assume that the insulatosingle-particle tunneling into bulk semiconductor states for
has a Kane energy spectrum with a large value of the bandny changes of surface potentiab brought on by changes
gap? In this approximation the problem reduces to solvingin bias that obey the natural limitatioA .<V. Thus, as
(numerically a system of two differential equatiohfor flat  shown in Fig. 4, agreement between the calculated and ex-
bands and for various values of the surface poterffialour  perimental functionsr4(V) requires that the change in the
case, as follows from a solution of the Poisson equationsurface potential be at least 1.5 times larger than the value of
the shape of the potential is parabalidtigure 3 shows the applied voltage.

We could assume that for<Vy,, the structures under
_ study support a surface potential sufficient for localization of

/ 2D states with very small binding energy, and that the abrupt
wok 1 "/ /./ increase inoy for V=Vy,, is caused by tunneling into these
x 2 / / v states- With increasing bias the surface potential decreases,
- 03 ¥ e
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FIG. 4. Plot of of the surface potential versus the bias-voltagé required
FIG. 2. Position of maxima in the tunneling conductiv{ty) for B||n and to obtain agreement between experimental and theoretical functighg
position of the center of the step f&L n (2) andB||n (3). in the model of single-particle tunneling.



Semiconductors 32 (9), September 1998 Min’kov et al. 959

and forV>Vy, the localized 2D states disappear, so that forelectron effects in tunneling into a strongly doppdype
these biases the tunneling takes place into bulk states. Thggmiconductor from another point of view. It is known that
follows from the absence of angular dependence of the pcglectron—electron interactions during tunneling of an elec-
sition of oscillation peaks in the tunneling conductivity. tron into ann-type semiconductor leads to suppression of
However, in this case our calculations show that shifts in thdunneling at small biaseghe zero-bias anomalyThis takes
conductivity step with increasing magnetic field at large bi-place because an electron after tunneling must “push apart”
ases should be different f@L n andB||n. Even if we as- the surrounding charge carriers. At small biases its excess
sume that the binding energy of the 2D states is only 1 oenergy €V) is smaller than the energy required for this pro-
2 eV, atB=4 T the difference in positions of the step for cess, which also leads to suppression of tunneling at these
B.Ln andB|n should come to 1.5—-2 meVFor larger bind- biase< In contrast, when an electron arrives in the conduc-
ing energies this difference becomes still largéris clear  tion band of ap-type material after tunneling, it is attracted
from the experimental resuli@ig. 2) that within limits of by the remaining charge carriers, which can lead to an in-
measurement err@f.5 me\j the shifts in the step center are crease in conductivity at energies corresponding to the bot-
identical forB.L n andB|n. Thus, possible mechanisms that tom of the conduction band. Unfortunately, as far as we
could lead to the appearance of an abrupt step in the functionow, no papers have appeared in the literature that take into
oq(V) for single-particle tunneling cannot explain the account the role of electron—electron interactions in the tun-
experimental data. neling of electrons into @-type semiconductor.

In our view, the abrupt step in the functiary(V) for In principle, the experimental results can be qualitatively
tunneling of electrons into prtype semiconductor could be a explained in another way. If electrons do not succeed in re-
consequence of electron—hole interactions. Actually, one oombining with holes or leaving the region near the barrier
the reasons for the smooth changesif(V) at voltages cor-  after tunneling, the accumulation of charge in this region will
responding to the bottom of the conduction band for singlelead to a change in potential and consequently to a slower
particle tunneling is equality of the density of final statesincrease in the conductivity fagV>Ey+E. Further stud-
when eV=Ey+Er. In contrast, when an electron tunnels ies of the current—voltage characteristics are necessary in
into a p-type material, it can also end up in an “exciton” order to unambiguously clarify the mechanism that explains
state, and the number of these states equals the concentratib¥s feature of tunneling into p-type semiconductor.
of free holes. Since the energy needed for tunneling into such  The authors are grateful to V. A. Volkov for interest in
states is close t&,, this leads to an additional increase in this work and for useful discussions.
oq4(V) ateV=Ey+Eg. Of course, in the structures under ~ This work was supported in part by a grant from the
study the concentration of holes is so large that the radius dRussian Fund for Fundamental Research No. 97-02-16168
the excitonic state is greater than the screening length, so thand a grant from the program “Physics of Solid-State Nano-
excitons will not be stable and will decay after a timg  structures.”
which is determined by the screening timg) and the scat-

tering time (rsQ): YBecause of the strong spin-orbit coupling, the bottom of the band of 2D
states is shifted away from the polot 0 (Ref. 6), which should lead to an
7~(Ury+ llrsc)fl. additional singularitya maximum in the density of final states near the

. . . bottom of the band and, consequently, to an abrupt singularity, iat the
In this case the washing-ott 7 is on the order of 10 meV, ¢ 4responding bias.

i.e., larger than the ionization energy of the exciton, which in
these materials is on the order of 0.1 meV. As an estimate We Tynneling Phenomena in Solidslir, Moscow, 1973.

assume 2B. L. Altshuler and A. G. Aronov, Solid State Commu80, 115(1979.
3(;. M. Min’kov, O. E. Rut, V. A. Larionova, and L. V. Germanenko, Zh.
TSC™ mh,u/e, Eksp. Teor. Fiz105 719(1994 [JETP78, 384(1994].

. . 4P. Sobkowicz, Semicond. Sci. Technb).183(1990.
wherem;, andu are the effective mass and mobility of heavy sa v. germanenko, G. M. Minkov, V. A. Larionova, O. E. Rut, C. R.

holes, andro~ 1l/w,, Wherew,, is the plasma frequency. The _Becker, and G. Landwehr, Phys. Rev5g, 17254(1995.
value of the washing-out/ 7~ 10 is close to the width of the °L. S. Levitov and A. V. Shutov, Preprint: cond-mat/9501130,
step observed experimentally. cond-may9607136.

It is perhaps more correct to consider the role of many-Translated by Frank J. Crowne
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Mechanisms are investigated for current transport in pops8sand Pd--por-Si structures in
the temperature range 78—300 K. It is shown that at 78 K drift transport is decisive, with
the participation of deep traps with a concentrath=1.3x 103 cm™3. At higher temperatures
the diffusion mechanism takes over, withr exp(—gV/nkT) andn=10-20. Relaxation
processes for the reverse current and photocufesaending branghhave a delayed character
(up tot=100 s) and are determined by the effect of traps at a dep#0.80 eV. The
temperature behavior of the photocurréwithout a bia$ is connected with recombination at a
level E,=0.12 eV, and its value essentially depends on the contribution of the basal
region of the diode structure. @998 American Institute of PhysidsS1063-782808)01209-3

In many publications in which porous silicop¢r-Si) that | ~V?; with a further increase in voltage the current
is investigated, most of the attention is focused on photo- andhcreases abruptly, and then once more follows a dependence
electroluminescence in the layers, and to a lesser degree afose toV?. Thus, in contrast to Ref. 1, we observed a tem-
diode structures. Thus, the mechanism of current transpoperature dependence for the current with a change in func-
has not received much attention. For this reason, it is worttional typel=f(V). At T=78 K the shape of the current-
mentioning the few papers that either are completely devotedoltage characteristic naturally forces us to postuate a current
to this problen or partially touch on it In our papet we  transport mechanism that is space-charge limited. At low
also discuss current transport in diode structures with a disnjection levels we can assume
orderedp, layer. a2

In this article we report some new results of our studies | _ 10 *V2u*eS @
of the electrical and photoelectric properties of porpugpe w3 '

Si and Pdp-por-Si diode structures, and consider special

features of the current transport mechanism. whereSis the area of the structure=3.3 is the dielectric

constant of porous silicohand w is the thickness of the
porous silicon layer.

1. CURRENT-VOLTAGE CHARACTERISTICS AND CURRENT From Eq. (2) we derive an effective mobility
TRANSPORT MECHANISM w*=0.06 cnt/(V-s9), i.e., an order of magnitude lower than

We used standard methods for obtaining layers of poroul! Ref. 3. The steep growth in the current is connected with
silicon using a solution of HF in a mixture of,BsOH and ~ Occupation of trapped levels, while the subsequent nearly-
crystals ofp-Si with p=1-10€-cm. The time for electro- quadratic dependence corresponds to the trapless region of
chemical etching was varied in the range 10-50 minutes, anéle characteristics. Based on the critical voltage=17 V
the current density in the range 20—300 mA%crim order to corresponding to this transition, we can estimate, according
make Pd-p-por-Si diode structures we used samples with at0 Ref. 4, the density of trapping levels
thick layer (v=50 um) of porous silicon. The palladium cVv,
was evaporated onto porous silicon in the form of circular N=—-—-:.
contacts with areaS=3.14<10 2 cn? at a pressure of qws
10°° Torr. The thickness of these contacts was 400 A inHere the capacitanc€=20 pF andN,=1.3x 10" cm 3.
order of magnitude. Ohmic contacts were made by evaporaincreasing the temperature leads to an increase in the con-
ing a thin layer of Al on the back side of the substrate.  centration of equilibrium holes in the-por-Si base region,

Figure 1 shows the forward branches of the currentand hence a decrease in the resistance of this region. On the
voltage characteristicfositive potential orp-por-Si) mea-  other hand, if we accept a heterostructure version ofpthe
sured at temperatures 78, 100, and 300 K. Their characteri@or.Si boundary, we should expect a temperature-induced
tic features are as follows. At=100 and 300 K the current- decrease in the barrier at this boundary. The first effect leads
voltage characteristics could be described by the expressiof a redistribution of the applied voltage dropped across the

qV contact regions as the latter increases, which increases the

I=I0expm, (1) injection coefficient for holes,/I. The second effect can

also produce this same result. Ultimately the diffusion com-
where atT=100 K n=20 and atT=300 K n=10. At ponent of the current will increase due to increases in the
T=78 K and at relatively small injection levels it is found gradientsdp/dx, dn/dx. If the current transport determined

)

1063-7826/98/32(9)/3/$15.00 960 © 1998 American Institute of Physics
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L/ 1 T\ lated valueo,), to a valuel ,=o(l1)V,/w with the modu-

1 1 1
08 1 g v'f/ 7 9012 15 2025  |ated value of the conductivity=o(1). The change in cur-
? rentAl=(o—oy)AV/w takes place after a timat, whose
FIG. 1. Current-voltage characteristics of a Pesor-Si structure;T, K: duration is determined by peculiarities in the transport
1—300,2— 100,3 — 78. The upper scale of the abscissa corresponds tamechanism of dark(or illumination-induced carriers in-
curvesl and2. jected into the poroug-layer. The new valué, is reached
after a time considerably longer than the time for establish-
ing the voltage, i.e., a “delay” of the current takes place. For
by expressior(2) is entirely due to the drift mechanism, then a diffusive mechanism for current transport

increasing the temperature will lead to its gradual replace- 5

ment by the diffusion mechanism. At~ w (5)
In this case, according to Ref. 5, we should let 2D,
w * — —2 . =
n=cosh for wL @ For uf, =6x10 c?/(V-s) we haveAt=0.1 s. However,
L this estimate disregards the presence of deep trapping levels.

The motion of electrons injected under reverse bias can be
viewed as a continuous process of capture and release by
traps located at various depths in the band gap of Si and
having different densities and capture cross section. We are
unable to explain the increase in the reverse current and pho-

that trapping of minority carriers takes place, and the capturéocﬁrreg‘t udsmgﬁav\r/nodel with ahunlf;)rrr(}dlstnt')utlon of rt]raps
cross section for electrons is quite different for the capturén the band gap.We assume t at.t € |scgnt|nuqu§ change
cross section for holes;,>s,. Consequently, af =300 K of voltage and, accordingly, the increase in th_e injection of
the current that flows in the structure is primarily due to€!€ctrons changes the space charge which in turn affects

holes. When the temperature is lowered to 100 K, the preyx(t), the trap distribut_ion function. If we assume that the
dominance of diffusive current transport is preserved, but th(geepest traps have a time constagyt therf
magnitude of the current becomes smaller for the same val- t
ues of applied bias. This occurs because the number of active w(t)~ex;{ - —)
trapping centers for electrons increases due to the
_tempera_ture-lnduced Sh'ft n th? Fermi level. This d'fferen(?eThus, the growth curve of the reverse current or photocurrent
is especially notable at higher biases when the recomblnatloghould change according to the relation
rate is increased due to electron pumping. In this dage
Eq. (4) decreases, causingin (1) to increase. t

The importance of deep traps is revealed when we inves- 1=1g|1— exp{ - T—) .
tigate the relaxation of the reverse current and photocurrent !
at reverse biases. Figure 2 shows typical curves for the cotsood agreement is observed between experimental and cal-
responding increase in current and photocurrent obtainegylated dependences based on &j.when ;=20 s (Fig.
from a step increase in the voltageV. The steady-state 2) This time corresponds to a deep trap level, whose depth
value of the current is reached after several tens of secon@gn be estimated from the time for thermal liberation of elec-
for various samples, sometime reaching values of 80—90 $ons
The delay is associated with the inertia of the current-
injection process that changes the conductivity of a layer of E;
p-Si. At the same time, a discontinuous change in voltage 7~ 70 &XPy7- 8)
AV=V,—V,; changes the current from a value
I,=0,V,/w, which it reaches immediately after the jump in From Eq.(8) with ;=20 s (ro~10 3 s) we find that the
voltage(when the conductivity of the layer still has unmodu- depth of the level i€;=0.80 eV.

in Eq. (1). HerelL is the ambipolar diffusion length.

At room temperature the coefficient for hole injection
I,/1 through the Pdpor-Si heterojunction into the porous
silicon layer is large, and the injection coefficient for elec-
trons is small] ,/1<1. As we will show below, this implies

(6)

)
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FIG. 3. Temperature dependence of the photocurrent of a diode structure
without a bias.
From the slope of the temperature dependence line, we

find for the photocurrent thé, =0.12 eV. We assume that
2. PHOTOCURRENT AND PHOTOVOLTAGE the lifetime of the photocarriers is determined by this recom-
. bination level. The effect of a magnetic field on the photo-
~ Figure 3 shows the temperature dependence of the shoRp|tage, shown in Fig. 4, is characteristic. In a magnetic field
circuit photocurrent Y=0) of the diode structures we stud- perpendicular to the diffusion current, the photovoltage in-
ied in the temperature range 110-300 K. The exponentiagdieases with increasing field, reaches a maximum at
increase ofl ,, with decreasing inverse temperature is re-y—1o kOe, and then begins to decrease. We should expect,
placed by a falloff which begins at room temperature. Thenowever, a falloff inl,;, in the entire range of magnetic

photocurrent is determined by the separation of nonequilibfig|ds although not a very sharp one because of the small
rium carriers in the Schottky barrier of the R®por-Si  effective mobility of the electrons:
structure. The change in photocurrent primarily reflects a

corresponding change in lifetime of minority carrigedec- Dn(0)
trong with temperature. In fact, it is well known that the Dy(H) = W H 2"
total photocurrent of the structure is determined by two com- \/ 1+ = )
ponents ¢

A ) The observed experimental increase in photovoltage is
ph™7d ™ Tb» probably due entirely to the increase in differential resistance
wherel 4 is the contribution from the space-charge region of the Pd<porous silicon barrier. Only at high fields does
1 _ the falloff in short-circuit currentl ,, begin to dominate,
la~[1=exp—awy)], (10 which predetermines the presencepof a maximum and a fall-
andly, is the contribution from the base region, i.e., the layeroff in the photovoltage.
of porousp-Si

L
|b~Lqu_aW1)_ (12) 1C. Peng, K. D. Hirschman, and P. M. Fauchet, J. Appl. Plggs.295
(al,+1) (1996.
. . . .. 2F. Namavar, H. P. Maruska, and N. M. Kalkhoran, Appl. Phys. L6ff.
In these relationsy is the absorption coefficient arvd; 2514(1992.

is the thickness of the space-charge layer. Because of thé&s. V. Slobodchikov, Kh. M. Salikhov, E. V. Russu, M. M. Meredov, and

small absorption coefficient (the photocarriers are gener- A . Yaz'ye"f? Fiz. Tekh. Poluprovodidl, 15 (1997 [Semiconductors
e L 31, 111(1997)].
ated by monochromatic light with=1.1 xwm) and the small 4p. Rose, Phys. Rew7, 1538(1955.

thicknessw,, the primary contribution to the photocurrent sg | adirovich, P. M. KarageorgiAlkalaev, and A. Yu. Lederman, in

comes from the base region, i.e., the compongifitom Eg. Double-Injection Currents in Semiconductofauka, Moscow, 1978
(11): p. 73, 118-122.
SR. H. Bube, J. Appl. Phys34, 3309(1963.
wEKT 12 E, 7J. Wang, J. Appl. Phys/5, 332(1984.
loh~Ln~ exp — 5T/ (12
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measurements of the planar magnetoresistance and relaxation times for nonequilibrium
charge carriers
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The dependence of the planar magnetoresistance on magnetic field has been measured for
epitaxial layers oh-Cd,Hg; , (x=0.211, 0.22 at 300 and 77 K. The 77 K measurements were
made in electric fields below and above the threshold field for avalanche impact ionization.

