REVIEW

The history and future of semiconductor heterostructures
Zh. |. Alferov

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted July 22, 1997; accepted for publication July 27, 1997
Fiz. Tekh. Poluprovodr32, 1-18(January 1998

The history of the development of semiconductor heterostructures and their applications in
various electron devices is presented, along with a brief historical survey of the physics, production
technology, and applications of quantum wells and superlattices. Advances in recent years

in the fabrication of structures utilizing quantum wires and especially quantum dots are discussed.
An outline of future trends and prospects for the development and application of these latest
types of heterostructures is presented. 1@98 American Institute of Physics.
[S1063-782628)00101-X]

1. INTRODUCTION heterostructure.In the same year A. F. loffe and Ya. .
It would be very difficult today to imagine solid state Frenkel' formulated the theory of current rectification at a

physics without semiconductor heterostructures. Semicm{petal-semlconductor interface, based on the twnneling

2 - , . .
ductor heterostructures and especially double heterostrug-ffeCt' In 1931 and in 1936 Frenkel' published his cel-

tures, including quantum wells, quantum wires, and quantun?b;ated p_apetrﬁln which hﬁ pJEd'ﬁted g)iﬁ'tot?:c pher}ome_r:a
dots, currently comprise the object of investigation of two 2N, Naming thém as such, developed the theory ot excitons
thirds of all research groups in the physics of semiconduc” semiconductor heterostructures. Excitons were eventually

tors detected experimentally by Gross in 195The first diffu-
While the feasibility of controlling the type of conduc- sion theory of a rectifyingo—n heterojunction, laying the

tivity of a semiconductor by doping it with various impuri- foundation for W. Shockley's theory of the—n junction,

ties and the concept of nonequilibrium carrier injection areVas published by B. I. Davydov in 193%Research on in-

the seeds from which semiconductor electronics has sprun 'rrtrjtettalllct iﬁmpogndfstﬁon;msnced 5;:] the .thysmotfelcf;fnlcal
heterostructures provide the potential means for solving th stitute at the end of the Torties on the initiative ot fofte.

far more general problem of controlling fundamental param- he th?OI’etICf;ﬂ |o|:Ied\|/ct|on af_‘d egpe?mental d|sc0\(/jery of the
eters in semiconductor crystals and devices, such as t operties o —V semiconductor  compounds - were
chieved independently by N. H. Welkeand by N. A.

width of the bandgap, the effective masses and mobilities o d A R Regel at the Phvsicotechnical
charge carriers, the refractive index, and the electron energ °r>’“”°7"a an - . Reger at fne ysicotéchnica
stitute.” We have drawn very heavily from the high theo-

spectrum. : : .
The development of the physics and technology of semi_ret|cal, technological, and experimental level of the research

conductor heterostructures has brought about tremendo&gnduaed at the Physicotechnical Institute in that era.

changes in our everyday lives. Heterostructure-based elec-
: . . 2. CLASSICAL HETEROSTRUCTURES
tron devices are widely used in many areas of human activ-
ity. Life without telecommunication systems utilizing The idea of using heterostructures in semiconductor
double-heterostructuréDH) lasers, without heterostructure electronics emerged at the very dawn of electronics. Already
light-emitting diodegLEDSs) and bipolar transistors, or with- in the first patent associated with~n junction transistors
out the low-noise, high-electron-mobility transistors W. Shockley proposed the application of a wide-gap emitter
(HEMTS) used in high-frequency devices, including satelliteto achieve one-way injection. At our Institute A. |. Gubanov
television systems, is scarcely conceivable. The DH laser ifirst analyzed theoretically the current-voltage-¥) curves
now found in virtually every home as part of the compact-of isotypic and anisotypic heterojunctidnsowever, some
disk (CD) player. Solar cells incorporating heterostructuresof the most important theoretical explorations in this early
are used extensively in both space and terrestrial programstage of heterostructure research were carried out by H. Kro-
for almost a decade now the Mir space station has been utemer, who introduced the concept of quasielectric and quasi-
lizing solar cells based on AlGaAs heterostructures. magnetic fields in a smooth heterojunction and hypothesized
Our interest in semiconductor heterostructures didhat heterojunctions could possess extremely high injection
not come about by accident. A systematic investigation offficiencies in comparison with homojunctiotfsVarious
semiconductor heterostructures was launched in the vemotions concerning the application of semiconductor hetero-
early thirties at the Physicotechnical Institul€Tl) under  structures in solar cells evolved in that same time period.
the direct supervision of its founder, Abram Fedorovich  The next important step was taken several years later,
loffe. In 1932, V. P. Zhuze and B. V. Kurchatov studied thewhen we and Kroemét independently formulated the con-
intrinsic and impurity conductivities of semiconductor cept of DH—based lasers. In our patent we noted the feasi-
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bility of attaining a high density of injected-carriers and It was mainly on account of this general skepticism that
population inversion by “double” injection. We specifically only a few research groups were attempting to find the
mentioned that homojunction lasers “do not provide con-“ideal” pair, and indeed the task was a formidable one.
tinuous lasing at elevated temperatures,” and to demonstratdany conditions had to be met to find the right compatibility
an added benefit of DH lasers, we explored the possibility obetween the thermal, electrical, and crystal-chemical proper-
“increasing the emitting surface and utilizing new materialsties of the interfaced materials, not to mention their crystal
to achieve emission in different regions of the spectrum.” and band structures.