The measurement results for the planar magnetoresistance and relaxation time of nonequilibrium
charge carriers are used to determine surface recombination rateE99®American

Institute of Physicg.S1063-782608)01309-X

2

In past studies op-CdHg; ,Te/CdTe epitaxial-layer 1 p U d(LD
a31 (3)

structures, measurements of the photomagnetic effect, pho- AlEBZE(MnB)W q
toconductvity, and Hall paramete(see, for example, Ref)1

have been used to determine the surface recombination r%ereﬂ is the Hall mobility of the electrons) and p are
. . n

at the boundary between the epitaxial layer and the SUbStraE%ncentrations of electrons and holesjs the voltage] is

or at the free surface of the epitaxial layer. In this report, We&he distance between the ohmic contacts of the sandgke
propose to use measurements of the planar magnetoresigy, thickness of the epitaxial layerp is the ambipolar dif-
tance and relaxation time of nonequilibrium carriers to dEterTusion length, andr is the temperature. The dimensionless
mine the rate of recombination at the boundary between thﬁarameterag is given by a rather cumbersome expression,
epitaxial layer and the substrater buffer layej, and at the but it can be showhthat for

free surface.
The theory of planar magnetoresistance of nonequilib-
rium charge carriers was discussed in Ref. 2 by G. E. Pikus. g«
In Ref. 3, Lile investigated thin films of indium antinomide
in strong electric fields, and used measurements of the planar
magnetoresistance to infer the ratio of the surface recombi-
nation rates at the boundaries. The change in resistance of an d>Lp a3—?2
epitaxial layer in a magnetic field applied perpendicular to
an electric fieldE in the plane of the layefas in the case of
the photomagnetic effect for weak magnetic fields
(uB<1) is determined by the expressfoh

d2

[
2
I-D

S-S
S+5

: 4

ag

S-S

S| ©

!
~

]

R(B)—R(0) AR(B) ]
RO) RO | MEBTABY @ o

At sufficiently strong electric fields the linear term in Edy)
can be comparable in magnitude to the quadratic term, an ]
consequenthAR(B) # AR(—B); i.e., a change in the direc-
tion of the magnetic field produced an asymmetry which .
indicates that the recombination rates at the epitaxial layer
substrate boundary and at the free surface are different.

The term that is linear in magnetic field can be isolated
in the usual way:

J
o

@R (B)/R(0)-10°

]

*

AR(-B) AR(B) -0.5 -0.3 -1 0 T

. . . FIG. 1. Changes in the planar magnetoresistance in a magnetic figld at
The theoretical _expression for the coefficight when w, =300 K for samples Icurvel) and 2(curve2). The sample parameters are
> u, can be written in the forrh listed in Table I.

1063-7826/98/32(9)/3/$15.00 963 © 1998 American Institute of Physics
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TABLE |. Basic sample parameters.

Borodovskil et al.

T=300K
Sample
No. X d, um I, mm i, CE/(V-9) Hp, CNP/(VS) 7,108 s 7,108s S,, cm/s S,, cm/s
1 0.22 7.5 2 7000 70 8 6.2 1500 2900
2 0.211 7.0 4 8000 80 4.2 3.5 2600 1000
3 0.211 6.0 3 7500 75 4.2 3 6300 2100

where S; and S, are surface recombination rates at theand for the second we ha®>S,. The values of5; andS,

boundary between the epitaxial layer and a substiaiéfer
layen and at the free surface, respectively.

From Eq.(3) it follows that EBA;—0 for an epitaxial
layer with “n”-type conductivity at 77 K whenp/n—0,
whereas at room temperature=£p) the linear termEBA;
#0 and the asymmetry in the functichR(B) should be

observable as the magnetic field intensity varies. In a certain

which we found, together with other parameters used in the
calculations, are listed in Table I. It should be noted that
room temperature the thickness of the film is comparable to
the diffusion lengtH d=1.3-1.6 ] and in the calculations
we used the exact formulas from Ref. 3. The bulk lifetinye

is determined from calculations described in Refs. 4 and 6.
The measured magnetic field dependences for these

range of magnetic fields we may also observe negative magamples when they are cooled to liquid-nitrogen tempera-

netoresistanceR(B) <R(0)].
Once we determine the linear tenEB by measuring

tures are shown in Fig. 2. In a weak electric field the func-
tions AR(B)/R(0) are symmetridcurvesl and2), as fol-

the planar magnetoresistance for known sample parametel®nys from theory. After impact ionization in a strong electric
we can determine the parameteg, and consequently the field the curves exhibit substantial asymmetry and even a

ratio of surface recombination velociti&; /S, .
We can determine absolute valuesSfandS, by mea-

rather small negative magnetoresistance for samtidve
3). In this case, a comparison of Figs. 1 and 2 reveals that at

suring the relaxation time of nonequilibrim charge carriersT=77 K we haveS;>S, for the first sample, while for the
71, Which is related to the surface recombination by the stansecond samplécurve 4) we haveS;<S,. Since at liquid-
dard relation$ nitrogen temperatures we expect thatL 5, we can use the

Ur = 1/ro+ D22 simplified expressiori4) to determine the value of the ratio

1 viEpt S,/S,. The values oB; andS,, together with other param-

(S1+S)Dphy ©®)  eters, are listed in Table II. In a strong electric field the
tan\d=—————, electron mobility decreases in proportion R(0)/R(E),
DA1—S$:S, where R(E) is determined from the starting value of the

wherer is the bulk lifetime,D,, is the coefficient of minor- ~ current at the beginning of the pulse. The leading edge of the

ity carrier diffusion, andl is the epitaxial layer thickness.
For our experimental investigations we used tracy

n-CdHg, ,Te/CdZnTe heterostructure samples grown by

molecular beam epitaxy on semi-insulating GaAs substrates.

At room temperature we measured the magnetoresistance A /
constant current for voltagdd=1 V applied to the sample. \ 2 11

A microwave technigue involving pulsed illumination of the \

sample by a semiconductor laser=£0.92 xm) was used to b 1.z§

measure the relaxation time of nonequilibrium charge carri- \ ] 105

ers7,.7° In order to induce the conditiop=n in samples \ @

cooled to liquid nitrogen temperatures, nonequilibrium \ i 08:

charge carriers are generated in the bulk by applying voltage \ '

pulses &15 ns) to the sample, which cause avalanche im-
pact ionization. The microwave method used to measure
which is analogous to that described in Ref. 7, involves plac-
ing the sample at the center of the transverse cross section ¢
a waveguide with dimensionsx223 mnr.

Figure 1 shows the dependenceR(B)/R(0) measured
at room temperature for two samples prepared from epitaxiaI_ULs _0'4 _0'3 _0‘2 2
structures with CdTe contentg4re=0.22 and 0.211. The o B
orientation of electric and magnetic fields shown in the inset
implies that for positive directions of the magnetic field the FIG. 2. Changes in the planar_ magnetoresistarme_ in a magnetic field
cartiers are concenurated at the epiaxial layetbuffer %LT-TT [0 samvles 1 anc 2 n e electic fttnvest araz
layery boundary, while for negative directions they are at thejjon; 3—sample 1 ©/1=575 Viem, n/n,=2.8), 4—sample 2
free surface. For the first sampleurve 1) we haveS;<S, (U/1=365 Vicm,n/ny=3.4).
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TABLE Il. Sample parameters 8t=77 K.

U E n
Sample No. ng, em ™3 u,, cPi(V-s)  u,, cnE(V-s) T Viem 'Z"EO; = v 10%s 7,,10%s S;,cmis S, cmis
n 0
1 7.5x 104 4x10* 400 575 0.5 2.8 5 0.9 420 280
2 3.2x10% 1.16x 10° 800 365 0.67 3.4 3 2 51 64
3 3.2x10% 7.4x 10 800 440 0.48 2.9 3 1.25 131 146

voltage pulse is less than 1 ns in duration and avalanchdifferences betweeB; and S, can be detected by studying
impact ionization can be ignored. The resistance of thehanges in the resistance of the magnetic field for sufficiently
sample R(0) is measured in a weak dc electric field thin samples, and this method can be used to estimate the
(U=1V). The level of carrier generatian'n, is determined  effect of various processing methods of the surface of the
from the ratio of currents at the end and the beginning of thexpitaxial layer on the surface recombination rate.
pulse. Values of the bulk Iifetime\/ are established from a We wish to thank Yu. G. Sidorov for providing the ep-
calculation as in Ref. 4, taking into account the concentrationaxjal structures for making these measurements.
of electrons obtained from Hall measurements.

Sample 3, the results for which are listed in Tables | and
II, was made from the same structure as sample 2. The dif-
ference between them was that the layer with increased CdTe
content at the surface of the epitaxial layer was removed by: g sausi, A. Zemel, D. Eger, S. Ron, and Y. Shapira, J. Appl. Pigs.
etching. In this case, as is clear from Tables | and II, the 2312(1992.
relaxation time for nonequilibrium charge carriefsand the ~ 2G. E. Pikus, Zh. Tekh. Fiz26, 22 (1956.
rate of surface recombinatio®, are greatly changed. Note 2,2' '; Lgi’rc;]d (/:VF;IOM'{ PAhy'S:-"'gu:’;gsoi(nlg;ga V. G Remesnic Fiz. Teki
also that the megsured values of the surface recomblnatlonp'olur')rovodnza 2’107'(1594) [Syegmi;:onductérﬁé, 1159(199"9]. : '
rate for T=77 K is much lower than at room temperature. sy s varavin, S. A. Dvoretsky, V. I. Liberman, N. N. Mikhailov, and
Measurements of these quantities using the photomagneticyu. G. Sidorov, Thin Solid Film£67, 121 (1995.
effect in Ref. 1 for an epitaxial layer withp"-type conduc- jP. A.‘ Borodovski and A. F. Buldygin, Prib. Tekh. Eksis, 157 (1995.
tivity show conversely that when the sample is cooled sur- (333'02'?1‘;27' 4)6' Bauer, R. Domnhays, and K. H. Muller, Phys. Revi®
face recombination increases strongly. '

As Pikus already pointed out in Ref. 2, even rather smallrranslated by Frank J. Crowne
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A theoretical model is developed for the evolutionRyf-centers at a Si/SiOboundary during

annealing in vacuum. The model takes into account diffusion of atomic and molecular

hydrogen and the reactions between the hydrogen and these centers at the boundary. The reaction
constants are calculated in the diffusion approximation. The results of these calculations are

found to agree with experiment in the temperature range 480°—800 °C and oxide thickness range
200-1024 A for thg111) and (100 facets of silicon. ©1998 American Institute of
Physics[S1063-78208)01409-4

INTRODUCTION will have two possible facet orientation@11) and(100). It
is known that the Si/Si® boundary contains so-called

_ _10 . . .
boundary of a Si/Si@structure is a matter of both scientific Pf cent«le:ré thW(rllIf?) ?re trelated ttc; danfgllngdt{{onds n the
and technological interest. Contemporary silicon technologf'b'con' dor el ta(le;g OTﬁ st e,tr:e (elrg%) fo Et%t IS
nearly always involves structures with a thermally grownO served experimentally, while on the acet two

10
oxide. The quality and functional properties of these strycStates are observed, Iab(_alégo and Py;. = The number of
tures depend primarily on the quality of the Si/Sidter- states for the corresponding facet can be related to the coor-

face. As devices continue to be miniaturized, the role of de§jlnatlon of an atom at the boundary and with the number of

fects at this boundary increases. One method that igs dangling bonds. This analogy can be traced to guantum-
(‘éhemistry calculation’! In these calculations, the saturation

commonly used to decrease the influence of defects on th f danalina bonds of surf ¢ by hvd leads t
processes of carrier transport and degradation of these de- angiing bonds ot surtace atoms by nydrogen 'eads 1o a
ecrease in the surface-state p&akThe densities of

vices is to thermally process them in an atmosphere of hy- i -
drogen. Hydrogen atoms penetrate into the silicon dioxid%b-states were found to exhibit analogous regularities at the

and silicon, where they saturate the dangling bonds, thereb ourédary_m thte Iexi)edr!ments g’fe'g‘r’] Refs.h7, 13’ﬂ‘?ntdhl4'
decreasing the density of defect states in the gap(igafud- Xpenmental stu |<_a$see el. 2_ ave shown that ny-
drogen is transported in the oxide in the neutral state, and

ing the density of surface stajefRecent experimental and o ! . i . - .
theoretical studiés’ have shown that in strong fields hot can participate in reactions involving emission and passiva-

electrons can break off hydrogen atoms from the dangling';n of F_’b—centers. We can then write the following scheme
bonds, thereby increasing the density of trapping centers. F reactions on the100 facet:

this reason, there has been much interest recently in investi- P H="2p +H 1)
gating the processes by which hydrogen interacts with de- bOT kT RO T T

fects and especially with defects at the Si/Siterface~’

In those studies, the processes in which hydrogen partici-
pates are analyzed, and a scheme of chemical reactions be-
tween the defects and hydrogen is proposed. However, th@nd on the(11) facet:
oretical or compgtatlonal |nve§tlgat|ons of these properties PbH:klsz H. 3
are yet to be carried out. In this paper we propose a scheme SE

of chemical reactions and use them to derive a system of Here we assume that there are two indepengrtates
diffusion and rate equations which are solved numerically. o
d Y t the (100 boundary,P,-Pb0 andP,;. The quantitiesk,,

;r;(fa c7alculat|ons are compared with the experimental data cﬁ‘z’ K, ke, ki1, andk,, are reaction constants for Eq4)—

(3). Furthermore, free atomic hydrogen can interact with the
complexPyH at the(111) boundary(a P,-center saturated
by hydrogen or with hydrogen atoms at thd,,- or

Let us consider a structure consisting of a silicon sub-Py;-centers of thg100) facet. In this case we can write the
strate with a thermal oxide grown on it. The silicon substratefollowing reaction for the(111) boundary:

The reaction of atomic hydrogen with defects at the

K
PblH:k;Pb1+ H, 2

PHYSICAL MODEL

1063-7826/98/32(9)/4/$15.00 966 © 1998 American Institute of Physics
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Kys TABLE I.
PpH+H=Py+H,, 4
b b 2 “ E, — activation f.) ! — frequency
and the(100 facet: energy, eV factor, st
ks Pt 7 2.78 2<10'
PpoH+H=Pyo+H,, (5) P 2.86 2< 1018
} pi° 2.91 2x 10
6 pitt 13 2.58 1.% 10"
PpiH+H=Pp1+H,. 6) pi 14 2.41 1 10H

The system of chemical equatiofig—(6) can be written
as a system of rate equations supplemented by the diffusion

equation for the atomic and molecular hydrogen, as in Refwere different for the oxide and silicon and are specified by

2: Arrhenius functions of temperature. The parameters for val-
(9CH P ICh ues of the pre-exponential factor and diffusion activation en-
e ax( H ox kj_Cpb Cyt kZCp oH ergy were taken from the literatute The values for adsorp-
tion and penetration coefficients were taken from Ref. 2. In
_kSCHCPb1+ k4CPb1H_k5CPbOHCH order to obtain_ the. coefficient_sl, k;, ks, Kg, I§11, andk.13
we used the diffusion approximatiért® according to which
—keCp,,HCH. (7)  they are calculated from the expression
ICp, 1 ki(T)=4mDy(T)reé, (15
Jt :klchocH_k2CPboH_k5CPb0HCH' @  where ro is the interaction radius for hydrogen with a
P-center, usually equal to 10 &; is a fitting parameter, in
f?CPbO our case equal to 1 in all the calculations, aridkes on the
at —KiCp CrtkaCpy i+ KsCp HCh, ®  values 1, 3, 5, 6, 11, and 13 in accordance with the values of
the reaction coefficienteEqgs. (1)—(6)]. For reaction coeffi-
07CPb1H cientsk,, k,, andk, we used expressions of the form
ot k3Cp,,C—KsCp, H=keCp, HCH, (10) -1 B
i=f exp(— 04 /kgT), (16)
07CPb1 wherej takes on values 2, 4, and 1Z,j_(1) is a frequency
ot~ KsCp, CutkaCopy itkeCpy HCh, (1D factor connected with vibration of the SiH bond, which in

our case is of order (#8-10'% s™*, andSE,; is the energy
needed to activate the emission of the hydrogen atom from a
+ksCp_ HCH+KeCp, HCH. P,-center on the(111) or (100 facets. The values of the
(12)  parameters are listed in Table I.

O')C:H2 67 O"(:H2
at  ax\ M2 ogx

HereCy and Cy, are the concentrations of atomic and mo-
lecular hydrogenCpbo andebl are the densities of states of
Puo- and Py, -centers, anctpbOH and CpblH are densities of

METHOD OF CALCULATION

We used an implicit scheme to solve the system of equa-

ions (7)—(12) numerically. The time derivatives were ap-

states of these centers passivated by hydrogen, respective B’roxmate d by first-order differences, and the time step was

Dy and Dy, are diffusion coefficients for atomic and mo-
allowed to increase from 10 s to 1¢ s with a growth rate
lecular hydrogen For the diffusion equations we use the fol-sin/ sin~1-1 1 In order to approximate the spatial deriva-

lowing boundary conditions: tives we used a conservative scheme with second-order ac-

dCh curacy on a nonuniform grid. Various numbers of nodes
D~ (0) =Ka1Chamv™Ka2Cr(0), (13 were used in the calculatioé=10, 200, 300.Compari-

son of these calculations showed that the results for a grid

dCy with a node number of 100 differed by less than 0.1% from

—Dw, 7 2(0) =Ka3Ch, amb— KaaCi,(O1), (14)  results for grids with node numbers of 200 and 300. The

nonlinear system of difference equations was solved by a
whereky;, Koz andky,, kas are coefficients of adsorption successive scalar tridiagonal inversion using solutions from
and penetration of atomic and molecular hydrogen at theéhe previous iteration. The program was written in Fortran
oxide surface, an@y amp and Cy, amp are the concentra- 77. The calculations were done on an IBM PC with a Pen-
tions of atomic and molecular hydrogen in the vacuumtium processor and a clock frequency of 150 MHz. The char-
chamber. Deep in the silicon we can either specify the conacteristic time for completing the computation with a grid
centration of hydrogen or set the diffusion flux for atomic numberN=200 was 1 minute. The initial concentration of
and molecular hydrogen equal to zef@ Neumann condi- free hydrogen was set equal to zero. The experiments of Ref.
tion). At the Si/SiGQ boundary we specify the condition of 7 imply that theP,-centers are initially saturated with hydro-
matching for diffusion fluxes of the components. In the dif- gen up to values of 8 10'2 cm 2 for P{, 3x 10 cm 2
fusion equationg7) and (12), the coefficientsDy; and Dy, for Pi% and 6x 10 cm2 for P{%°.
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4.0 vacuum as a function of anneal temperature. Here we show
the experimental data of Ref. 7. Good agreement is obtained
between calculations and experiment when the parameters

35T used are those given in the experiments of Ref. 7. This result
indicates that the kinetics of releasing hydrogen from
j.or Py-centers under these conditions is completely dominated

by the binding energy of the hydrogen atom to a center and
depends only slightly on the other parameters of the prob-
lem, such as the diffusion coefficiem,,, the adsorption
coefficients Ka1,Ka3), and the penetration coefficients
(ka2,ka4) for hydrogen Eq. (14)]. In other words, character-
istic diffusion times for the process are much less than the
relaxation time for hydrogen &), states for a two-hour an-

Eﬂ_,.'l.ﬁ neal. Further evidence for this is the coincidence of the
b curves shown in Fig. 1 for various oxide thicknes$254
1.01 and 1024 A. In order to confirm the weak dependence of the
annealing results on the diffusion coefficient, we ran calcu-
0.5F lations over a wide range of values Df; (see Table Nl and
for various anneal temperatures. In order to make compari-
Ca Lo sy , son easier, we list here the relative values of the density of
01,00 500 600 700 800 states forP,,- and P,;-centers on th€100) facet. Results
Anneal Temperature , °C were normalized by the maximum value of the density of the

devend e d f " corresponding statBy or Py;. As is clear from the table,
FIG. 1. Temperature dependence of the density of statéy,-aenters on ; : ;
the (111) surfaces of Si/Si@structures with various oxide thicknesses an- the latter begins to affect the value of the relative density of

nealed in vacuum. Solid curves—calculation; experiments of Ref. 7:statesP,, only for large decreases in the diffusion coefficient.
circles—L,=254 A, diamonds— =254 A in an ROA atmospheréee The results of varying the activation energy and fre-
Ref. 7). guency factor used in Refs. 7, 13, and 14 show that the
density of states oP,-centers is quite insensitive to their
values. We note that the energy variations were from 2.41 to
2.78 eV, while the frequency factor was varied front41€ *

In order to compare the results of calculations with ex-to 2xX10'3s™* (see Table)l This wide scatter in values of
periment we tracked the evolution of the defect denBify these parameters attests to the need to pursue additional ex-
numerically for three oxide thicknesses— 204, 254, andoerimental data in order to choose them unambiguously. The
1024 A — over a wide temperature range (480—800) °C fowalue of the frequency factor10'* s™* used in Ref. 7 is
both surface orientationd11) and (100 in the course of a close in magnitude to the characteristic frequency of vibra-
two hour vacuum anneal. These parameters correspond t®ns of the Si-H bond. Therefore, the parameters assumed in
annealings of structures in the experiments of Ref. 7. FoRef. 7 for the frequency factor and energy for emission of a
calculating the reaction constanks in Eq. (15 we used hydrogen atom from &,-center have more realistic physical
valuesr,=10"’ cm and& =1, with values of the diffusion justification, in our opinion, than the values used in Refs. 13
coefficients taken from the literatute.For calculating the and 14. The computed and experimental values for the den-
reaction constants Eq16), the authors of Ref. 7 assumed sities of states oP,, and P,; on the (100 facet also are
values of the activation energ§E,; and frequency factor found to be in good agreement. Both in the calculation and in
fj‘l, obtained by processing experimental curves. In this paexperiment the value of the normalized density of stégs
per we used their data for thd11) and (100 facets. We is always smaller in magnitude than the value of the density
compared the data of Ref. 7 with data presented in Refs. 16f statesPy.
and 14. We also computed the density of states for th€0

Figure 1 shows the density d?,-centers for various facet in a model of dependent stateg, and Py,. If we
thicknesses of §111) oxide layer after a two-hour anneal in assume that each atom of thE00 facet has two dangling

RESULTS OF CALCULATIONS AND DISCUSSION

TABLE II.

diffusion
Temperature coefficients
T,°C Dy, (cn?/s) ky, cnP/s ks, cnPls Poo Po1
600 0.608& 108 0.7646x< 10" 0.7646<10° 14 0.903 0.814
600 0.608 10 %2 0.7646< 1018 0.7646< 10718 0.917 0.828
500 0.17%10°8 0.2178<10°* 0.2178<10™ % 0.058 0.040

500 0.17% 10 *? 0.2178x 1018 0.2178< 10718 0.054 0.036
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The dispersion law for electrons moving along a specularly reflecting boundary of a two-
dimensional electron gas in the presence of a near-boundary potential well and a weak magnetic
field is investigated theoretically. Numerical simulation is used to identify a number of

features of the density of edge magnetic states that can be observed by magnetotransport and
magnetooptics investigations. Ways to fabricate structures for studying these states are
discussed. It is demonstrated that perfect-crystal interterrace boundaries can be created for a two-
dimensional electron gas by introducing oblique slip planes into the heterostructure.

© 1998 American Institute of PhysidsS1063-782808)01509-9

I. INTRODUCTION dispersion relation, in turn, is determined by solving the

Edge magnetic statdEMS) have recently been success- Schralinger equz?\tion with a specific profi!e for _the near-
fully used in recent times to explain various experiments Orpou.ndary potential. The. r.oadmap to solvmg. this prpblem
quasi- two-dimensional2D) electron gases in strong mag- (taking '|nto accgunt coII|.S|ons and the .combmed action of
netic fields, in particular the integer-valued quantum HallMagnetic, electric, and high-frequency fields on an elegtron
effect and Shubnikov-de Haas oscillations in semiconductoRS @pplied to EMS has not yet been fully identified. How-
heterostructurein fact, EMS are the only current carrying €Ver, @ number of useful conclusions from the point of view
states in the quantum-Hall-effect regime; therefore, they ar@f €xperiment can be derived directly from analyzing the
responsible for all the phenomena of electron transport iform of the dispersion relation, as we will show below by
guantizing magnetic fields. numerically simulating the edge current states.

During the earlier stages of investigating EMS, the edge ~ Here a relevant analogy with magnetic surface levels for
of the region where an electron gas exists was treated simphiree-dimensional crystals is worth mentioning. Magnetic
as a geometrical boundary. This was followed by inclusionsurface levels, which were first observed as peculiar reso-
of the smooth electrostatic barrier of the depletion layer, andiance peaks in the rf impedance of metals at very weak
features of electronic screening in the quantum-Hall-effecfnagnetic fields, were later identified from their contribu-
regime were discussed extensively in Refs. 2, 3, and 4. Untitions to a number of static effects in semiconducforss
there have been no further discussions of more complex navas shown, these latter effects can significantly affect the
tures or shapes of the potential near the boundary. This is neharacter of the surface potentidEdge magnetic states in a
surprising, since at low temperatures and strong magnetigvo-dimensional electron gas have considerable advantages
fields the current-carrying quasi-1D quasiparticles arecompared to the three-dimensional case with regard to fur-
pressed tightly against the boundary and can avoid scatteririfer investigationgand possible applicationsf these phe-
by fluctuation-induced obstacles in the potential aroundiomena.
them. In the one-electron picture, regardless of the behavior Contemporary methods for growing GaAs/AlGaAs
of the potential near the boundary, the current in the finabtructures make it possible to obtain mean-free pathS for an
analysis is determined by the number of Landau levels belowlectron in the 2D gas greater than Af. Methods available
the Fermi level far from the boundary, where the potentialtoday for lithography allow us to create various shapes of the
and electron gas are assumed to be uniform, the simplegbtential wells on scales smaller than the mean-free path of
regime from a theoretical point of view. an electron. For example, by using a system of gate elec-

The situation changes radically in weaker magnetictrodes we can vary the depth and width of the potential well
fields, where scattering can no longer be ignored. In this cast®r a 2D electron gas in the lateral direction. This creates
we can find the current along the boundary by solving theunique possibilities for controlling the dispersion relation of
kinetic Boltzmann equation, in which we should use the dis-edge magnetic states by using a nonmonotonic profile for the
persion relation for carriers in edge magnetic states. Thiedge potential. In other words, it is possible to “prepare”
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edge magnetic states beforehand with prespecified properti@s Ref. 8 in the framework of the quasiclassical approxima-
which should make themselves felt through static and hightion. However, the most interesting situatiéemd probably
frequency transport effects. the situation closest to experimental realizatjowhen the

In this study we have primarily carried out a theoreticalmagnetic length is comparable to the characteristic width of
investigation of the dispersion relation of 2D electrons thatthe boundary potential well, i.elg~w, has not been ana-
“hop” along the boundary under the combined action of alytically investigated. In this paper we obtain curni&gy,)
weak magnetic field and a boundary electrostatic potentidior this situation numerically. In this case, for concreteness
(created, e.g., by a strip-shaped gate elecitofile will also  we use the characteristic parameters of a GaAs/GaAlAs het-
discuss some promising applications for EMS engineering. erostructure with a very thick spacer. The boundary potential

is assumed to be created by a strip-like gate electrode.
THEORY A stipulation regarding the thickness of the spacer is of
fundamental importance. The analogy with three- dimen-

In order to avoid unnecessary complications, we Willsjonal magnetic surface levels, whose observation requires
disregard spin and many-particle effects and concentrate oferfect single-crystal surfacés’ indicates the importance of
the orbital motion of a single electron. Let its motion be the specular reflection condition for electrons from the
bounded by the regioy>0 in the xy plane, so that the poundary. Therefore, in the case of EMS of a 2D electron
boundary of interest to us becomes the cuyve0. A uni-  gas a problem arises involving the fluctuation-induced poten-
form magnetic fieldH is directed along the axis, and the  tjg| at the boundary of the depletion region. The characteris-
vector potential is written using the Landau gaude= tjc spatial scalé of these fluctuations corresponds to an av-
(—Hy,0,0). For this choice the Hamiltonian of an electron grage distance of order 10 nm between charged impurities in
has no explicit dependence &n Therefore, we will look for  the s-doped GaAlAs layer. It is known, for example, that
a wave function in the form(x,y) = /(y)exp(kx), where  gcattering by this potential strongly decreases the mean-free

#(y) satisfies the one-dimensional Scthirger equation path of electrons in quantum wires compared to a 2D*gas.
"2 Py Maw?2 This scattering can be avoided by placement of strip-like
— | U(Y) + —— (YT kd 2)?| =E (k) #, gates on structures with a very thick spacer. The boundary of

2m gy? 2 the 2D gas will then be determined by a smooth rise in po-

D tential over a characteristic distanteof several hundred
where w.=eH/mc is the cyclotron frequency,lg nanometers. This size determines the distance between the
=(chl/leH|)¥? is the magnetic length, antl(y) is the region of electron accumulation near the turning point and
boundary potential. The dispersion relation of interest to usthe region where the potential becomes strongly fluctuation-
i.e., the dependence &f, on momentunp,=#k, in Eq.(1), dominated. The conditioh<L allows us to assume that re-
is determined by the dependence on the position of the veflection of electrons from the boundary is specular and in
tex of the magnetic parabo}q,z—kxlé (which corresponds calculating their dispersion relation we may use a one-
to the center of the classical electron oybit dimensional potential well.

The bulk Landau levels are degenerate with respect to
the position of the center of the orbit; therefoks, does not
depend ork, in any way. However, this dependence does
appear whery, is comparable to the Larmor length/n. In order to find the dispersion relatidg,(y,) we nu-
This is because the range of motion of an electron is limitednerically solved Eq(1) for a certain realistic form of the
to only a portion of the magnetic parabola, a consequence dfoundary potential, using the “QUANTUM” program pack-
which is that the energy of a level with a givenincreases age described in Ref. 9. The boundary potential Wkl)
with decreasingy,. One result of this is the well-known has the form illustrated in the inset in Fig. 1, with a width
picture ofE,(k,) curves for the usual EMS: these curves arew=500 nm, which can be obtained by using contemporary
equidistant and parallel to the abscissa yge=1gn and lithographic methods.
diverge like a fan agy— — . Figure la shows the computed dispersion curves for
The presence of a positive boundary potentigly) >0 EMS when the magnetic field intensity=0.3 T, i.e., for the
leaves this picture unmodified except for changing the rate ofase where the cyclotron radiugand effective width of the
divergence of the curves forp<<0. However, the situation potentialw are the same order of magnitude.€£w). It is
changes qualitatively fdd (y) <O0. In this case the enerdy,  clear that the character of the spectrum differs significantly
obviously must lie below its bulk value for certain values of from the picture discussed above. In particular, additional
Yo, SO that the dispersion curves become nonmonotoniciorizontal segments appear on thg(y,) curves, and the
This phenomenon can be easily illustrated in the strong magenergy spacing\E between segments of neighboring levels
netic field limit, for whichlg<w, wherew is the character- considerably exceeds the value of the bulk quantidn .
istic width of the boundary potential. In this case levelsNear the Fermi level2 to 4 meV for a typical GaAs/AlGaAs
E.(yo) follow the potential well adiabatically in the region heterostructunethis distance turns out to heE=1.4% w, .
y>0, so that this well is immediately transformed into the As is well known® such horizontal segments in the dis-
shape of the dispersion curves. persion law give rise to additional singularities in the elec-
A more general case where a nonmonotonic potentialron density of states~ (JE,/dp,) %, which can lead to
profile affects the form of the dispersion curves was studiedhe appearance of additional peaks in the static conductivity

NUMERICAL RESULTS AND DISCUSSION
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of small interlevel spacingsNE=%w), in which the be-
havior of the dispersion curves is qualitatively different. In
the second of these regions the dispersion curves are virtu-
ally indistinguishable from bulk Landau levels, while in a
considerable portion of the first region they have nearly the
same slope. The latter fact is connected with the smooth
increase of the boundary potential shown in Fig. 1a, which
leads to a strong singularity in threduceddensity of states
Vv~[d(E,—E,_1)/dp,]~ L. Therefore, this type of EMS
should be easy to see in high-frequency experiments, for
example in reflection specti@f the type discussed in Ref.
10 or absorption due to interlevel transitions near the Fermi
level (note that in contrast to the classical experimérttse
character of these transitions is controlled by the strip-like
electrodé.

In the range of system parameters under discussion, the
predicted effects should be small, depending on whether the
ratio of Iz to the width of the region occupied by the 2D
electron gas is small or not. They nevertheless can be ob-
served and studied experimentally because of their strong
dependence on the boundary potential mentioned above,
which suggests that modulation methods can be used suc-
cessfully.

.. ko
. continuum L

3. PROMISING WAYS TO ENGINEER EDGE MAGNETIC
STATES

The specific example of EMS with a nonmonotonic dis-
persion relation discussed here involves structures with a
wide spacer and a strip-like gate on the surface located
G, 1 Di ] latiofE (yo) of ) g onal elect ) roughly 500 nm from the edge of the 2D electron gas. How-

. 1. Dispersion relatiomi,(Yo) Of quasi-one-aimensional electrons In a . . . il
weak magnetic field as a function of the position of the center of the ever, "_’maIOgous EMS can be SIUdIed,WIFhOUt,u_Smg strip like
magnetic parabolayg) in the presence of an electrostatic potential well near Metallic gates or thick spacers. In principle, it is enough to
the edge of the two-dimensional electron gas in a GaAs/AlGaAs structureut the 2D electron gas into two half-planes and apply a
with B, kG: a — 3, b —0.2. The quantum numberincreases by steps of potential difference to them. In this case, a one-dimensional

unity starting from the lowest curven&0) to the uppermost, which corre- : : : _
sponds to the following values of: a — 18, b — 38. The white arrow in potentlal well wil appear on one side of the cut whose pa

Fig. b represents the transition to a quasi-continuum spectrum. With increag-ameters can be Contm”?d by varying the pOtent'aI on the
ing yo, the curves asymptotically approach Landau levEls=hwg(n other side. For example, in order to cut the 2D gas, we can

+1/2). In the calculations the gate-controlled electrostatic potebit{si) etch out a line trench in the structure and thereby bring the
a}nd effective potgntiaU(y,yo)_ are represented by piecewise-constant func- depletion region close to the plane of the 2D gas a|0ng the
tions, as shown in the inset in Fig. a for one valueygf . . . . .

corresponding line. However, in this case electrons in the

edge potential well will be subjected to strong scattering in

weak magnetic fields by the fluctuation-induced potential.
when one of the horizontal segments passes through the Another approach is to etch through the plane where the
Fermi level as the magnetic field varies. These new oscilla2D electron gas is located, with subsequent regrowth of bar-
tions should appear against a background of the usualer material in the resulting line trench. In this case we suc-
Shubnikov-de Haas oscillations; however, they will also ex-ceed in avoiding the creation of a region of strong depletion
ist in the high-temperature regiofor at lower magnetic (i.e., the appearance of a fluctuation-induced potentialw-
fields), where the latter are already washed ¢his is an  ever, the lateral boundaries of the 2D electron gas will be
immediate result of the fact thatE is larger than the cyclo- irregular, reflecting the complicated spatial profile of the
tron quantum edges of the trench.

For weak magnetic fieldsr{>w) the situation differs The question of how strongly the expected roughness
greatly from the previous one. This case is illustrated in Fig.can affect the study of EMS in weak magnetic fields remains
1b. Itis clear that in this case all the additional features of thepen. Therefore, in this paper we propose a new and original
density of states turn out to lie considerably below the enimethod for introducing perfect-crystal lateral barriers into
ergy region of interest near the Fermi level. In this region ofthe plane of the 2D electron gas. What we propose is to use
interest theE—y, plane is clearly divided into two parts—a slip planes that arise during plastic deformation of a sample.
region of large interlevel spacingd E>#% w.) and a region The principal features of such a slip plane are the following:
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FIG. 2. X-ray topogram of a Ge sample coated with a glassy film of,Si@ which the development of mechanical stresses during annealing causes the
generation of dislocations and their glide in crystal planes inclined to the surface. The horizontal line at the top is a step at the @irfaceoNumbers

1-4 denote heights in monolayers of the corresponding segments of the step and enumerate dislocation loops in the bulk of the Ge generated by a Frank-Reed
source in ong111) slip plane.

1) the slip is caused by the creatidor exit at the sur- heights in accordance with the number of monolay€efrbe
face) of a series of dislocations by a so-called Frank-Reedayer segments of the dislocations pass into the depth of the
source, whose glide motion is restricted to some particulatrystal, located one on top of another in a single slip plane.
atomic plane of the family111}; In the lower part of the photograph we see two other dislo-

2) the magnitude of the slifor height of the stepcan be  cations, similar to the first slip bands, which are formed by
varied over an extremely wide range, and exactly correthe creation of single dislocation loops generated by other
sponds to the number of glidin@r exiting at the surfade  Frank-Reed sources, and the same type of planes inclined
dislocations; 54° to the sample surface.