In his article Kroemer proposed that DHs be used to At that time an auspicious combination of several
confine carriers to the active zone. He postulated that a pajproperties—specifically low effective masses and a wide
of heterojunction injectors could be used to achieve lasing ilpandgap, effective radiative recombination and a sharp opti-
many indirect-gap semiconductors and to improve it in thecal absorption edge due to the “direct” band structure, high
direct-gap kind. electron mobility at the absolute minimum of the conduction

In the beginning theoretical research significantly out-band and a drastic reduction in mobility at the nearest mini-
paced its experimental implementation. In 1966, wemum at the(100 point—had already garnered gallium ars-
predicted? that the injected-carrier density could well be enide a reputable place in semiconductor physics and elec-
several orders of magnitude greater than the carrier densifyonics. Since the maximum effect is attainable by
in a wide-gap emittefthe “superinjection” phenomenon  interposing a heterojunction between a semiconductor func-
That same year, in a paﬁ%rsubmitted to the new Soviet tioning as the active zone of a device and a material having a
journal Fizika i Tekhnika Poluprovodnikofin translation: ~Wwider bandgap, the most promising systems studied at the
Soviet Physics Semiconducthrs generalized our concep- time were GaP—GaAs and AlAs—GaAs. For “compatibil-
tion of the principal advantages of DHs for various devices/ty” the materials of the pair had to satisfy the first and most
particularly for lasers and high-power rectifiers: important condition: closest proximity of the lattice con-

“The regions of recombination, light emission, and stants. Heterojunctions in the system AlAs—GaAs were the
population inversion coincide and are concentrated entirelpreferred choice for this reason. However, a certain psycho-
in the middle layer. Owing to potential barriers at the bound-logical barrier had to be overcome before work could begin
ary of semiconductors with different bandgap widths, everPn the preparation and investigation of the properties of these
for large displacements in the direction of transmission, ther&€terojunctions. By that time AlAs had already long been in
is absolutely no indirect passage of electron and hole cuProduction;® but many properties of this compound had yet

rents, and the emitters have zero recombinatiorcontrast {0 be studied, because AlAs was known to be chemically
with p—i—n, p-n-n*, n—p—p*, where recombination unstable and to decompose in a humid atmosphere. The pos

plays a decisive roe sibility of obtaining a stable heterojunction suitable for prac-
“Population inversion to generate stimulated emissiontic@l applications held little promise in this system. o
can be achieved by pure injection meddsuble injection Our attempts to construct a double heterostructure ini-

and does not require a high doping level of the middle regiorfially focused on the incompatible-lattice system GaAsP. We
and especially does not require degeneracy. Because of tigeccessfully fabricated t.he first lasers using DI-!s in this sys-
appreciable difference in the dielectric constants, light is€m by vapor-phase epitaxyPE). However, owing to the
concentrated entirely in the middle layer, which functions adncompatibility of the lattice parameters, lasing could be
a highQ waveguide, and optical losses in the passive re@chieved, as in homojunction lasers, only at liquid-nitrogen
gions (emitters are therefore nonexistent.” temperatL_lre%? It is_ interesting to nqte, howe_ver, thgt this
Following are the most important advantages discerne/as the first practical result for an incompatible-lattice and

by us on the part of semiconductor heterostructures at th&tven partially relaxing structure. _
time: Our experience acquired in studying the system GaAsP

was of utmost importance toward understanding many spe-
cific physical properties of heterojunctions and the funda-
mentals of heteroepitaxy. The development of multichamber
VPE for the system GaAsP enabled us in 1970 to build su-

All that now remained was to find a heterostructure inperlattice structures with a period of 200 A and to demon-
which these effects could be implemented. strate the splitting of the conduction band into minibah(ds.

At the time there was widespread skepticism regarding By the end of 1966, however, we had concluded that
the feasibility of fabricating an “ideal” heterojunction with even a small discrepancy between the lattice parameters in
a defect-free boundary and especially one that exhibited th@aR, ;sAs, gs—GaAs heterostructures stood in the way of
theoretically predicted injection properties. Even the pioneerachieving the potential advantages of DHs. At that time a
ing work of R. L. Andersot on the first epitaxial single- colleague in my group, D. N. Tret'yakov, gave me a status
crystal heterojunction with exactly identical Ge—GeAs latticereport on small crystals that had been prepared from
constants failed to give any proof of nonequilibrium carrier Al,Ga, _,As solid solutions two years earlier and placed in a
injection in heterostructures. The actual construction of effi-desk drawer by A. S. BorshchevikiNothing happened with
cient, wide-gap emitters was regarded as a sheer impossibthem during that period. At that moment it immediately be-
ity, and many viewed the patent for a DH laser as a “papercame clear that AlGa _,As solutions were chemically
patent.” stable and were suitable candidates for the preparation of

« superinjection of carriers;
« optical confinement;
« electron confinement.
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long-lived heterostructures and devices. An investigation of
the phase diagrams and growth kinetics in this system, alon 3 11.59 eV
with the development of a modification of the liquid-phase
epitaxy (LPE) method in adaptation to the growth of hetero- Ak
structures, promptly resulted in the fabrication of the first
compatible-lattice AlGaAs heterostructure. When we pub-—~ x100
lished the first paper on this topic, we were elated to knowz
that we had been the first to observe the unique and, in fac =
ideal heterostructure—a compatible-lattice system for GaAs'g
but as so often happens, the same results were achieved :};
multaneously and independently by H. Rupprecht, J. Wood-Z
all, and G. Pettit at the IBM Thomas J. Watson Researcl$
Center'® ‘

Subsequent progress in the area of semiconductor he
erostructures was swift. First and foremost, we confirmecg
experimentally the unique injection properties of wide-gap&
emitters and the superinjection phenomefibdemonstrated
stimulated emission in AlGaAs double-heterostructidfes-
tablished the band diagram of an 8la, _ ,As—GaAs hetero-
junction, and conducted a meticulous investigation of the
luminescence properties and carrier diffusion in a smoott
heterojunction, along with the extremely interesting charac-
teristics of the current flowing through a heterojunction, for 71'00 77‘00 83L00 89|00 77I60 78l20
example, diagonal tunnel-recombination transitions directly Wavelength (A)
between holes from the narrow-gap component and electrons
from the wide-gap component of a heterojunctfon.

In that same time period we fabricated the majority ofgig_ 1. Emission spectrum of the first low-thresholq @&, - ,As DH laser
the most important devices exploiting the principal advan-operating at room temperatuf800 K), J;,=4300 A/cnf. The current rises
tages of heterostructures: from 1) 0.7 A to 2 8.3 A and then to 813.6 A (Ref. 22.

1.39eV
{

@1 4

adiation 1

(1 als

« low-threshold, room-temperature DH las@r&Fig. 1);

« high-efficiency LEDs operating on single and double
heterostructurés;

« heterostructure solar celfs

of semiconductor heterostructures. In 1969, AlGaAs hetero-
structures had been studied in a scant few laboratories,
. . o mainly in the USSRat the A. F. loffe Physicotechnical In-

’ b|po_lar transistors utilizing heterostructuﬁ%s I stitute and in the Polyus and Kvant Industrial Laboratories,

* thyristor p_n—p-n switches utizing  \yhere we introduced our technologies for applications pro-

heterostructure¥. gramg and in the United State@t Bell Telephone Labora-

Most of these results were reproduced in other laboratotories, the RCA David Sarnoff Research Center, and the IBM
ries in the next year or two, in some cases even later. IThomas J. Watson Research Ceptamhereas in the begin-
1970, however, international competition became veryning of 1971 many universities, industrial laboratories in the
heated. One of our major competitors in the years to followUSA, the USSR, Great Britain, Japan, and also in Brazil and
I. Hayashi, who worked with M. Panish at Bell Telephone Poland were launching investigations of heterostructures and
Laboratories in Murray Hill, New Jersey, wréfe“In Sep-  devices utilizing them on the basis of Ill-V compounds.
tember of 1969, Zhores Alferov of the loffe Institute in Len-
ingrad visited our laboratory. We learned that he had ob-
tained J$%=4.3 kA/cn? using a double heterostructure.
Until that time, we had not been aware that the competition
was so intense, and we redoubled our efforts...” In a papel

submitted in May of 1978 we reported the achievement of I‘g?gl
a continuous lasing regime in lasers with a stripe geometry p* GaAs3‘u,§

formed by photolithography and mounted on silver-coated _| pAlo2sGag zsAs 3 pm

copper heat conduitéFig. 2. The lowest threshold current ':'FPAI "GSOaASAg’g b
density Jy, at 300 K was 940 A/cth for wide lasers and 0BT Gans
2.7 kAlcnt for stripe lasers. A continuous lasing regime in Metal