3) in regions free of dislocations there is no destruction  \ye made a preliminary study of the possibility of intro-
of the crystal structure of the sample along the glide plan%ucing analogous slip planes into a GaAs/AlGaAs hetero-

(i.e., after the slip the atomic half-planes once more join URctyre with a 2D electron gas. Figures 2 and 3 show that it
with new half-planes without causing damage at the points o{

i Thus thi thod ) ideall th ed s possible to introduce perfect-crystal oblique slip in hetero-
rupture. Thus this method can create an ideally Smooth €00&, ., -,res for terracing of buried quantum wells. Slip bands
for the 2D gas, which is important for avoiding undesirable

fluctuations in the boundary while studying EMS. can be created in a sample with a heterostructure that is

These features of slip planes were previously studied irg:lamped in a quartz cell by thermal expansion. The resulting

detail usingx-ray topograms and electron diffraction micros- slip does not interfere with photolithographic contouring of

copy on single crystals of Geee Ref. 11 An example from the sample surface, nor with the coat_ing of the surface with
this paper is reproduced in Fig. 2. In the upper part of thegc"d contact areas. The_corre_spondlng abrupt steps at the
x-ray topogram a straight line is clearly visible—a sharp steprurface of the structuréwith heights of more than several

on the(111) surface of the film. The step is formed by dis- (NS Of interatomic distanceare clearly visible in a Nomar-
locations1, 2, 3, and4 lying in a single atomic plane which Ski microscope in the form of long straight lin¢Big. 3.

is oblique to the sample plar@arallel to the plane of the Segments of the bulk of the heterostructure on different sides
photograph so that we can observe the upper and lowerof the slip plane are shifted relative to one another by the
segments of the dislocation loops in projections onto theésame number of interatomic distances as the sample surface.
crystal surface. It is clear that the upper segments of all disn this case a part of a GaAs half-plane of the buried quan-
location loops generated by a single Frank-Reed source exigm well matches up with the AlGaAs half-planes of the
the surface of the sample with the formation of steps, whildarrier. When the magnitude of this shift exceeds the width
the height of a step increases by one interatomic distancef the quantum well, the 2D electron gas is cut into two
(0.35 nm with the creation of each new dislocatiqthe  independent half-planes, each of which is bounded by an
numbers 1, 2, 3, and 4 denote segments of the step, withtomically sharp and structurally perfect rectangular lateral

FIG. 3. An optical microphotograph of a segment of the surface of a
GaAs/AlGaAs structure obtained by using a diffraction-contrast at-
tachment to a Nomarski microscope. The horizontal line at the top is
a step formed by slip bands in 111 planes. The vertical region at the
center is a photolithographic relief with a mild slope that is generated
before the creation of the slip band.
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CONCLUSIONS

surface 2 In this paper we have proposed and theoretically inves-

T tigated a new type of edge magnetic state. These states pos-
. B sess an unusual dispersion relation which can be controlled
[ slip step by using an edge potential. The predicted features of these
ALGaxAs :.-" cap GLAS gates s_hou_ld lead to their experimental manifestation in_the
s static kinetic characteristics, and also in the spectra of high-
——— frequency and infrared absorption in weak magnetic fields.
Further development of the method of modifying the EMS
.;'\igo 8-5i with the help of gate electrodes and terracing of buried quan-
e — e — — tum wells opens up the possibility of intentional creation of
N 4 quasiparticles with predetermined and variable properties.
WGaAs 3 This work was supported in part by grants from the Rus-
>y sian Fund for Fundamental Research Nos. 96-02-183nt
NMONNSAN § 96-02-19183@, and also the Interdepartmental Scientific Re-
;\\'\\\\N&Q&E\\\\\\\\\ search Program “Physics of Solid-State Nanostructures”

Grant No. 97-202
ALGaAs (Grant No g
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The effect of processing heterostructures with GaAs/InGaAs quantum wells in the hydrogen
plasma of an rf glow discharge on the photoluminescence spectrum and capacitive photovoltage of
these structures is investigated. It is shown that strained quantum-well heterolayers hinder

the diffusion of hydrogen and defects into the bulk, which causes the spatial distributions of
recombination-active and passivated hydrogenic defect-like complexes in heterostructures,

and the processes that create them, to differ appreciably from the same processes in uniform layers.
© 1998 American Institute of PhysidsS1063-78208)01609-3

The phenomenon of passivation of electrical and photoGaAs substrate. Most of our experiments were carried out on
active defects and impurities by atomic hydrogen, which haseterostructure quantum wells with threeg JiGa, ;/AS
been studied comparatively well for uniform semiconductorsquantum wells built into the skin layer, whose widths of 11,
(Si, GaAs, InP, etg,'3is not as well understood in nonuni- 4.8, and 1.9 nm decreased with distance from the surface.
form structures, especially in heterostructures with quantunThe thickness of the coating barrier layer of GaAs was
wells. The action of hydrogen in these structures has its owd1l nm, the barrier layers near the wells were 34 nm, and the
peculiarities, associated with the effect of the heterojunctiorwhole structure was Lm thick. The thickness of a control
and elastic strain field on the processes of migration anthyer of GaAs, which was subjected to hydrogenation at the
formation of hydrogen-defect complexes, which usually leadsame time as the heterostructure quantum well, wagéh5
to hydrogenated structures. The heterostructure quantum wells and the layer, which were

Hydrogenation of AlGaAs/GaAs heterostructures withintentionally undoped, had electron concentrationsgf 1
weakly strained quantum wells leads to increased photolumix 10'® cm™2 and electron mobilities of 4:810° cn?/(V -9).
nescencePL) intensity in the quantum welf® which is An rf glow discharge was excited in a quartz tube filled
explained by passivation of nonradiative recombination cenwith hydrogen with external ring electrodes held at a hydro-
ters at the heterojunction boundary by hydrogen. Howevergen pressure of 0.1 mm Torr with an rf voltage at 5 MHz.
in GaAs/InGaAs heterostructures with strained quantunSamples were simultaneously placed in the dark discharge
wells the passivation is much less pronounced, and evespace that appears near the electrodes and in the glow dis-
qguenching of the PL in the quantum wells has beercharge space in the central portion of the interelectrode gap.
observet® with the appearance of a band of impurity L. In the first case they are subjected to bombardment by pro-
The reasons why hydrogen affects these heterojunction quatens with a maximum energy as large as several keV. For
tum wells differently is not yet entirely clear. One reasontreatment in the glow discharge space, where the potential
may be related to the ability of strained heterolayers to interdrop is negligible, this phenomenon can be disregarded.
fere with defect and impurity diffusiof.In this case, we Our methods of investigating the PL and capacitive pho-
could encounter either a barrier or a quantum well in thetovoltage spectra were described in Refs. 8 and 9. The PL
material, depending on the sign of the strain created by despectra were measured at 77 K, while the capacitive photo-
fects and impurities in the quantum-well material. voltage spectra were measured at 300 K.

In order to elucidate the role of this phenomenon in the
process of migration and formation of hydrogen-defect com-
plexes in heterostructure quantum wells, we have made & EXPERIMENTAL RESULTS AND DISCUSSION
comparative study of the effect of hydrogenation on the PL2 1 Effect of hvdrogenation on the bhotoluminescence
spectrum and capacitive photovoltage of GaAs/InGaAs he ébéctra yarog P
erostructure quantum wells and uniform GaAs layers. The
samples were hydrogenated by treating them in the hydrogen Three quantum-well PL peaks and the peak correspond-
plasma of an rf glow discharge. ing to edge PL of the GaAs are visible in the PL spectrum of
the heterojunction quantum wel{Eig. 1, curvel); the pho-
ton energy of the edge PL lsv,,~1.5 eV. The marked de-
crease in the peak heights, (hv,,) with decreasing width of

GaAs/InGaAs heterostructures and layers of GaAs werg¢he quantum well is primarily due to the increased probabil-
obtained by gas-phase epitaxy from metallorganic comity of thermal emission of nonequilibrium carriers from the
pounds at atmospheric pressure on a semi-insuldf0g) narrower well$

1. EXPERIMENTAL PROCEDURE

1063-7826/98/32(9)/5/$15.00 975 © 1998 American Institute of Physics
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FIG. 1. Effect of processing of a heterostructure quantum well in a hydro- 1.3 1.4 1.5 1.6
gen plasma on its photoluminescence spectrlsm.before processing— hy, eV
processing in the glow discharge spdb&5 K, 1000 § 3— processing in
the dark discharge spa¢g00 K, 100 . FIG. 2. Effect of processing of a uniform layer of GaAs in a hydrogenic

plasma on its photoluminescence spectrlm- before processing@— pro-
cessing in the glow discharge spa&d5 K, 1000 § 3— processing in the
dark discharge spad800 K, 100 $.

After processing the heterostructure quantum wells in
the dark discharge space for 100 sec at 30(nkthe course
of this treatment the sample temperatures can increase lgrated in the heterostructure quantum wells are different
~100° for the longest processing time, which wa&0® s),  from those generated in the uniform layer. It is interesting
the PL in the first quantum well was almost completelythat in Ref 4 a peak withhv,,~1.39 eV was also observed
guenched, with relatively weak quenching in the other wellsn heterostructure quantum wells after hydrogenation of the
and in the GaAscurve3). In this case a new broad impurity- structure at low doses and elevated temperatbs® K). In
related PL peakD; (hv,~1.2 eV) appeared. The appear- the uniform layer the enhancement of edge PL after process-
ance of similar PL peaksh@,,~1.28 eV) was reported in ing in the glow discharge spadeurvesl and 2) is much
Ref. 4 after long periods of hydrogenation. more pronounced than in the heterostructure quantum well.

Such processing of the heterostructure quantum wells id\fter such processing the peélk, disappears completely.
the glow discharge space had virtually no effect on the PL  Figures 3 and 4 show the dependences of the PL inten-
spectrum. However, when the sample was heated to 515 ity | 5 (hv,,) in heterostructure quantum wells on the dura-
processing in the glow discharge space also led to strontjon of processing in the glow discharge space and the dark
guenching of the PL in the first quantum well, but in this discharge space, respectively. Note that in this experiment
case the PL was enhanced in the other quantum wells and gach sample was processed continuously for a specified time
the GaAs(curve 2). For the optimal processing tim@&00 9 in order to eliminate the effect of interrupting the treatment
the PL intensity of the second quantum well increased by grocess on the time dependence.
factor of 30, in the third quantum well by a factor of 3, and After processing in the glow discharge space at 300 K, a
in GaAs by a factor of 1.5. Thus, in heterostructure quantunsomewhat small initial dropoff is followed first by an in-
wells made of GaAs/InGaAs effective hydrogen passivatiorcrease in the PL intensity by a factor of 2 ofR3g. 3, curves
of defects is also possible, but it occurs in quantum wellsl, 4,and5), and then a falloff which is most pronounced for
located behind the first quantum well. the first quantum wel(curve 1). The roughly identical rela-

In addition to a double edge PL peak caused by recomtive changes inp, for all the quantum wells most likely
bination of free excitons and excitons bound at carbon im+eflects the change in the surface recombination rate, which
purities, the PL spectrum of the GaAs lay€ig. 2, curvel) is equivalent to a change in the intensity of photoexcitation,
also exhibited a weak impurity PL peal, (hv, and only after a tim¢~10° s does the formation and accu-
~1.43 eV) due to centers of unknown origin. After process-mulation of defects become significant in the neighborhood
ing in the dark discharge space, the height of these peaks the first quantum wel(curve 1).
decreases somewhat, and immediately after processing the At 515 K, this process clearly dominates even for short
heterostructure quantum wells a new impurity PL p&ak treatment timesgcurve?2). In this case, the defect passivation
appeared(curve 3). However, this peak was located in a begins to manifest itself more strongly in the neighborhood
different place fiv,,~1.39 eV) with a maximum intensity of the second quantum well with increasing processing time
almost a factor of 2 smaller than the intensity of p&akin (curve 3). Fort>100 s it becomes significant for the third
the heterostructure quantum well; i.e., under the same praguantum well(curve 6). However, processing times10° s
cessing conditions the radiative recombination centers geread to catastrophic degradation of the structure, probably
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FIG. 3. Effect of processing time in the glow discharge space on the phol_umlnescence intensity from a heterostructure quantum  whi.

toluminescence intensity from a heterostructure quantum well. Processing:h”m' ev:1—1.3352—142,3—1.47,4—1.505.

temperature, K1, 4, 5— 300,2, 3, 6— 515.hv=hy,,, eV: 1, 2— 1.335,
3,4—1.42,5, 6— 1.47. The dashed lines indicate the PL intensities before

processing. arrowg correspond to the PL peaks at 77 K with a
temperature-induced shift ¢80 meV. For the first quan-
tum well Sy1(1.27 eV)=6Xx 102,

Processing of the heterostructure quantum wells in the
fjark discharge space leads to the appearance of an impurity
photosensitivity band fohv»>1.0 eV (curve 1). Computer
analysis of this band using the Lukovsky formili#or the

caused by clustering of hydrogenic compleX®s.

For processing in the dark discharge spéeg. 4), the
tendency for defects to form and accumulate first in the firs
guantum welkcurvel), and fort>200 s in the second quan-
tum well as well(curve 2), is superimposed on an overall
monotonic decrease in the intensity of all the pe@hgves
2-4) due probably to degradation of the surface. The passi-
vating action of hydrogen under these conditions is not ob-
viously apparent. 100 _

2.2. Effect of hydrogenation on the photosensitivity
spectrum

7]

The strong influence of strained heterostructures on thels 4q-1|
migration of hydrogen and formation of hydrogen-defect §
complexes in heterostructure quantum wells has also beepd
confirmed by studies of the photosensitivity spe&gghv). {;

In investigating the process of defect formation, a convenient ~_
spectral characteristic is the normalized photosensitivityv» 1072
S(hv)=S,(hv)/Sy, whereS, is the photosensitivity in the
region of intrinsic absorption, because the value§ of the
regions of absorption by the quantum w8||, and impurities
Sp are virtually independent of the state of the surféte
band bendingand are determined primarily by optical ab-

. 1 i
1.0 1.1 7.2 1.3 1.4
sorption of quantum wells and impuritiés. hy, eV
The normalized photosensitivity spectra of the hetero-
structure quantum wells at 300 GFig. 5, curve2) exhibit a FIG. 5. Effect of processing a heterostructure quantum well and a uniform

1073 .

photosensitivity band from the guantum well in the rangeIayer of GaAs in a hydrogen plasma on the capacitive photovoltage spec-
trum. 1— a uniform layer before and after processig; a heterostructure

1.23<hv<14 e\(-_ V_VhiCh has a (_:ert.ai.n structure. The edgegyyantum well before processing— a heterostructure quantum well after
of the photosensitivity bands for individual wellmarked by  processing in the dark discharge sp&8@0 K, 100 $.
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the effective free range for diffusion of hydrogen under these
107 conditions. This depth is in agreement with diffusion profiles
of deuterium(at similar processing temperaturesbtained
by secondary ion mass spectromet8IMS) of deuterated
single crystals of GaA¥ At this depth, hydrogen passivates
background centers for nonradiative and radiatiizg)( re-
combination, which leads to a considerable enhancement of
@ 2 the edge PL of the layers after processing in the glow dis-
charge space. It is likely that defects participate in the for-
mation of D ;-centers, especially vacancies that are generated
during proton bombardment of the surface and diffuse into
the bulk together with hydrogen. In this case, the enhance-
-1L : ment of recombination activity of the surface and bulk pre-
10 . z ! . vails over the passivating action of hydrogen.
107 102 1073 The functionl 5 (h) has a different form foD ;-centers
hy nm in the heterostructure quantum wellsurve 3). As the sur-

F1G. 6. Devend the bhotolumi oK) on the thick face layer is etched awalp, initially increases by almost a
e e ko factor of 3 and then rapidly falls off ab approaches the
glow discharge spacéhf,=1.505 eV),2— uniform layer after processing depth at which the second quantum well is located. Thus,
in the dark discharge spackif,=1.39 eV), 3— heterostructure quantum D - centers are localized in a thin surface layer of thickness
well after processing in the dark discharge spdue,(=1.2 eV). The amow = |egs than 50 nm, and possibly in a still thinner layer near the
indicates the magnitude of the PL enhancement effect after processing. The . .
crosshatched rectangles show the position of the quantum wells. §ec9nd q_uantum well. The segment of increasingshown
in Fig. 3 is caused by removal of a strongly damaged layer
that forms near the surface, which creates a competing chan-
spectral dependence of optical capture cross sections of ael for rapid nonradiative recombination. Hydrogen and de-
impurity center shows that it can be decomposed into threéects in the heterostructure quantum well are almost com-
peaks associated with monoenergetic centers with similasletely blocked by the first and second quantum wells. The
values of the ionization enerdy,=0.98, 1.10, and 1.17 eV relatively small and approximately equal amounts of quench-
and photosensitivitie§p(1.27 eV)=1.2<1072, 1.6X10°%,  ing of the PL peaks for the second and third quantum wells,
and 9x 103, respectively. The total impurity photosensitiv- and also the GaAfFig. 1, curve3) can be explained by the
ity Sp is comparable td5y,;. We obviously can associate increased recombination rate in the surface layer. Ther con-
these centeror the one at 1.1 eMwith the broad impurity  ditions of bounded diffusion give rise to high concentrations
PL bandD; . of primary defects and hydrogen, which initiate reactions in
Even when the PL from the first quantum well is com- the heterostructure quantum wells that generate complexes
pletely quenched, the quantif,, remains nearly constant (gitferent from those in the uniform layer. This situation
(curve 1), and only the exciton photosensitivity peak disap-jeads, in particular, to the formation of ti-centers.
pears, which is apparent on cur2eBecause of the overlap The ratioSp(1.27 eV)By1(1.27 eV) can be used to es-
of photosensitivity bandSp(hv) and Sy(hv), curvelis  timate the surface concentration of luminescence centers
above curve2.'The reduced sen§itivity b,y to defects is N&(D;). 22 If we identify theD,-centers with one of the im-
also charact.erlstlc of the capacitive photovoltﬁge.. purity photosensitivity centerd.1 e\) and assume the opti-
Processing of heterostructure quantum wells in the glow.,, capture cross section of the center to be
d@scharge space, and also processing of the_GaAs layer Tx 10 % ¢cm 2 and the quantum-well absorption to be
either the glow discharge space or the_: dark discharge SPag8, 103 (Ref. 14, thenNg(D;)~2x 10" cm2. If all three
(curve 3) were not found to have any influence on the nor-copters of impurity photosensitivity are luminescence cen-
malized photosensitivity spectra, although the absolute Vall;%rs, then this value should be increased by a factor of 2.5.
of the photosensmwty changes during processing as a res or more or less identical distributions of these centers in a
of the change in the state of the surface. defect region of widthAz(D,) =50 nm, the bulk concentra-
tion will be N(D;)~10*cm™3. This value is in complete
2.3. Localization of hydrogen-defect complexes agreement with data on the concentration of deuterium in the
By measuring the PL spectra on low-angle obliqueGaAS surface barrier layer of a deuterated GaAs/InGaAs het-
planes obtained by chemical etching of the structures we ca@rostructure with a superlattice consisting of quantum wells.
determine the depths at which passivating and recombiclowever, in the region of the superlattice itself, the concen-
nation-active hydrogen-defect complexes fofy (@ndD3).  tration of deuterium is decreased by almost a factor of 2,
In the GaAs layer the increased intensity of edge PLwhereas our estimate applies more to the second than to the
after processing in the glow discharge spéég. 6, curvel)  first barrier layer.
and the increased intensity of peldk induced by processing The concentration oD3 centers in the uniform GaAs
in the dark discharge spadeurve 2) are decreased by a layer is considerably smaller. If the probabilities of radiative
factor of e at an etch depth~10® nm, which characterizes recombination at center®, and D5 are not too different,

10°

Iy, 5 @rd. units
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The method of K4X 4 extended unit cells developed previously for calculating the electronic
energy spectrum of gallium arsenide with defects is used to investigate the spectrum of

gallium arsenide with simple arsenic clusters of tetrahedral symmetry containing 17 and 35 arsenic
atoms. The waves functions and energies of localized states in the vicinity of the band gap

are calculated, and electron density patterns are obtained. A comparative analysis is made of the
energies and electron density of these states for various clusters. It is shown that localized

states in the vicinity of the band gap can be interpreted as the result of splittings due to interactions
of the host with the set ofA; levels generated in the band gap by noninteracting,As

antisite defects that make up the cluster. The occupation of these states by electrons is discussed.
© 1998 American Institute of PhysidsS1063-782808)01709-9

INTRODUCTION symmetry of the cluster, which is confirmed by experimental
studies.