DH lasers was reported independently by Izuyo Hayashi anc
Morton Panis?’ (for wide lasers with a diamond heat con-
duit) in a paper submitted one month later than our own. The
achievement of _contlngous Ias_mg at roon_" temperature tgg. 2. schematic view of the structure of the first injection DH laser
gered an explosion of interest in the physics and technologyperating in the CW regime at room temperature.
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It was soon clear in this early stage of development of a — d -
the physics and technology of heterostructures that we __%flec_trons AE, E.| =—
needed to look for new compatible-lattice heterostructures if o '_\'.\_ T - E, ——27 _ iz_‘___—_
we were to gxtend the spectral range. The first |mpprtant stej .~ l'x--Fp Eg, f
was taken in our laboratory in 1970. At that time, we E. 5
reported® the feasibility of obtaining different compatible- } CHoles Y
lattice heterojunctions by using four IlI-V solid solutions,
which permit the lattice constant and the width of the band- b

gap to be varied independently. Antipassal 3 later arrived o Electrons
at the same conclusion. As a practical example utilizing this %\
idea, we investigated various InGaAsP compositions, which
soon emerged as one of the most important materials for ¢ T,
number of applied problems: photocathotfemd especially ”
lasers operating in the infrared range for fiber-optic

communication® and also in the visible rangé. _;W_EC
We formulated the basic concepts of the distributed- Fn"\ \
feedback (DFB) laser in a 1971 Soviet inventor's

\ \
certificate®® That same year H. Kogelnik and C. Shank ex- : —-um——.F
Y g W/J////%WAES

plored the possibility of replacing Fabry-Perot or similar
cavities in dye lasers bY periodic bu,lk mhomogenelfPeH. FIG. 3. Main physical phenomena in classical heterostructuye3na-way
should be noted that their approach is not applicable to seMijnjection and superinjection;iffusion in an imbedded quasielectric field:;
conductor lasers, and all investigators of semiconductor las) electron and optical confinement; wide-gap window effect; jediagonal
sers with DFB or distributed Bragg reflectdBBRs) use the  tunneling through a heterojunction.
ideas formulated by Alferoet al;®

1) The diffraction grating is formed not in the bulk, but yysical properties and the limited number of experimentally
on the surface of the waveguide layer. investigated systems.
diffraction grating produces not only distributed feedback,results in the development of classical heterostructures, clas-

but also well-collimated radiation at the output. sifying them by what we think should be a sensible scheme.
A detailed theoretical analysis of the operation of a

semiconductor laser with a surface grating was published ig|assical heterostructures
197237 In that study the authors confirmed the feasibility of

single-mode lasing. The first semiconductor lasers with a
surface grating and DFB were obtained nearly simulta- ¢ one-way injection;

I. Fundamental physical phenome(fg. 3):

neously at the Physicotechnical Institdfe,Caltech in * superinjection;

Pasaden®’ and Xerox Laboratory in Palo Alt& « diffusion in the imbedded quasielectric field;
In the early eighties, H. Kroemer and G. Griffiths pub- » electron confinement;

lished a papéf that heightened interest in heterostructures ¢ optical confinement;

having a stepped band structufype-Il heterojunctions « the wide-gap window effect;

The spatial separation of electrons and holes at such hetero- * diagonal tunneling through the heterojunction.
interfaces means that their optical properties can be regulated |I. Major implications for applications in semiconductor
between wide limit$14?The stepped band structure affords devices:

the possibility of obtaining optical radiation with photon en- « low-threshold semiconductor lasers operating in the
ergies much smaller than the width of the bandgap of each,ntinuous-wave (CW) regime at room temperature
semiconductor forming the heterojunction. The creation ofyisyipted-feedback lasers, lasers with distributed Bragg re-

an injection laser on the basis of type-II heterojunctions infectors, surface-emitting lasers, and infrared lasers utilizing
the system GalnAsSh—Ga%Ref. 42 has opened up excel- type-Il heterostructures;

lent opportunities for the construction of efficient coherent . nigh-efficiency light-emitting diodes;

light sources in the infrared optical range. Emission takes .« solar cells and photodetectors based on the wide-gap
place in structures of this type as a result of the recombinayindow effect:

tion of electrons and holes localized in self-consistent poten- « semiconductor integrated optics based on DFB and
tial wells situated on opposite sides of a heterojunctionDBR semiconductor lasers;