Cluster formations have long been used primarily for  The electronic spectrum was computed using the method
modelistic descriptions of the properties of crystals. Re-described in Ref. 13, with the help of the method of pseudo-
cently, however, these clusters have become more and mopetentials using the model of extended unit c&I§ The
objects of interest in their own right, especially after successize of the unit cell was chosen to b&x4X 4. As a basis we
was achieved in the technology of obtaining clusters mad&sed symmetric Bloch functions for gallium arsenide. The
up of various materials in their free stdté. Such clusters defect potential was constructed in the form of differences of
can be used as elements for constructing new materialdon pseudopotentials of the substitutional atoms screened by

Along with free clusters there is interest in various clusters i 1homas-Fermi function with exchange correctithén

media, in particular, clusters that consist of intrinsic crystalthIS case, arsenic atoms 'OC"?“ed W'th'.n the cluster were
. S creened by an electron gas with a density equal &1,
defects. In this paper we will discuss clusters made up o

. . . ) where (), is the volume of a unit cell of ideal gallium ars-

arsenic atoms ',n gallium .arsemde.. . enide, ande is the electron charge, whereas the external

The properties of gallium arsenide containing excess ar,,ngary atoms of the cluster were screened, like atoms of
senic are determined by the ability of arsenic to incorporatgne Gaas host, by an electron gas with a density equal to
in the lattice. Since this capability is multifaceted and notge/(),. Corrections due to spin-orbit interaction were disre-
well studied, it is interesting to start our discussion with thegarded in these calculations. In contrast with the authors of
simplest clusters. Ref. 12, we used 30 rather than 50 of the lowest bands of

The simplest of these is a cluster made up of five arseniieal GaAs to expand the defect crystal functions. This cor-
atoms, consisting of an antisite defectiAat the center and responds to including contributions from states of Bloch
four arsenic atoms in the first layer. In its energy ground statelectrons down to energies of 45-50 éfér the various
this cluster is stable and has tetrahedFglsymmetry'®!  representationcompared to-60 eV from Ref. 12. Numeri-
Furthermore, if the entire second layer consists of fan- cal estimates for a cluster of 29 atoms show that the qualita-
tisite defects, then all of these together with atoms of thdive structure of the electronic spectrum when only 30 bands

third layer form a cluster of 29 arsenic atoms with symmetryarr]e mclu_de(:] coincides W'fth tdha_tdobtlallnedl deef. 12, and thg
Tq4. The electronic structure of such a cluster was studied bg ange In the position of individual levels does not excee

. .1-0.2 eV.
us in Ref. 12. . .
. . . The results of our wave function calculations are shown
In this paper we consider clusters of 17 and 35 arsem%

¢ tered t the As at ¢ gall id Figs. 1-3 as patterns of electron-charge density in the
atoms centered on one of the AS atoms ot gallium arsen lane (111) that pass through the center of the cluster. In

and having symmetrylq. The first of these consists of the yheqe figures the patterns of charge density in this plane are
central atom, four Ag, antisite defects in the first layer and given within a rectangular extended unit cell. The charge
20 atoms of the second layer. Our second cluster includegensity of electrons is given in units efQ, where() is the
another 12 Ag, defects in the third layer and six arsenic yolume of the extended unit cell. In these units, the mini-
atoms in the fourth layer in addition to these atoms. Al-mum contour and step between contour lines equals three.
though the ideal tetrahedral configuration is not characteristi¥he positions of atoms in the plane that pass through the
of arsenic, the GaAs host is capable of preserving the cubicenter of the cluster are indicated by squares, while the po-

1063-7826/98/32(9)/5/$15.00 980 © 1998 American Institute of Physics
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T W

FIG. 1. Charge density in localized states with energies near the band gap for a cluster of 17 arsenic atoms. Patterns of defisity pighe are shown

where this plane passes through the center of the cluster within an extended unit cell. The dark squares are positions of atoms in this plane and the light
triangles are projections of the positions of atoms in the next parallel plane. The minimum contour corresponds to a charge density equal to 8/i} units of

and the step between contours is also equal to 3 in these units. The symmetry of the states and their energies relative to the top of the valence band are as
follows: a — (A,, E=0.58 eV), b — @;, E=1.56 eV), ¢ — [T, averagedE=1.20 eV), d — [T, E=1.20 eV), e — Ty, E=1.20 eV), f — (T,

E=1.20 eV).

sition of atoms in the nearest parallel plane are denoted by Pattern a corresponds to statA; with energy
triangles. The circles shown in the density patterns are intefe=0.58 eV. Comparison of this picture with the pattern of
sections of the plane under discussion with coordinatiorelectron density of an Ag antisite defectsee Fig. 3 in Ref.

spheres constructed around the central arsenic atom. 12) shows clearly that the charge density profile within the
cluster is primarily determined by a superposition of charge
CLUSTER OF 17 ARSENIC ATOMS densities of four identical As, defects centered on Ga atoms

of the first layer.

Calculations show that for a cluster of 17 arsenic atoms  pattern b corresponds to sta#e; with an energy
there are three localized levels in the vicinity of the band gage=1.56 eV lying in the conduction band. A sharp maximum
of the ideal crystal. Two states have symmety and en- s observed at the center of the cluster; most of the charge of
ergyE=0.58 and 1.56 eV; the third state is threefold degenthe glectron gas is concentrated in the vicinity of the first and
erate and has, symmetry and an enerdy=1.20 eV. Here  ¢,.qnq neighbors.
and in what follows we will measure energies from the top of Patterns c, d, e, and f show charge densities belonging to
She threefold degenerate levEp with energyE=1.20 eV.

sponds to an energ,=1.53 eV. It. IS clear that only the Pattern ¢ shows a representation of fthe charge density
lowestA, level and ther, level can lie in the band gap. The .
averaged with respect to componexty, z. In patterns d, e,

secondA, level is located in an allowed band and hence is a

“resonance.” Comparison of the number of states lying be_and f we see partial densities with respect to these compo-

low the levelE, with the total number of valence electrons "€NtS: respectively. The charge density patterns for the com-
shows that states in the band gap are completely occupieBONeNts transform into one another under rotation by
while stateA; in the conduction band is empty. *120°

Figure 1 shows patterns of charge density for electrons The electronic charge density belonging to leWgl is
in these states. From these patterns it follows that the eledimarily determined, as in case a, by a combination of wave
tron density is primarily localized at the geometric limits of functions of Ag;, antisite defects. Actually, the hypothetical
the cluster, although there are appreciable “tails” outside thdourfold degenerate leveét,,=1.10 eV formed by four lo-
boundary. calized A; states of noninteracting s antisite defects of
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FIG. 2. Charge density in localized states with energies near the band gap for a cluster of 35 arsenic atoms. Density patters are shown (hlthe plane
passing through the center of the cluster within an extended unit cell. The dark squares are positions of atoms in this plane, the light triangles projections of
the positions of atoms in the next parallel plane. The minimum contour corresponds to a charge density equal to 3 ie/@hjtaraf the step between the

contours is also equal to 3 in these units. The symmetries of the states and their energies relative to the top of the valence band areaas-fNpws
E=-0.15eV), b — @,, E=0.74eV), c — @A,, E=140eV), d — [,, E=0.45¢eV), e — [,, E=095¢eV), f — (T,, E=150¢eV), g —

(E, E=1.33eV), h—{;, E=1.70 eV).

the first layer is split under the action of the interaction withground state the levelg, andA;, which lie in the band gap,
all of the neighbors as follows: are completely occupied, while levél; located above the
AAD=A,+T,, top of the conduction band is empty.

since the cluster has symmeffy. Here A; corresponds to

CLUSTER OF 35 ARSENIC ATOMS
the energyE=0.58 eV and T, corresponds to energy

E=1.20 eV. The original levels with enerdy~=1.56 eV are For this cluster the following states appear in the vicinity
possibly related to resonance levels of an isolated antisitef the band gap of gallium arsenide: three levels of tppe
defect. with energiesE=—0.15, 0.74, and 1.40 eV, ; three triply

The positions of these levels relative to the band-gaplegenerate levels of typ€, with energiesE=0.45, 0.95,
edges are shown in Fig. 4a. Note that a 17-atom cluster iand 1.50 eV; one doubly degenerate level of typevith
gallium arsenide can act as a multicharge donor, since in thenergyE=1.33 eV; and one triply degenerate level of type
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FIG. 3. Charge density in localized states with energies
near the band gap for clusters of 31 arsenic atoms. Den-
sity patterns are shown in th€lll) plane passing
through the center of the cluster within an extended unit
cell. The dark squares are positions of atoms in this
plane, the light triangles projections of the positions of
atoms in the nearest parallel plane. The minimum con-
tour corresponds to a charge density equal to 3 in units
of e/(), and the step between contours also equals 3 in
these units. The symmetries of the states and their
energies relative to the top of the valence band are
as follows a — (A;, E=0.10eV), b —
(A, E=146¢eV), c — (,, E=0.79eV), d —
(T,, E=194¢eV), e — E, E=157¢eV), f —

d (T,, E=1.84 V).
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T, with energyE=1.70 eV. The first level of thé\;-type
levels with energyE=—0.15 eV lies below the valence
band edge, while the triply degenerate leVelis located in
the conduction band.

As in the previous section, and in Ref. 12, we compare
energy levels located near the band gap with levels obtained
by splitting a 16-fold level formed by As antisite defects in
the first and third layer:

16AD=2A,+E+T;+3T,.

The positions of these levels are shown in Fig. 4b. It is clear

that one of the levels with symmetd; (E=1.40 eV) does

not enter into this level set, and has a different origin. -0.5
In order to analyze the nature of these states we consider

: _ S y FIG. 4. Scheme of localized states near the band gap 17-atom cluster,
the patterns of electron denSIty for a 35-atom clu - 2). b — 35-atom clusterc — cluster of 31 arsenic atoms formed by replacing

Patterns a, b, and ¢ CO_'TGSP(_Jnd to State_‘s with _Symm’qtry Ga atoms of the third layer with As. The origins of these states from isolated
d, e, f to symmetryl,, listed in order of increasing energy. antisite defects are shown.
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Patterns g and h correspond to the representakcarsd T, . E=140 eV, which comes from the conduction bafmke

For the three-dimensional representations we show densityigs. 1b, 3a, and 2c

patterns for the first component only. The remaining compo- In the ground state all the levels lying in the band gap

nents can be obtained by rotations through 120°. The twoare occupied, while level,, which is located in the conduc-

dimensional representati@hgives identical patterns for den- tion band, is 2/3 occupied. Because of the transfer of elec-

sity in the plang(112) for both components. trons from this level to the conduction band, this level is
For comparison we calculated a cluster of 31 arsenidonized and “metallization” of the gallium arsenide takes

atoms formed by replacing Ga atoms with As only in theplace.

third layer. The levels obtained for the neighborhood of the  This work was carried out within the framework of the

band gap are shown in Fig. 4c, while the electron densityprogram “Fullerenes and Atomic Clusters” and with the

patterns corresponding to it are shown in Fig. 3. In comparisupport of the Russian Fund for Fundamental Research.

son with scheme b, these levels are shifted upward some-

what, and there are n®, states between the loweEs levels 1G. Benedek, T. P. Martin, and C. PacchioBiemental and Molecular

and theT, state near the bottom of the conduction band. In _Clusters(Heidelberg, Springer, 1988

°p. Jena, S. N. Khana, and B. K. R&®hysics and Chemistry of Finite

other respects, the order of appearance of the levels is pre—SystemS: Clusters to CrystaBordrecht, Kluwer, 1992

served. The splitting of levels of noninteracting antisite de- 3y HaperlandClusters of Atoms and MoleculéBerlin, Springer, 1994

fects of the third layer is given by the relation 4G. Onida, L. Rening, R. W. Godby, R. DelSole, and W. Andreoni, Phys.
Rev. Lett.75, 818(1995.
12AD=A;+E+T,+2T,. 5N. Binggeli and J. R. Chelikowsky, Phys. Rev. Lé&t6, 493 (1995.

. 6A. K. Ray and B. K. Rao, J. Phys.: Condens. Ma8e2859(1997.
It thus follows that the second leveh; with energy L. 1. Kurkina and O. V. Farberovich, Fiz. Tverd. Tel&t. Petersbung3s,

E=1.46 eV does not enter into this expansion and has an-1416(1996 [Phys. Solid Stat@8, 783 (1996)].
other origin. 8J. C. Grossman and L. Mitas, Phys. Rev58 16735(1995.

L : 9S. N. Khana and P. Jena, Phys. Rev5B 13705(1995.
By considering the electron-density patterns for cIusterst_ 3. Chadi and K. J. Chang, Phys. Rev. L6, 2187 (1988.

of 17 and 35 atoméFigs. 1a and 1d; Figs. 2b and)2fe see 115 Dabrowsky and M. Scheffler, Phys. Rev4B, 1039(1989.

that states of the 35-atom cluster that are absent from schen#es. N. Grinyaev and V. A. Chaldyshev, Fiz. Tekh. Poluprovcg).2195

c originate with defects of the first layer and are slightly 13(5193‘3([;3_emi00ndugt3r§£' élh“‘llélgr?@]-l Coige No. 8. 13
shifted due to interaction with defects of the third layer. The 7400 rinyaev and V. A. Chaldyshev, lzv. vuzov. Fizig8, No. 8,
remaining states of the cluster of 35 arsenic atoms comer. A, Evarestov,Quantum-Chemistry Methods in Solid-State Theory
from antisite defects of the third layer. This is easily seen by (Leningrad State Univ. Publ., Leningrad, 1982

comparing patterns a, d, e, g, h in Fig. 2 with patterns a, c, d'SR. A. Evarestov and V. P. Smirnov, J. Phys.: Condens. M&te&023

e, h in Fig. 3. The higher levels of typA; in the first (1999,

and second layer contribute to the, state with energy Translated by Frank J. Crowne
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The weak-field magnetoresistance of the two-dimensional electrofRgdsG) in a modulation-

doped I s4Ga, 4/AS/INP heterostructure is studied as the state of the system is converted

to a state with persistent photoconductivity by illuminating the sample with interband light. The
concentration dependences of the parameters that characterize the idhpsad spin

(H¢ coherence are investigated, both in the low-concentration regime where only the first quantum-
well subband is occupied by carriers, and in the regime where the second subband is

occupied. A qualitative description of all the features observed in experiment is obtained by
taking into account the redistribution of charge in the persistent photoconductivity state and the
importance of processes that take place in the second quantum-well subband even when its
occupation is small. ©1998 American Institute of Physids$1063-782808)01809-3

1. INTRODUCTION sistent conductivity effect, prior to occupation of the second
quantum-well subband.

In our previous papémwe investigated the effect of spin-
orbit splitting of quantum-well subbands on the weak, gayvpLES AND EXPERIMENTAL METHOD
localization of two-dimensional electrons located in
INg 5438 4AS/INP heterostructures. We showed that this ~Modulation-doped Ips{Ga 4/As/INP  heterostructures
splitting, which is attributable to the absence of symmetry ofWith 2D electron gases were grown by liquid-phase epitaxy
the quantum well at the heterojunction, plays an importanPn Substrates of semi-insulating 1R0. These structures
role. In the same paper, we reported the initial results of oufonsisted of the following layers, listed outward from th% InP
study of heterostructures in the persistent photoconductivit?urfasce: ap-type InP buffer with concentratiop<10"
state in which the second quantum-well subband is occupied™ ~ @nd thicknessi=1 um; a layer of InP that acted as a

We noted that spin-orbit scattering becomes less importarﬁouﬁrce of electrons with a donor concentration in the range

-3 7 - 3.
when carriers appear in the second subband. This is inferreI cm to leol thcm2D7 lantd a topth Iazelr()lg)f

from the increase in the characteristic paraméter (with nOE%Gao_gﬁs_coog aining A © th etec ;on gawi h p_th |
dimensions of magnetic fieldwhich is inversely propor- cm * and d=0.3um).” As the structure reaches therma

. : . . equilibrium, electrons from the donors in the InP layer are
tional to the phase relaxation time of the wave function of .

transferred to the narrow-gap InGaAs layer, forming a 2D
the electrons-,,, and also the decrease of the parametgr

. ) . ) . electron gas in the potential well of the heterojunction. The
which characterizes the spin-orbit scattering ragel. In g P J

. . . ) . state of the heterostructure is changed by illumination with
their theoretical analysis of the magnetoresistance assomatvﬁ ht from a GaAs light-emitting diode placed in the sample
with the suppression of weak localization of two-

di ional el ) bband q gt holder immediately adjacent to the sample. In this case,
imensional electrons in wo subbands under conditions 0fectron.-hole pairs are generated in the space charge layer of

. . 2 .
fast intersubband scattering, Iwabuckt al” took into ¢ |nGaas and are separated by the built-in electric field so
account only the change in the diffusion coefficient Con-ya¢ glectrons fall into the quantum well at the heterojunc-

nected with the change in the der_15ity of sta_tes. In_ this casgipy while the holes neutralize the space charge in the
both parametersi, andHs should increase discontinuously |nGaAs. As a result, the 2DEG concentration increases until
when carriers appear in the second subband. However, intefhe pyilt-in charge in the InGaAs layer is fully compensated.
subband transitions can also lead to slipping of the phase anghis new state of the sample, which remains unchanged for a
electron spin. This effect can also increase the characteristigng time at low temperatures, is referred to as the persistent
magnetic fields by decreasing the effective values,0dnd  photoconductivity state. If this state is indeed generated by
7s. Thus, the decrease ids when the second subband be- the mechanism described above, then the maximum change
came occupied, which we observed in Ref. 1, remains unexn the 2DEG concentration is determined by the residual con-
plained and requires additional discussion. centration of impurities in the narrow-gap layer, in our case
In this paper we present results of a detailed study othe Iny 54Gay 4/As layer. In order to obtain a 2DEG with a
how the sign-changing magnetoresistance of two-high mobility, this layer is made as pure as possible. As a
dimensional electrons in §Gay 4/AS/INP heterostructures result, the change in concentration of the 2DEG due to per-
changes as the state of the structure is changed by the pesistent photoconductivity is very slight. It was shown in Ref.

1063-7826/98/32(9)/7/$15.00 985 © 1998 American Institute of Physics
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FIG. 1. Mobility of 2D electrons on InP/jyGay 4AS heterostructures at

T=1.85 K plotted versus concentrationy. Initial electron concentration

n?, 10 cm™2: a — 2.9,b — 4.25. Functions were obtained by feeding a ) o o

train of light pulses to the sample and making galvanometric measurementéires this transition is washed out by thermal and collisional

in the persistent photoconductivity regime. The maxima for these functiondroadening, and also by large- scale fluctuations in the
correspond to the appearance of carriers in the second quantum-well SUE'DEG concentratioﬁ.Thus, the maximum in the function
band. m(ng) observed in experiments is evidence that, despite the
different initial concentration of the 2DEG, the second
quantum-well subband is occupied in both samples. The po-
4 that when the top layer of the structure is InGaAs with asjtion of this maximum allows us to determine the carrier
thickness less than Am, it is necessary to take into account concentrationn,, at which occupation of the second
charging not only of the residual impurities in the layer butquantum-well subband begins.
also states at the InGaAs surface. This makes it possible to  The preparation of the sample and method of measuring
use persistent photoconductivity to generate large changes {ie magnetoresistance were described in Ref. 1. We refined
the 2DEG concentration even in samples with low impuritythe accuracy of the present experimental measurements over
concentrations in the narrow-band layer. For this reason, thghose reported in Ref. 1 by automating them. As a result of
samples we chose to investigate had a top-layer thickness @fentifying a larger number of experimental points, we were
0.3 um. In these structures, one quantum-well subband wagple to observe changes in the experimental dependences for
occupied in the initial state and two subbands were occupiegmall changes in the state of the sample. This flexibility is
in the saturated persistent photoconductivity regime. Theery important for addressing the central problem of this
change in 2DEG parameters under the action of successiy@per—investigating weak localization effects in the presence
light pulses can be seen in Fig. 1, which shows the depensf spin-orbit scattering under conditions where the Fermi
dence of the low-temperaturd ¢ 1.85 K) mobility « onthe  |evel is located near the bottom of the second quantum-well
Hall carrier concentration; for the two samples we studied. subband. Figure 2 shows two curves for the dependence of
It is well known (see, e.g., Ref.)&hat the mobility ina  the magnetoresistance
2DEG decreases at the start of occupation of the second
guantum-well subband. This is connected with the appear- AR [R(B)—R(0)]
ance of a new channel for momentum relaxation via inter- R ~ R(B)
subband scattering. In the ideal case, we should observe a
discontinuous drop in the mobility. However, in real struc- on magnetic fieldB for two states of the sample with con-
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centrations close tm,,,. It is clear that a 5% change in 461 R a
concentration leads to an appreciable change in the functior - -
AR/R=f(B). I 44r il
PN - [ | -
E 42F . I .
3. EXPERIMENTAL RESULTS AND ANALYSIS T C . '- : .
The experimental dependence of the magnetoresistanc: "'05 " | -
on magnetic fieldFig. 2) clearly demonstrates that the latter -t | *
changes sign, both fars<n,,,,, when the electrons are con- —— 1 ——t——!
centrated in only one quantum-well subband, and for %t . |
N> Npax, When the carriers begin to occupy the second sub- i ~"\3-\. . b
band. It is well known that changes in either the temperature 12 \ I
or the magnetic field lead to quantum corrections to the <% M }\t' 0
2DEG conductivity that are proportional to the constant «f 70 ANV RN
Go=e?/2m?h. For this reason, the experimental depen- - | \‘\
dences of the magnetoresistance are converted to magnetc ar | \\\
conductivity dependences, based on the expression 5 - Jl ' S~
L 1 1 1 1 1 1 t L
Ao(B) —(AR/R) 0.25 }
Go GoR(0) ’ 20 f/’,-.“'\h c
which is correct in weak magnetic fields such thed<1. ' - |\\
The dependence of the sign-changing magnetoconductivity < &% l \.\-
on magnetic field has a singular poiike the dependence 010 | AN
of the magnetoresistange.e., an extremum. We will use the | RN
parameters of this extremum, namely the value of magnetic 00s | L | l ; y s,
field B, at which it is observed and the absolute value of the 3o jz 34 3.6 38
magnetoconductivityG,=|Ao(B,)/Go| at the extremum, ng, 10" em™

as quantities that characterize the experimental behavior . " .

the magnetoconductivity. Figures 3b and 3¢ SoW the eXPefiers thar characterse the antiocalization minmum i the magnete 1
gnetic field

mental dependence of these quantities on carrier concentraependence of the magnetoconductivity — magnetic fieldB,,, ¢ —

tion ng. The various points on this plot correspond to variousmodulus of the normalized magnetoconductiv@y, .

states of a single sample obtained by successively illuminat-

ing the latter with light pulses from a GaAs light-emitting _ o )

diode. The vertical dashed line in this figure corresponds tdvhile the triplet contribution becomes more important and

the concentratiom,.,, i.€., the density that maximizes the the magnetoresistance becqmes negatlve.. This sign-changing

function w(ny). It is clear that both quantitieB,,, and G, feature of the ‘magnetoresistance is evidence of a rather

decrease with increasing concentration. However, the sha§ffong spin-orbit coupling in the electron gas, and can be

drop in the absolute value of the magnetoconducti@ly  USed to study its nature. _ .

occurs at exactly the point where carriers first appear in the N IlI-V compounds, the most effective mechanism for

second subband, i.e., fo= N, Whereas the decrease in rélaxation of a spin by carriers is the Dyakonov—Perel

the magnitude of the magnetic fiel,, begins when mechanlsm_, involving t_he comblned ac_tlc_)n of any momen-

Ns<Npay, I.€., before there are any electrons in the secondum relaxation mechanism with the splitting of the band of

subband. In the regiong>n,,. We observe a local maxi- delocalized states. In this case, two terms appear in the
mum in the quantitys,,. expression for the quantum magnetoconductivity:

In order to understand the physical meaning of these A
features, let us pause to discuss the theory of magnetocon- 5~ =®1(B)+®3(B), (1)
ductivity associated with the suppression of weak localiza-
tion in the presence of spin-orbit scattering. The interferencavhich correspond to the suppression of coherence of the sin-
between coherent electron stateeak localizationis deter- ~ glet (®,) and triplet @ ;) states. The terms in E¢l) have
mined not only by the phase of the wave function of andifferent signs, and thus lead to a sign-changing magnetore-
electron, but also by its spin polarization. The latter is takersistance. A characteristic parameter of the singlet term is the
into account by considering the triplet and singlet contribu-time for phase sligr,, of the electron wave function and the
tions to the interference terfif. For the case of strong spin- corresponding value of the characteristic magnetic field
orbit interaction ¢s<7,) the singlet term plays the primary he
role. As a result of a reversal of sign, the temperature- H, ZeDr’
induced correction to the conductivity and magnetoresistance ®
in a weak magnetic field becomes positifthe so-called whereD=o/e?v is the diffusion coefficientg is the con-
“antilocalization” effect). As the magnetic field increases, ductivity, andv is the density of states. The expression for
the singlet contribution to the interference is suppressedp,(B) in the 2D case usually is written in the form

@
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1 B i i a
‘bl(B)——Efz(H—), 3 "3_ } r
¢ | | N
11 oy L T~
fo(x)=T E‘f’; +Inx, - | H .
o 14| I /

whereW (x) is the digamma function. t'5. - I /

The triplet term®d4(B) is related to suppression of the 12 | “
phase and the spin coherences by the magnetic field, and - \'\\ [
depends onr, and on the characteristics of the spin-orbit 1.0+ \'-\.. ! /
relaxation. At this time it is knowtf that the functional form s \-\J/
of the expressiod;(B) is determined by the dependence of 08 ]
the spin splittingQ2(k) on wave vectok and by the corre- : R — . : L 1
sponding mechanisms for spin relaxation. If only one spin ‘NT l
relaxation mechanism dominates, then the following expres- . | b
sion, postulated in the first papers on quantum correcfions, RN |
is correct: 401 TR

.\ I I/\\
3 s I \l J \
P8 5 R S O
. / \
where the quantity L '\-/’ \\
hc 7.0t | o

Hs=2e D ©) i E \\\
is determined by the time for spin relaxation due to the spin- 25 T T T
orbit interaction(i.e., 7). 3.0 3.2 34 3.6 3.8

When the slip in spin coherence is determined by several n,, 0% cm?

different spin-orbit interaction mechanisms, it becomes nec- 4D g the oh o 4 soi

essary to include interference of these processes. The upsidf: + Dependence of the phase coherence pararhtfer) and spin
o7 . coherence parametet, (b) on the electron concentration. The dashed line

OT this is that we must use a more com.plex expression f.Or_tl"@orresponds to the concentratiop,, at which the carriers begin to occupy

triplet term than(4) to correctly determine the characteristic the second quantum-well subband.

spin relaxation time, with several parameters that character-

ize the spin splitting® In this case, the form of the depen-

dence of the magnetoresistance on magnetic field is qualita-

tively unchanged. In this paper it was not our intention to"" Fig. 4a. For smalins electrons are present only in the

investigate the problem of spin relaxation mechanisms ir{owest subband; therefore, the quantity is determined by

great detail. Therefore, in analyzing the experimental depent-,he diffusion length for electrons in the first subband within a

dences we used E@) to describe the triplet terms and Eq. Elr:mta tTHP Inhother fvvords,IH(pt: H*”.l' tlﬂ Rf(_af.tl It t\)/\éas jholyvt?]
(1) for Ao(B). In this case, analysis of Eql) shows that ta ¢ ep alse of-an electron "? te Irs "s_u_ an 't?] es"e
the value of the magnetoconductiviy, at the extremum is structures relaxes via electron-electron collisions with sma

unambiguously determined by the single p‘,;lrameteﬂwomentumtransfer:'sl.lnthiscase,tofirstapproximationwe

~ ~ -1_45-2 i -
b=H,/H,. Therefore, starting from the data shown in Fig. 12V<7¢™ 70 andH,~(D7,) " ~0, " (Whereay is the con-
3c and using the experimental values@®§, we can deter- ductivity atB=0). As the carrier concentration increases in

mine the value of the ratio of characteristic magnetic fieldsthe channeli.e., asay increaseka falloff in the magnitude

b. Moreover, we can find the values of the magnetic ﬁeldsOf H, is observed. When both quantum- well subbands are

that characterize the slips in phase,) and spin He) co- occupied, the quantityd, we have found is the effective

herence from the magnitude of the magnetic fiéld correParameter that determines the properties of electrons in both

sponding to the extremurB,, (Fig. 3b. The concentration the first and second subbands, as well as intersubband tran-
m . 3b.

dependences of the characteristic magnetic fields obtained fiions. When_the !ntersubban_d relaxation is TaSt'.W'th atime
this way are show in Fig. 4. The vertical straight line in this 712< 7, the diffusion and the inverse relaxation time should

. : be averaged with weight coefficients equal to the densities of
figure represents the concentrati . X ) .
9 P O states in the subbands. In this case, for the 2DEG we obtain

4. ANALYSIS OF THE CONCENTRATION DEPENDENCES

1
OF THE CHARACTERISTIC MAGNETIC FIELDS Ho=—(01Hp1+03H,), ©®

4.1. Phase coherence parameter whereo= o+ o, is the conductivity of a system consisting

Consider the concentration dependence of the magnetiaf two subbands, and the labels correspond to the subband
field H,,, which characterizes the rate of phase relaxation ofabels. If the carrier concentration in the second subband is
the electron wave function due to inelastic collisions, showrmuch smaller than that in the first, i.er;> 05, then
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o case, the magnitude of the spin splitting of the bands is pro-
1+ 0—2) : (63 portional to the wave vectdt of an electron and the built-in

_ electric field F, whereas for the characteristic spin-orbit
Here we assume that the phase of the wave function fogcattering rate we can write the expression

electrons in both subbands relaxes electron-electron interac-
tions with small momentum transfetsand thatH ,,/H .,
~(oq/05)?. Analysis of Eq.(6a shows that fomg>n, .,
we should see a discontinuous jump in the magnitudd of
associated with the significant contribution of phase relaxwhere the coefficientr is a constant that characterizes the
ation from electrons in the second subband to the effectivenergy spectrum of the semiconductor in which the 2DEG is
phase relaxation rate. If the occupation of the second subocalized, is the momentum relaxation time, akd is the
band is further increased, we should observe a decrease Wave vector of an electron at the Fermi level. In the case
H,, associated with violation of the conditian > o, and in ~ Where only one quantum-well subband is occupied we have
the limit of strong occupation of the second subband, when 22
o,~0,, the conditionH ~H_; should hold. It is easy to o .
see that the analysis gipven (ﬁere qualitatively describes the Ke=y2mns, D= ?nsT
experimental functiotd ,(ng) shown in Fig. 4a over the en-
tire range of 2DEG concentrations. and the spin coherence parameter connected with the Rashba

Thus, the abrupt jump in the magnitude ldf,, which  mechanism is determined only by the magnitude of the
characterizes the slip in phase coherence when carriers apwilt-in field:
pear in the second quantum-well subband, is related not to a
jump in the density of states, as Iwabucki al? have _mc 5o

. s——=—aF~ (8

asserted, but rather to the fast rate of phase relaxatignot/ 2e

the wave function for electrons in the second quantum-well i ) o )
subband when the occupation of the latter is small. The fieldF at the heterojunction is determined by the charge

distribution in the structure and to first approximation de-
pends linearly on the 2DEG concentration. This explains the
4.2. SPIN COHERENCE PARAMETER dependence we found in Refs. 1 and 14 of the spin coherence

) . ) parameterHg on the 2DEG concentration, specifically, the
Consider the variation of the spin coherence parameterrapid increase oH. with increasingn for samples with

Hs with 2DEG conpgntratiqn shown in Fig. 4b in the PerSiS'concentrationms in the range (2—5.5Y10" cm™2, for
tent photoconductivity regime. From these data it is cleafypich only the first quantum-well subband is filled. The fall-
that there is a general tendency fdg to decrease with in- ¢ ¢ H, with increasingns shown in Fig. 4b fong< N, at
creasingns in Fhe persistent photoconductivity regime. This fjst glance contradicts both the theoretical expresgBn
tendency, which is already apparent even WgR Nimax,  and the experimental results obtained in Ref. 14. However, it
which correspond to occupation of only the first quantumsg necessary to note that the electric field at the heterojunc-
well subband so thakis=Hy,, is determined only by the jon js determined not only by the charge of the 2D electrons,
diffusion coefficient D and the spin relaxation timg for ¢ also by the entire distribution of charges in the system.
electrons in the first quantum-well subband. When the distribution of charge in the system is arbitrary, it
In our previous paperwe investigated in detail the pro- is ot possible to find an analytic expression for the average
cesses of spin-orbit relaxation for a series Ofglgctric field. This problem was solved numerically by
INP/Ing s4G& 4AS heterostructures with different carrier con- Anqo!5 for the case where the narrow-band semiconductor
centrations and only one quantum-well subband occupied. 'fbyer contained both a 2DEG and a residual impurity distri-
this case, we showed that the rather rapid spin relaxation qftion with a"squared-off concentrationNy<ns. The ana-
electrons in these structures is connected with the existenqﬁic results obtained in Refs. 16—18 for approximating the

of a spin splitting of the electronic subbands due to the low+5|culated curves can be represented in the form
ered symmetry that accompanies this strucfufae symme-

try is lowered, first of all, by the absence of an inversion e

center in the crystal lattices of the 111V compountthe F= T(fns+ No), €)
Dresselhaus mechanisfhand, secondly, by the asymmetric

(triangulay shape of the quantum well at the heterojunctionwheref is in turn a coefficient determined by the shape of the
connected with the presence of the built-in electric fiEld wave function of the 2D electrons, andis the dielectric
(the Rashba mechani$th In Ref. 1 we used a new thedfy  permittivity.

that independently takes into account the contributions of  Persistent photoconductivity in these structures is asso-
various spin relaxation mechanisms in order to analyze theiated with the separation of carriers by the built-in electric
2DEG magnetoresistance in these structures. We found théeld, the trapping of holes by residual ionized acceptors in
the spin coherence parameters increase rapidly with increathe layer of narrow-gap InGaAs material, and also by surface
ing ng, and a comparative analysis of the experimental constates in the case of a thin top layeFhis implies that if
centration dependences and the theoretical dependencesiliomination of the system by interband light leads to an
these structures supports the Rashba mecharismthis  increase img by an amountAn, then at the same time the

Ho=H,,

() H¢2
1+ e H¢l)~H<P1

1
= = a?riEF?, %)
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f=0.35 asng—np,,. The parametef was introduced in
Refs. 15-17 in order to achieve the best agreement with
numerical calculations, and was close to 0.5. This value is in
fairly good agreement with the experimental results we have
obtained for states of our structures close to their initial
states. At present, there are no theoretical predictions of how
this parameter should change during the redistribution of
charge that accompanies the persistent photoconductivity.