Type-ll heterostructures have thus generated new possibili- « heterobipolar transistors with a wide-gap emitter;

ties, both in fundamental research and for device applications « transistors, thyristors, and dynistors with light-signal
otherwise impossible to fulfill using type-l heterostructurestransmission:

in the system of IlI-V compounds. So far, however, the < high-power diodes and thyristors;

practical application of type-Il heterostructures has been re- e« infrared and visible-range light converters;

stricted by inadequate comprehension of their fundamental e efficient cold cathodes.
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Ill. Important technological considerations cotechnical Institute in the seventies, R. Kazarinov and R.
« fundamental need for structures with well-matched |at_Suris conducted a theoretical investigation of current trans-
tice parameters; mission in superlattice structur&sThey showed that the

« the use of multicomponent solid solutions to match thePassage of current is governed by tunneling through potential
lattice parameters: barriers separating the wells. The authors also predicted im-

« fundamental need for epitaxial growth technologies. Portant phy§ica}l effects: carrier tunneling under the influence
This brief f th v devel £ “hulk” of an electric field when the ground state of one well coin-

IS briet survey o the early eve opment of “bu cides with an excited state of the next well, and stimulated
heterostructures is aptly concluded with the statement thaémission produced when optically excited carriers tunnel
the fabrication of an “ideal” heterojunction and the intro- from the ground state of one well to an excited state of a
duction of the heterostructure concept in Sem'conducmﬁeighbor at a lower energy level due to an applied electric

p:ys!cslanhd technologdy has tfes.“'ted in the tdllsci(r)]verz of nfvﬁeld. Independently and at essentially the same time L. Esaki
physical phenomena, dramatic improvement in the characteby,  p 1, investigated resonance tunneling effects in super-
istics of essentially all known semiconductor devices, an(f1

the construction of new t f the latter attice structure$?
€ consfruction of new types ot Ihe latter. The first experimental studies of structures with super-

lattices were carried out by L. Esaki and R. Tsu on superlat-
3. HETEROSTRUCTURES WITH QUANTUM WELLS AND tices formed by VPE in the system G#®,_,—GaAs. In
SUPERLATTICES our laboratory at that time we developed the first multicham-

Because of electron confinement in double heterostrucd?€r device and, as mentioned before, prepared structures with
tures, DH lasers have essentially become the direct precuf#@R.#ASo~GaAs superstructures incorporating a total of
sors to quantum-well structures, which have a narrow-gag00 layers, each with a thickness of 100(Ref. 179. The
middle layer with a thickness of a few hundred angstroms, a®Pserved prominent features of theV curves, their tem-
element that has the effect of splitting the electron levels as Berature dependences, and the photoconduction effect were
result of quantum-well effects. However, high-quality DHs attributed to splitting of the conduction band under the influ-
with ultrathin layers could not be attained until new methodsence of the one-dimensional periodic potential of the super-
were developed for the growth of heterostructures. Two prinlattice. These first superlattices appeared concurrently with
cipal modern-day epitaxial growth techniques with precisionthe first strained-layer superlattices. In the mid-seventies A.
monitoring of thickness, planarity, composition, etc., wereE. Blakeslee and J. Matthews, working in collaboration with
developed in the seventies. Today molecular-beam epitaxizaski and Tsu at IBM, achieved remarkable advances in the
(MBE) has grown into one of the most important technolo-growth of strained superlattices exhibiting a very low defect
gies for the growth of heterostructures using Ill-V com- density. However, not until a much later date, following the
pounds, primarily through the pioneering work of A. Ho. theoretical work of G. Osbourh of Sandia National Labo-
The basic concepts of metal-organic vapor-phase epitaxiatories and the growth of the first high-quality
(MOVPE) were set forth in the early work of H. Manaséfit GaAs—In ;Ga, gAs strained-layer superlattice by M. Ludow-
and have enjoyed widespread application for the growth ofs€ at Varian Associates, was N. Holonyak of the University
heterostructures from 11l-V compounds, particularly in theof lllinois successful in using these structures to build a CW
wake of a paper by R. Dupuis and P. Dapkus reporting théaser capable of operating at room temperatéiie. came to
successful use of this technique to create a room-temperatulight that the stress of the lattice in strained-layer superlat-
injection DH laser in the system AlGaAsS. tices constitutes an additional degree of freedom, and such