A Since AF=4meAn(f—1)/x [see Eqg.(10)] and since
05 o) f<1, the value of the built-in fieldF [Eq. (9)] in the persis-
\ tent photoconductivity regime decreases in our case and, ac-
\ cordingly, the magnitude dfi [Eq. (8)] decreases as well,
04 \ which removes the contradiction mentioned above for the
A \ - .
\ function Hg(ng) whenng<n.. as represented by the data
\ from Ref. 1 plotted in Figs. 3b and 3c. Thus, the fallofiHg
03 | . " which we observed previously as the sample entered the per-
30 0 - 3z sistent photoconductivity reginés connected not with fill-
n,, M0 cm ing of the second subband, as we asserted in that paper, but
' _ _ rather with the redistribution of charge in the system that
FIG. 5. Concentration dependence of the paranieiieithe expressio9) —tareg place in the persistent photoconductivity regime and
for the electric fieldF in the heterostructure, obtained from the function lead d in the built-in field in th I
H,(ns) in the region where only the first quantum-well subband is occupied ea S toa gcrease 'n the built-in field in t el quantum well,
(see Fig. 4a despite the increase in the 2DEG concentration.
Let us now consider the functioH¢(ng) at concentra-
tions that exceed,,,,, i.e., when the first carriers appear in

concentratiorN, must decrease by the same amount. As 4he second quantum-well subband. From the data shown in

result, for the average field in the persistent photoconductiviid- 4P it is clear that the magnitude bf; exhibits a local
ity state we can write the expression maximum when occupation of the second subband begins,

against the background of general tendency for it to decrease.
Here, just as in the previous case with,, the value ofH,
determined experimentally is an effective parameter which is
determined, in general, by the timeg, the diffusion coef-
ficients D; in the first (=1) and secondi&2) subbands,

T

o, 4me
F=F +7An(f—1). (10

Here and in what follows, “0" labels parameters of the sys-
tem’s initial state. It is clear that the change in the fi€ld . .

and, accordingly, the parametdt,, with increasing electron 2;13(': i?]x'{etrr;iblE?r:zurzli;xnegcioerze\(/:vtéoga:]rwrsi;gons. In the case of
concentration in the persistent photoconductivity regime is
determined by the coefficiefit Hg increases whefi>1 and
decreases whef< 1. Substituting Eq(10) into Eq. (8) and
comparing the change iAH¢ for corresponding changes in
the 2DEG concentratiodng, we find the magnitude of the

-1 -1
1 Ts1 91T 702
® 0117092

_ D,9:+D>0,
9:1t02

whereg, andg, are densities of states in the first and second

parametef subbands, respectively. The lower numerical labels, as be-
An NS AH, fore, correspond to the quantum-well subband labels. As a
“0 " 0 40 result, we obtain
f= Ns Ng Hs (11)
An AH, ' _oHg+oHg 12
_ .
ng Hg o

whereAn=n,—n?, andAH,=H,—H?. Figure 5 shows the When the primary spin relaxation mechanism in both sub-
concentration dependence of the paramdtatetermined bands is the Rashba mechanism, the quantiigsandHg,

from the experimental functiomy(ng) using Eq.(11) for  do not depend on the electron wave vector, and are deter-
Ns<Npmax. The value of the concentration of residual impuri- mined only by the value of the built-in electric fiekl This

ties in the initial state is determined from the maximumimplies that the parametekss;, which characterize the spin
change in 2DEG concentration in the saturation regime ofelaxation rate in the first and second subbands, are close in
the persistent photoconductivitt)=8x 10 cm™2. Such a  magnitude, regardless of the level of occupation of the sec-
large value 01N8 is determined by the charging of states atond subband. Thus, settintdg;=Hg, and o=0c,>0,, for

the surface of the thin jy{Ga, ,/As layer which contains the small occupations of the second subband, we can rewrite Eq.
2DEG and which is the capping layer of the structure. From(12) in the form

the data shown in Fig. 5 it is clear that the experimental
functionHg corresponds to a value=0.6=0.1 at concentra-

. L . 1
tions close to the initial one, and decreases to a value (13

(]
He~Hg| 1+ >
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The analysis given above indicates that the electric field —When the second quantum-well subband is occupied,
and henceHg,, will decrease with increasing concentration a local maximum is observed in the quantil. This is
in the persistent photoconductivity regime. Thus, there areelated to the fact that the quantitiels,~H; for any con-
two competing factors: with increasing concentration, thecentration of carriers in the second subbé&hae to overcom-
guantityHg,; decreases, while the conductivity of the seconding of the Rashba mechanism in the processes of spin-orbit
subband increases. This also leads to the maximum in thiateractior), while the contribution of the second subband
function H4(ng) observed in experiment at a concentrationincreases with increasing conductivity of the latter.
that slightly exceeds the value afy, (for ng=3.35x 10! The mechanisms we have described allow us to qualita-
cm 2 in Fig. 4b). Thus, when the second quantum-well sub-tively understand all the features observed experimentally.
band is occupied, a local maximum is observed in the quanHowever, a quantitative description of these features will be
tity Hg, which arises from the fact that, due to overcomingpossible only through refinement of the dependence of the
of the Rashba mechanism for the spin relaxation we havenagnitude of the built-in electric field on the charge distri-
He,~Hg, i.e., the same order of magnitude for any carrierbution in the selectively doped heterostructures and the re-
concentration in the second subband. The contribution of thdistribution of this charge in the persistent photoconductivity
second subband increases as its conductivity increases. regime, and also refinement of the theoretical expressions
that describe weak localization of electrons in the two
CONCLUSION guantum-well subbands for various ratios of the characteris-

We have investigated the weak-field magnetoresistancgc times of the system, including the intersubband scattering

of the 2D electron gas in modulation doped time.
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The effect of an electric field on the energy spectrum of a quantum well with macroscopic
fluctuations is studied. The Stark shift of the quasibound states in a quantum well and three field-
dependent broadening mechanisffisld-induced homogeneous broadening and broadening

due to well width and depth fluctuationare calculated in a wide range of electric fields. As an
example, the effect of an electric field on the energy spectrum of electrons in a 12-nm-wide
GaAs/Al sGa, ;As quantum well with 5% width and depth fluctuations is determined.1998
American Institute of Physic§S1063-7828)01909-7

An electric field has a considerable influence on not onlythe Hamiltonian are embedded in the continuous spectrum,
charge transport processes but also the position and width aihd this distinguishes them fundamentally from the 0
resonancegquantum-well levelsin a quantum well. This stationary states. The poles of the resolvent move off the real
must be taken into account when calculating the characterisxis into the complex plane. Lorentzian resonance peaks,
tics of modern nano- and optoelectronics devices, and in aalled Breit—Wigner resonancas,
number of cases it can produce qualitatively new results. E_E.\2

Epitaxial layers in real heterostructures can exhibit | (E)=|I,(E)|2=C / n) ] )
thickness fluctuation$L, and fluctuations of the composi- 3 " 3 I'n/2

tion of the solid _solutlon, which all lead to fluctuations of the are observed in the electronic spectrum. The widtfof the
quantum well W|d_th_and_ depth. As usual, we assume that ON§pserved line is determined by the imaginary part, while the
of the characteristic dimensions of the .structure_ is muc'lanergyEn of a resonance is determined by the real part of the
smaller _than the other t\'\./d'é.<|‘x’ Ly). This ma.kes- It pos- corresponding eigenvalue. The existence of such pronounced
sible to ignore the quantization of electron motion in g resonances indicates the existence of quasibound states

plane and to study the problem of a one-dimensional quan('quantum—well levelswith finite lifetime, even in the pres-

tum well, each bound state of which is associated with two—ence of an electric field. In Eq2) n is the number of the

dimensional subbands which correspond to the kinetic enéwasibound state ar@, is a normalization constant.

ergy of a carner in th_e_ plane of the we_II. The EH?:CtS d“? 00 As the electric field is increased, the poles move farther
microscopic composition fluctuations in _the solid _solut|(_)n away from the real axis, and the width of the resonance lines
should be the same as those observed in three-dimensiongl, gaseq a5 a result. Perturbations of the energy spectrum

2 ) _
system_sl. In the present paper we solve _the ONe- hear guasibound states are much larger than the changes oc-
dimensional problem, assuming that the fluctuations in th%urring elsewhere in the spectrum. This makes it possible

Xy _plane are macroscopic and that they are to be treateg replace the real spectrum by a sum of functions of the
additively. form (2)
The completeness and normalization of the wave func-

1. SPECTRUM OF AN IDEAL HETEROSTRUCTURE WITH  tions of the continuous spectrum are expressed as follows:
A PIECEWISE-CONSTANT POTENTIAL IN AN ELECTRIC

1+

FIELD +oo
f J*(E,2)(E,z" YdE=6(z—Z') 3
The Schrdinger equation for a quantum well in an elec- -
tric field F perpendicular to the plane of the well is and
h? 92 b
_2m*E+V(Z)_qFZ ¥(E,z)=Ey(E,2), (N f ¥* (E,2)y(E',z)dz= S(E—E'). (4)

where m* and q are, respectively, the particle mass and  The a5sumption adopted makes it possible to obtain after

chargeV(2) is a piecewise-contant potential, apdE,z) is  gpstituting into Eqs(3) and (4) the particle wave function
the particle wave function, which is generally a continuousi, the form

function of the coordinates and the energy.
For F=0 the solution of the equation is a discrete set of “
eigenenergies and eigenfunctions corresponding to the bound X(E.2)= nZl In(E)xn(2), 5
states. Mathematically, such states correspond to poles of the -
resolvent of the Hamiltonian. When+ 0, all eigenvalues of the expressions

1063-7826/98/32(9)/5/$15.00 992 © 1998 American Institute of Physics
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3 S @) | iEIEdE-a-2) ©

> > I:<E>|m<E'>f X (@xm(2)dz= SE-E"), (7)

n=1m=1 —®

respectively. Here, is a solution of the Schabinger equa-
tion (1), which corresponds to the resonance endegyE,
and which decreases atoo.

As the field decreaseg;, approaches zero arg, be-
comes a delta function. We then obtain from Ef) the
conditions

n; X5 (2)xn(2)=08(z—2") ®)
and

J+w|:<E>lm<E>dE= Soun-

—o0

The latter condition implies

[ Tiofaz-1 ©

The normalization conditiof9) givesC,=2/#T,,.
Taking a similar limit in Eq(7), the normalization of the

O. L. Lazarenkova and A. N. Pikhtin 993

To make the computational results universal, it is conve-
nient to employ relative units. We shall measure the coordi-
nate in terms of/L,, whereL, is the width of the well, and
we shall measure in terms of the first quantum-well level
of a particle of massn* in an infinite well of widthL,:

£ wh?
toomrL?

We take as the origin the center of the well bottom. In such
units the @+ 1)-st state appears in a well of deptiE;

=vp=n2 It is convenient to measure the electric figtd
which determines the slope of the potential in terms of

f=qFL,/[V-En(0)],

since the distance from the level to the well edge determines
the position and width of the level. In this system of units the
analysis can be limited to fields<f,=2, wheref, corre-
sponds to the slope of the potential such that thenthdevel
would lie above a triangular barrier if the position of the
level did not change as the field increased. The quaffity
can serve as an estimate of the ionization field.

The positions and widths of the levels calculated as a
function of the electric field for different effective well
depths are shown in Figs. 1 and 2, respectively.

We see from Fig. 1 that for anyand dimensionless well
depth i—1)2<p<n? the field-dependence of the position
of a quantum-well level qualitatively resembles a Stark shift
of the 1s line of atomic hydrogen. In weak fields, even levels

infinite sum to a delta function becomes the well-known nor-with n=2 shift downwards in energy, while perturbation

malization for thenth bound state:

| o faz=1 (10

theory in the infinite-well approximation predicts a quadratic
shift to higher energie$The appearance of new higher-lying
states has the effect that in a weak field, whena(n+1)2,

the level shift can be described in the infinite-well approxi-

As the field is increased, the width of the level increases an¢hation using the level positions calculated for an infinite
the level can no longer be modeled by a delta function, butvell in a zero field(dashed lines in the figureFields for
the values of the integrak®9) and (10) remain the same. In which the following condition is satisfiet’

the approximation of weakly interacting levels these normal-

ization conditions can therefore be used for quasibound qFngl

: (11)

states in a quantum well in an external electric field. The ET

condition (8) ensures that the basis employed in the expan
sion (5) is complete. The error of the approximation is de-

or in our units

termined by the ratio of the width of the resonance peaks and EY

the spacing between them.
Since the integral ofy,(2)|? to + diverges, the nor-
malization condition(10) requires regularization. Leg,=0

VoE0 (12)

are assumed to be weak. For the first level we compared our

outside a certain interval. As this interval increases, the valugalculations not only with the infinite-well approximation but
of the normalization constant of the wave function stabilizes@lso with the quadratic Stark shift in weak fields, which was
so that it is sufficient to take several well widths for the calculated by the variational method proposed in.BefThe
integration limits. For levels located closer to the continuumcorresponding curves are presented in Fig(dbt-dashed
this interval must be increased. On the other hand, the satilines.

ration interval increases because the amplitude of the func-

The effect of an electric field on the level widih is

tion outside a well increases. This corresponds to an increadévial (Fig. 2). As thenth level approaches the continuum,

in the probability of tunneling through a triangular barrier. the interaction of the levels becomes stronger &hdn-
However, this process is already taken into account throughreases. This process is affected by the presence of quasi-
the field-induced broadening of the quasibound states in Edound states between théh level and the continuum. As a
(2). The interval of the normalization integration of the wave result, for well depths/~n?, where thenth state becomes
function must therefore be limited by the first node outsidethe top state in the quantum well, the slope of the depen-

the well.

dence which we are considering changes sharply.
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FIG. 1. Positions of the first three quantum-well leveis 1, 2, and 3 in an

ideal quantum well plotted as a function of the electric field. The values ofF|G. 2. Field-induced broadening of the quantum-well levetsl, 2, and 3

the dimensionless well-depth parameter are indicated. Dashed line — petersus the electric field. The values of the dimensionless well depth param-
turbation theory in the infinite-well approximation; dot-dashed line — qua- eter are indicated.

dratic Stark shift, calculated by a variational method in the weak-field limit.

The energy is measured from the center of the well bottom.

In dimensionless units

2. INFLUENCE OF WIDTH FLUCTUATIONS OF A QUANTUM - .
WELL 9E,_ dlen(v)Ba] _ ZEl/ﬁﬂ*“_ (14)
L, - L, - L, \ v v

The fluctuationssL, of the thickness of a heterolayer in
the x,y plane produce nonuniform broadening of the spec-  The field-dependence of the well-width derivative of the
trum in a manner so that, even in the absence of a fieldyosition of the energy levels is complicatéeig. 3 and far
instead of an infinitely narrow level of a one-dimensionalfrom trivial. On the one hand, as the well width is increased,
ideal quantum well we obtain a resonance whose shape {fe dimensionless well depth increases, which in the real
described by a Gaussian contour. The corresponding nonunizaje can be accompanied by both a rising of the levels lo-
form broadening s ), is proportional to the absolute cated close to the continuum and by a lowering of deeper
value of the well-width derivative of the position of the |evels. This mechanism wholly determines the derivative in a

quantum-well level zero field. The derivative changes from small positive values
JE, for wells with depthu~ (n—1)? to — n? for wells of infinite
(Fs )n= ‘I KoL Ol (13 depth. On the other hand, a triangular barrier, through which
z

carriers tunnel, forms in an electric field. For the same field
The coefficientx 5 depends on the parameters of the fluc-F=0 and fixed energy, the tunneling probability increases
tuations (for example, on the characteristic dimensionswith increasing width of the well. As a result, the higher-
(Lx, Ly) of the islands that form the surface roughnemsd  lying levels sink. As the field is increased, the slope of the
is of the order of 1. potential increases and the upper states gradually merge with
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FIG. 3. Quantum well width derivative of the position of a quantum-well FIG. 4. Band gap offset derivative of the position of a quantum-well level
leveln=1, 2, and 3 as a function of the electric field. The values of then=1, 2, and 3 as a function of the electric field. The values of the dimen-
dimensionless well depth parameter are indicated. sionless well depth parameter are indicated.

the continuum, and in the process the influence of the secondP, and not a solid solution. This is not entirely true. If the
mechanism on theth level increases. Since the dimension-barriers are prepared from a solid solution, then fluctuations
less well width is proportional tol(,)?, the well width de-  of the composition of the solution will also result in fluctua-
rivative of the position of the energy levels for=2 de- tions of the quantum-well width. It is useful to take as the
creases somewhat in weak fieldd). It then increases, and fluctuating parameter the offsatE of the band gap of the

it can pass through zero and increase further. We note thétarrier and well materials, assuming the depth of the well
the existence of extrema in the field dependences o¥(z) to be proportional to it. Then, by analogy with E43),
(dE,/dL,) could correspond to a maximum and minimum of
broadening, depending on whether or not the derivative
changes sign. As the field increases further, the negative
value of the derivative increases; i.e., the correspondingyhere

broadening increases right up to merging with the con-

tinuum. JEn d(enEY) V o de, E7 depe

= —~ = T~ —=<U.
IAEg  j[u(AE4/V)ET] AEgav  AEg gv

In a zero field the band gap offset derivative is positive
(Fig. 4). This reflects the fact that as the well depth increases,

We shall now examine in a similar manner the effect ofthe levels rise, approaching their values in an infinite well
fluctuations of the potential on the spectrum. It is often as{Fig. 1). For constant well width, this is more pronounced for
sumed that such fluctuations can be ignored if the quantundevels with larger values afi, which corresponds to a larger
well material is a binary compound, for example, GaAs orvalue of the derivative. It is interesting that for levels with

n

JAE,

(FzSAEg)nz K&AEgéAEgv (15

3. INFLUENCE OF POTENTIAL (QUANTUM-WELL DEPTH)
FLUCTUATIONS
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n=2 andF=0 the derivative decreases asincreases, in
accordance with the decrease in the sensitivity of the level
to depth fluctuations. For the bottom level, the derivative al

first increases, reaches its greatest value=at., where the
higher-lying levels first appear, and then decreases, af RSAERT Y
proaching zero for an infinite well. The band gap offset de- //

rivative of the position of an energy level has three charac 400 A ’ ,
teristic sections as a function of the field. On the initial g i d LS
section it is essentially constant. As the field increases, thm 300 ’
interaction with the continuum increases. As a result, all lev=

els sink all the more, the more strongly the upper levels pres=
against it(Fig. 1). The well-width derivative increaséfig. € 200
4). As the field increases further, the upper levels graduaII)mE :
merge with the continuum, decreasing the pressure on tI”E{’
lower levels. The process is accompanied by an inflection it~ 100}
the field-dependence of the level positidifsg. 1). The in- i
flection point corresponds to the maximum of the derivative

.......