The distinct manifestation of quantum-well effects in thefundamental parameters as the width of the bandgap, the
optical spectra of GaAs—AlGaAs semiconductor heterostruclattice constant, etc., can be varied continuously and inde-
tures with an ultrathin GaAs layéguantum well was dem-  pendently of each other by varying the thickness and com-
onstrated by R. Dinglet al.in 1974%¢ The authors observed position of the layers.

a characteristic step structure in the absorption spectra and a In the early seventies, L. Esaét al. applied MBE tech-
systematic shift of the characteristic energies as the thickneswlogy to the system AlGaAs$Ref. 53, and in March of
of the quantum well was decreased. 1974 they published a paper on resonance tunnéfifignis

The experimental investigation of superlattices com-was the first experimental demonstration of the new physical
menced in 1970 with L. Esaki and R. Tsu’s wflon elec-  properties of quantum-well heterostructures. They measured
tron transport in a superlattice, i.e., in a structure with arthe variations of the tunneling current and conductivity as
auxiliary periodic potential generated by doping or by vary-functions of the applied stress in a double-barrier GaAs—
ing the composition of semiconductor materials with a pe-GaAlAs heterostructure(Fig. 4 and observed current
riod greater than, but still comparable with the lattice con-maxima associated with resonance tunneling. Later in that
stant. In this crystal, what Leo Esaki called a “man-madesame year Esaki and Chang observed the resonance tunnel-
crystal,” the parabolic bands split into minibands, whiching phenomenon in a superlattit€The heightened preoccu-
were separated by small bandgaps and had a Brillouin zongation with resonance tunneling was obviously also attribut-
dictated by the period of the superlattice. Similar ideas haéble to the potential applications of this phenomenon in high-
been formulated by L. V. Keldysh back in 1962 in a stffly speed electronics. Toward the end of the eighties, picosecond
of a periodic potential generated on the surface of a semiswitching times were attained for a double resonance-
conductor by a high-intensity ultrasonic wave. At the Physi-tunneling diode, and oscillations at a frequency of 420 GHz
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03— Tm—T——T——T— T 71— —+—T1 09 index separate-confinement heterostructure—GRINSEH
was possible to lower the threshold current density to
160 Alcn? (Ref. 64.

Not until the end of the seventies did MBE and MOVPE
. techniques for the growth of IlI-V heterostructures begin to
be developed at the Physicotechnical Institute. Our primary
efforts were directed toward the development and construc-
tion of the first Soviet MBE device in our electronics indus-
try. Several years were spent in the development of three
generations of MBE devices; the last of the three, called
Tsna(after a picturesque river flowing near the city of Rya-
zan, home of the Scientific-Research and Technological In-
stitute of the Electronics Industry—NITl—where the MBE
devices were developgdwas good enough for the imple-
mentation of scientific programs. Very soon thereafter we
launched the parallel development of MBE systems at the
Scientific-Technical Branch of the Academy of Sciences in
] Leningrad. Several systems of this class were produced by
—04} {-12 the Physicotechnical Institute in the mid-eighties. Both types
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_6'4 0 4 3 12 of MBE systems are still in operation at the Physicotechnical
Volts Institute and in other Russian laboratories.
We developed MOVPE systems at our Institute and later
FIG. 4. 1-V curve and conductance-voltage curve of a two-barrier GaAs—

GaAlAs structure. Resonanda, ¢ and nonresonancé) conditions are in the elghtles’ with our active participation, the Epiquip

indicated by arrows in the ins¢according to Chang, Esaki, and P8u Compar_ly in Swe_den specially_designed a pair Of_ SySt?mS_ ]_cor
our Institute, which have continued to be used in scientific

research up to the present time.

were obtained at room tempera‘[ure in GaAs resonance- Considerable interest in the Study of low-dimensional
tunneling diodes. structures and the lack of equipment for MBE and MOVPE

The transition to two-dimensional electron motion in growth technologies motivated us to work on the develop-
field-effect transducers had been confirmed quite some tim@ent of a liquid-phase epitaxy technique suitable for the
ago and in 1966 was first verified for electrons trapped in afgrowth of QW heterostructures.
inversion layer by A. B. Fowleet al®’ in magnetoconduc- Until the end of the seventies, however, it appeared to be
tivity experiments. Spectral effects associated with spatialmpossible to grow IlI-V heterostructures with an active
quantization were also observed in bismuth thin films by V.zone of thickness less than 500 A by LPE, owing to the
N. Lutskii and L. A. Kulik in 19688 existence of extended transition regions of variable chemical

The first study of modulation-doped superlatticésn ~ composition near the heterojunctions.
which the enhancement of mobility in comparison with bulk ~ The situation changed thanks to the work of N. Holo-
crystals was demonstrated, stimulated the development dfyak et al,®® who proposed that a LPE system with rotating
research on the use of a two-dimensional electron gas withboats” be used to grow superlattices based on InGaAsP
high mobility for microwave amplification. Almost simulta- compounds. In our laboratory we developed a modified LPE
neously in France and Japan new types of transistors wergethod with conventional sequential displacement of the
designed using a single modulation-dopedsubstrate in a standard horizontal “boat” geometry for
n-AlGaAs—n-GaAs heterostructure, acquiring the namesinGaAsP heterostructur®s and a low-temperature LPE
TEGFET (two-dimensional electron-gas field-effect transis-method for AlGaAs heterostructur8s These methods en-
tor) in Franc&® and HEMT (high-electron mobility transis- abled us to grow QW heterostructures of exceptional quality
tor) in Japarf* in essentially any form with active zones having thicknesses

Lasing by means of quantum wells was first accom-as small as 20 A and with transition zones comparable in size
plished by J. P. van der Zilt al,®? but the lasing param- with the lattice constar(Fig. 5). An important practical asset
eters fell short of average DH lasers. It was 1978 before Rwas the attainment, using LPE, of unprecedented threshold
Dupuis and P. Dapkus in collaboration with N. Holonyak current densities in lasers utilizing separate confinement and
reported the first construction of a quantum-w€MW) laser a single quantum well based on InGaAsP/InP heterostruc-
with parameters to match those of standard DH 1a$6fhfe  tures (\=1.3um and 1.55um) and InGaAsP/GaAs
term “quantum well” first surfaced in this paper. The real (\=0.65—0.9um). In the case of high-power InGaAsP/
advantage of QW lasers was demonstrated much later by W5aAs lasers X=0.8 um) (Fig. 6) constructed in a stripe
T. Tsang of Bell Telephone Laboratories. Through a majorgeometry, 66% efficiency and a radiated powkb &V for a
improvement in MBE growth technology and the synthesisstripe of width 100um were attained in CW operatidA.
of an optimized structure in the form of a separate-These lasers were the first to implement the effective cooling
confinementdouble heterostructure with a smooth variation of a high-power semiconductor device through recombina-
of the refractive index in the waveguide regiggraded- tion radiation, as predicted earlier in Ref. 13. Another impor-

6 Semiconductors 32 (1), January 1998 Zh. 1. Alferov 6



t=15 min t=6 min

FIG. 5. Thin InGaAsP layer in an InGaP/InGaAsP/InGaP/GaAs structure
with a quantum well grown by MBE. The image was produced by end-on
TEM.

tant feature of InGaAsP heterostructures was their fairly high
resistance to the onset and growth of dislocations and defect
(Fig. 7).”° The cited investigations marked the beginning of
the widespread application of aluminum-free heterostruceig. 7. Time evolution of the luminescence pattern from the active zone in
tures. AlGaAs—GaAs(a) and InGaAsP-GaA#) separate-confinement DHs with
The most complex QW laser structure, consolidating & sir_]gle quantum well at a high photoexpitqtion level. Diameter of the ex-
single quantum well and short-period superlattit8BS3to S O " KF laser~40 um. Excitation levels: 10" Wcnr b)
form a GRINSCH (by far the preferred configuration for '
minimizing threshold currentswas grown in our laboratory

in 1988(Ref. 71, Fig. 8. Using SPSs, we succeeded not only. . . . .
in obtaining the desired index profile in the waveguide re-Into the active zone, but also in acquiring the capability of

gion and creating a barrier against the motion of dislocation%rowIng different parts of the structurg at significantly dif-
erent temperatures. We therefore achieved excellent surface

morphology simultaneously with a high internal quantum ef-
ficiency on a planar GaA$00) surface. We obtained thresh-

t =90 min

t=25 min

6 T T T T T 80 R : .
InGaAsP/GaAs W = 100 um ok_:i Cl_Jrrent densitied;,=52 A/cm2 qnd, after a certain opti-
mization, J;,=40 A/cn?, which still stands as the world
A=0.8 um Ccw
5t L=12mm -170
Ng
4 | l i
i 60 L . .
| | | |
% 3+ _50 § =5 : : E. 3. | g.
N pl S 1 = Il [y S :
= IR P L I A B
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FIG. 6. Power-currentR—1) curves of InGaAsP-GaAs laser diodes with a
single quantum well in the CW regimé&) Diode with strongly and weakly p Undoped N

reflecting surfaces?) diode with strongly reflecting surfaces only. The
Ng(1) curve represents the dependence of the energy conversion efficiendylG. 8. Structure of a separate-confinement double-heterostructure laser
on the current. with a quantum well bounded by an MBE-grown short-period superlattice.
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105 Quantum-well and superlattice heterostructures