........................

under consideratiofFig. 4), which corresponds to maximum 0°-0.T700 017 02 03
broadening. E, eV

FIG. 5. Effect of an electric field on the electron energy spectrum in a
4. SPECTRUM OF A NONIDEAL GAAS/ (AL, GA)AS nonideal GaAs/AjGa,-As quantum well with allowance for the field-
QUANTUM WELL induced broadening, broadening due to macroscopic composition fluctua-

) ) o tions SAE/AE4=5%, and nonuniformity of the layer thicknest /L,
As an illustration of the possibilities of the proposed =5% with L,=12 nm.

method, we shall trace the effect of an electric field on the
electron energy spectrum in a GaAs{Aba -As quantum

well with the following parametersy=224.5 meV,L,=12  fjrst place, in a zero field, for the same relative magnitudes of
nm, andm* =0.08m,. These parameters correspond&p  the fluctuations, broadening due to the thickness nonunifor-
=33.1 meV andv=6.78. mity of the heterolayer is much larger than the broadening

The spectral line can be described in a general form bylue to the composition nonuniformity of the solid solution.
the convolution of a Gaussian contoG(E) of width """ In the second place, broadening minima due to the corre-
= ‘/F%AEng FZBLZ and the function(2), which takes into ac- sponding behavior obE, /JL, (Fig. 3 appear in the field

count the uniform broadeninﬁhom due to carrier tunne”ng I’ange where tunneling through the triangular barrier is weak.

through the triangular barrier formed in an electric field: In closing, we note that the families of dimensionless
curves presented in Figs. 1-4 can be used to construct the

9n(E)=Ln(E)Gn(E) spectra of single quantum wells with arbitrary parameters

+oo . and to analyze specific experimental data. The differences

= f Lo(E',Th°™G(E—E',T'")dE'. found in the effect of thickness and quantum well depth fluc-

tuations on the energy spectrum of the well in an electric

We note that in experiments measuring specific effects it idield, on the one hand, could be used to determine the rea-

also necessary to take into account the field-independent ursons for the nonuniform broadening of the observed spectra

form line broadening due to interactions with phonons. and, on the other, to estimate the effect of the intetioaial)
Figure 5 shows the computed speckg,, which take electric field in real structures.

into account the above-considered broadening mechanisms

in the presence of macroscopic fluctuations of the composi-

tion SAE,/AE,=5% and thickness nonuniformityL,/L,  *Fax: (812 234-3164; e-mail: pikhtin@fvleff.etu.spb.ru

=5% of the quantum-well layer. For definiteness, the tem-

perature broadening was assumed to be constant in the cal-

culations:I't=1.47 meV. The energy spectrum of the quan- ‘A. '\(lj- Pikhtin, Fiz. Tekh. Poluprovodril, 425(1977) [Sov. Phys. Semi-

tu.m well was fOl.md to be much mqr_e sensmvg to layer Zg?nD..lBl:alrz:nso(\}sgk?zg{d A. L. Hros, Fiz. Tekh. Poluprovodnl2, 2233

thickness fluctuations than to composition fluctuations of the (197g [Sov. Phys. Semicond.2, 1328(1978].

solid solution. The effect of the latter mechanism is generally®M. C. Reed and B. Simon, iMethods of Modern Mathematical Physics

noticeable only in weak fields, because the band gap offsetggademic Press, N. Y., 187Mir, Moscow, 1982, Vol. 4, Chap. 12, p.

qenvfmlve(Flg' 4 start; to _decrease apprQX|mater when the4E.]L. Ivchenko and G. E. Pikus, i8uperlattices and Other Heterostruc-

field-induced broadening increases considerdbly. 2. As tures. Symmetry and Optical Phenomeedited by M. CardonéSpringer

a result, the spectrum changes relatively monotonically. The Verlag Berlin, 1995, 1997Chap. 3, p. 96.

effect of band gap fluctuations increases with increasing’G: Bastard, E. E. Mendez, L. L. Chang, and L. Esaki, Phys. Re28,B

height of the levels and with increasing field. Well width >241(1983-

fluctuations affect the spectrum completely differently. In theTranslated by M. E. Alferieff



SEMICONDUCTORS VOLUME 32, NUMBER 9 SEPTEMBER 1998

Effect of the quantum-dot surface density in the active region on injection-laser
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A new method of increasing the surface density of self-organized semiconductor quantum dots
formed by molecular-beam epitaxy is proposed. A comparative analysis of the

characteristics of injection lasers based on quantum-dot arrays with different surface density is
made. It is shown that the use of quantum-dot arrays of higher density makes it possible

to decrease substantially the threshold current density in the region of large losses and to increase
the maximum gain and the maximum output radiation power.19®8 American Institute

of Physics[S1063-782(8)02009-2

In semiconductor physics, there has recently been steadyowever, the number of repeatedly deposited rows cannot be
interest in low-dimensional systems — so-called quanturarbitrarily large and is limited by the plastic relaxation of the
wires and quantum dot®QDs). It has been shown theoreti- stress as well as by lateral association of neighboring £Ds.
cally that as a result of three-dimensional carrier quantizain the present paper we report a new method for increasing
tion, by using QDs in the active region of injection hetero-he density of a QD array in the growth plane. It is shown
lasers it should be possible to decrease substantially the .+ this method of producing a QD array in the active region

threshold value of the current density and its temperaturgs , 550y diode substantially improves the diode character-
sensitivity* and to increase the specific and differential ¢fain.

) istics.
Great progress has now been made in the development osf

. Transmission electron microscogfEM) showed that
heterolasers based on QDs which are formed as a result gf of density @fn, A)As QDs in an AlGaAs matrix |
the influence of the spontaneous transformation of a € surtace density ain, sQDsina S matnixis

elastically strained layer on an array of three-dimensiona :.L—2)><1011 cm 2 (Ref. 102’ thz'Ch is two to four times
islands>4 Specifically, record-low threshold current densities Nigher than the value $10'° cm observed folin, GalAs
Ji, Of 63 and 18 Alcra at room temperature and cryogenic QDS formed under the same conditions and with the same
temperatures, respectively, have been reported for a laséffective thicknesses of the deposited In-containing layer.
with an active region based diin, GaAs QDs in an(Al, This effect can be explained by the lower rate of migration of
GaAs matriX as well as 12 Alcrhat 77 K in a system of adsorbed Al atoms along the surface of a growing crystal.
InAs QDs deposited in an InGaAs matrix lattice-matchedHowever,(In, Al)As QDs have much too large a band gap
with an InP substrattHowever, these low values df, have  and their application as the recombination region of a laser is
been obtained thus far only in samples with four cleavechindered by the strong thermal emission of carriers from
faces, and an appreciable increase of the threshold curregips into energetically close matrix states. It would be desir-
density has been observed ir_1 samples with a stripe cév_ity. able to combine a high density 6h, GaAs QDs and a high

It has been shown that in QD-based lasers superlinegg.gjization energy ofin, GaAs QDs in the composition of

growth of Jy, with increasing radiation-output 10Ssegy IS yhe active region. It has been shown that when several QD
observed apparently as a result of gain saturation due to thr((a)ws separated by spacer layers with thickness of the order
finite number of states in the QD arrdyherefore, the QD P Y sp y

surface densitiNqp is one of the key factors determinidg, of the island h.e|ght are deposited, the sgbsequgnt rows of
in QD lasers. Higher values of the densi,p of a QD QDs form precisely above the tops of the islands in the pre-
array used as the active region would make it possible t§€ding row-* Such vertical coupling of the QDs is due to the

decrease the influence of gain saturation by increasing thgfluence of the nonuniform stress distribution on the surface

maximum achievable gain. Thus, this would result in lowerPotential of In and Ga atoris.It is logical to assume that
values ofly, in stripe lasers. vertical coupling will also occur ifIn, Al)As dots are used in

The method of multiple deposition of several rows of the first row or the first few rows and then several layers of
dots has been proposed for increasing the QD dehsity. (In, GaAs QDs are deposited. As a result, tHa, GaAs

1063-7826/98/32(9)/4/$15.00 997 © 1998 American Institute of Physics
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FIG. 1. Schematic representation of arrays of quantum dots in an AlGaAs 2L
matrix. a — Vertically coupled(n, GaAs quantum dots; b —In, Al)As 3
quantum dotsc — composite vertically coupledn, Al)As/(In GaAs quan- 5 1
tum dots. iy -
a
QD array has a high surface dengiy, which is fixed by T N I e
the (In, Al)As QDs (Fig. 1). 0.8 1.0 1.2 14 1.6 1.8
The experimental structures were grown by molecular- ho, eV

beam epitaX)(MBE) i_n a Rib_er 32P system with a solid-state FIG. 2. PhotoluminescenadL) spectra of structures containing quantum

As, source. The active region was located at the center of @ots in an A} ,Ga, gAs matrix. The pump power density is 100 W/ni

200-nm-thick A} 1:Gay gsAs layer, which is separated from — Vertically coupled(In, GaAs quantum dots obtained by triple deposition
) ' . f (In, GaAs; 2 — vertically coupled(In, Al)As/(In, GaAs quantum dots

the Surface and the. SUbStr_ate by Short'penOd AIAS/GaAS Sl“g'btained by deposition dfn, Al)As and subsequent triple deposition(bf,

perlattices. The active region of one structure consists of aBgas; 3 — (In, A))As quantum dots.

array of vertically coupledin, GaAs QDs(VCQDys), sepa-

rated by 5-nm-thick AlGaAs spacers. The second structure

contains a single QD array formed by deposition of(bm

Al)As layer. Finally, the active region of the last structure

contains a QD array formed_ _by depositing @n, AI)AS The laser structur@n what follows, LAS1 with an ac-
layer followed by triple deposition dfin, GaAs layers with (e region based on the above-described compaite
§-nm-th|ck spacers. The trans_ltlon from .Iayer\lee growth tOAAs/(In, GaAs VCQD array in an Aj1:Ga, gsAS matrix
island growth was observed directly during growth upon theyas grown in the standard double-heterostructure geometry
appearance of a RHEED pattern. All three structures wergyith separate confinement of the electronic and light waves.
grown in a standardMBE) regime of enrichment with the The substrate temperature during growth of the emitter lay-
group-V element. The substrate temperature was equal ters and AlGa _,As (x=0.15-0.6) waveguides was equal
480 °C during deposition of the active region and a 100-nnto 700 °C. The laser diodes, shown schematically in Fig. 3,
thick AlGaAs cover layer and 600 °C for the rest of the struc-were fabricated both in a “fine mesa”-type stripe construc-
ture. The photoluminescence investigations were performetion and in a geometry with four cleaved faces. Contacts to
with excitation by an Af laser with pump power density the laser diodes were formed by depositing and fusin@in
100 W/cn?. 450°0Q metallic AuTe/Ni/Au and AuzZn/Ni/Au layers
Figure 2 shows the photoluminescer(@) spectra of 0 an’-GaAs substrate and to @"-GaAs contact layer,
the structures described above. This figure clearly shows th&€SPectively. The mesa structure was passivated chemically
“predeposition” of (In, Al)As QDs results in a short- and protected with a 0.gzm-thick Al,O layer by magne-
wavelength shift of the maximum of the PL spectrum. It waston deposition. The ele_c_trolumlnescence was investigated
shown earlier that the position of the maximum of the pLYSINg Pulsedpulse repetition frequency 5 kHz, pulse dura-

line depends strongly on the island size, which is determine

aon 200 ng and continuous pumping. The lasing wavelength
by the effective thickness of the deposiiéd, GaAs .26 The or all laser diodes investigated was close to QuB, which
short-wavelength shift of the PL maximum indicates a de-

was also the wavelength at the maximum of the PL peak of

. . : . .. the LAS1 structure, recorded after the top contact layer was
crease in QD sizes, which, assuming the amount of depositell e by chemical etching. This attests to the fact that
material is the same, should result in a higher surface densi%sing occurs through the ground state of the QDs.
of (In, GaAs islands. We see from this figure that, as noted  Figyre 4 shows the threshold current density plotted as a
earlier, the(In, Al)As QDs themselves have a higher inter- fynction of the reciprocal 1/ of the cavity length at room
band transition energy thain, GaAs QDs. Therefore, only  temperature for a given laser. In addition, the same depen-
the latter will determine the optical transition energy whendence for a laser structur@ what follows, the structure
composite(In, Al)As/(In, GaAs VCQDs are placed in the LAS2) consisting of 10 rows ofln, GaAs VCQDs in an
active region of an injection heterolaser. The lasing waveAlGaAs matrix, which are formed without predeposition of
length therefore is close to the optical transition energy ofin, Al)As QDs, is shown for comparisdf.For low exit

(In, GgAs QDs, while the surface density of the VCQD
array is determined by the density @h, Al)As QDs.
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a5
201
AlGaAs cladding layer o |
|E 15 =
Q
AlGaAs waveguiding layer s [
S
active region .
AlGaAs waveguiding layer 3t
AlGaAs cladding layer 0 i
n’-GaAs (100) substrate Y T T
J,A/em?
AuTe/Ni/Au FIG. 5. Mode gaing,,oq versus pump current densifyfor LAS1 (1) and

LAS2 (2) structures, referred to one layer of quantum dots.

FIG. 3. Schematic representation of the test laser which is based on an array
of composite(In, Al)As/(In, Ga)As quantum dots in a AlGaAs matrix.

1
Omod™ int dou™ @int Eln

3 and taking into account the fact that at the lasing threshold
losses, which corresponds to the case of large cavity lengths,
the threshold current densities of both structures are virtually
identical, while for an infinite cavity lengtfgeometry with (1) (1)
R 1
structure is lower. However, as the cavity length decreases,
the threshold current density of the LAS2 structure increaseand also by using the cavity length dependence of the exter-
much more rapidly than in the case of the LAS1 structurenal quantum vyield nq4;. By analyzing the dependence

tshe mode gairng,oq equals the total losses
four cleaved faceghe threshold current density of the LAS2
To determine the reasons for this behavior we shall deteri/nq; =f(L) it is possible to determine the internal quantum

mine the dependence of the optical gain on the pump currengfficiency #»;, and internal losseg;,. These quantities are
This dependence can be constructed by using the data in Figy,, ~60% anda;,~5cm * for LAS2 and #;,~70% and

n 1
o2

5

w

3
Ty, » 10°A/cm?

%o

| s o
] 1 | ] | i |
0 20 40 60 60 160 120

1/L,em’”

FIG. 4. Threshold current densifl, at 300 K versus the reciprocalllbf

the length of a stripe cavity for LAS1 and LAS2 structures containing,
respectively, arrays of composit@, Al)As/(In, GaAs QDs(1) and InGaAs
QDs (2) in an Aly 15Ga&, gAs matrix. The stripe width is 10@m. The data
for 1/L=0 correspond to samples with four cleaved faces.

oin~2.5 cm ! for LASI.

The desired pump current dependence of the mode gain
of QDs, normalized to the number @h, GaAs QD layers,
which equals 3 or 10 for the LAS1 and LAS2 cases, respec-
tively, is shown in Fig. 5. We see from this figure that a
higher pump current density is required in order to achieve
low gain in the LAS1 structure. This is attributable to the
higher transmission current than in the LAS2 structure as a
result of the higher density of QDs in which a population
inversion must be produced. The transmission currépts
corresponding to zero gain were determined by extrapolating
the experimental curveg(J), equal to 45 and 7 A/ctin
LAS1 and LAS2 structures, respectively.

As the pump current increases, the gain in the LAS2
structure saturates rapidly, while in the LAS1 structure it
continues to grow and becomes much higher than in LAS2.
This behavior is due to the increase in the maximum gain
achieved on QDs, which is proportional to the density of the
array of dots. Therefore, the most important effect in the
low-gain region is due to the transmission current, and in-
creasingNqp results in higher values of the threshold current
density. Gain saturation is more important in the high-gain
region, and the threshold current density in this region de-
creases adNgp increases. It should be noted that similar
behavior is also observed for the theoretically computed
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