: : : : : : I. Fundamental physical phenomena in quantum-well
43 KA/em? and superlattice heterostructures:
(1968) . : : : « two-dimensional electron gas;
/ Impact of Double : « step function describing the density of states;
: : : Heterostructures  quantum Hall effect;
......... Itf « fractional quantum Hall effect;
\/em?2 : mpact o » existence of excitons at room temperature;
700 3/9(:7%) /i'Quagntum YVells « resonance tunneling in double-barrier and superlattice
......... structures;
160 A/em2 : : * carrier energy spectrum in superlattices determined by
- (1981) 40 A/cmZ #C\. the choice of potential and elastic stresses;
: : ; g L (1988) * stimulated emission by resonance tunneling in super-
10} ......... ......... ......... RSTERE \‘ Iattices;
Impact of SPS QW : : « pseudomorph growth of strained structures.

104] oo

Jin (A/cm?)
2

—_
<
[

II. Major implications for applications in semiconductor
devices:

0 : : : : : § :
1960 65 70 75 80 85 90 95 2000
Years « shorter emission wavelengths, lower threshold current,

higher differential gain, and weaker temperature dependence
of the threshold current in semiconductor lasers;

« infrared quantum cascade lasers;

* lasers with quantum wells bounded by short-period su-
record for semiconductor injection lasers and affords a googberlattices;
demonstration of the effective use of quantum wells and su- e« optimization of electron and optical confinement and of
perlattices in electron devices. the waveguide characteristics in semiconductor lasers;

The concept of stimulated emission in superlattices, set « two-dimensional, electron-gas, field-effect transistors
forth by R. Kazarinov and R. Surf€,was made a reality by (TEGFETS;
F. Capasset al.”” almost a quarter-century later. The previ- * resonance-tunneling diodes;
ously proposed structure was substantially optimized, and « high-current resistance standards;
the cascade laser developed by Capasso gave birth to a new < devices based on the electroabsorption effect and elec-
generation of unipolar lasers operating in the mid-IR rangetrooptical modulators;

From a certain standpoint, the history of semiconductor < infrared photodetectors based on absorption between
lasers is the history of the campaign to lower the thresholdjuantum-well levels.
current, as graphically illustrated in Fig. 9. The most signifi-
cant changes in this endeavor did not take place until the _
concept of DH lasers had been introduced. The application * NO Need to match lattice parameters; ,
of SPS quantum wells actually brought us to the theoretica] _° fundamental need to use slow-growth technologies
limit of this most important parameter. Subsequent possibili—('\/IBE and MOVPE;
ties associated with the use of new structures utilizing quan- * Submonolayer growth method; , ,
tum wires and quantum dots will be discussed in the next * SUPPression of the propagation of mismatch disloca-
section of the article. tions during epitaxial growth;

Quite possibly the most significant discovery associated  * radical diversification of materials available for hetero-
with the study of quantum wells was the quantum HallStructure components.
effect/® This discovery and its comprehensive investigation
in AIQaAs—GaAs hetero_structures, quickly culminating in, QUANTUM-WIRE AND QUANTUM-DOT
the discovery of the fractional quantum Hall efféttad a HETEROSTRUCTURES
fundamental influence on all of solid state physics. The dis-
closure of this effect, which involves only fundamental quan-  During the eighties progress in the physics of two-
tities and does not depend on the specific characteristics aimensional quantum-well heterostructures and their practi-
the band structure or the carrier mobility and density in thecal applications lured many scientists to the study of systems
semiconductor, showed that heterostructures can also ¥ even lower dimensionality: quantum wires and quantum
used to model certain fundamental physical phenomena. Aots. In contrast with quantum wells, where carriers are re-
large portion of the research in this area has recently beestrained in the direction perpendicular to the layers and can
focused on gaining insight into the electron condensatiomove freely in the plane of the layer, the carriers in quantum
mechanism and looking for Wigner crystallization. wires are restrained in two directions and are free to move

We now briefly generalize the basic tenets of this sectioronly along the axis of the wire. In quantum “dots” we have
by a scheme similar to that used in the preceding section oim effect “artificial atoms,” where the charge carriers are
classical heterostructures. now restrained in all three directions and have a completely

FIG. 9. Evolution of the threshold current of semiconductor lasers.

[ll. Important technological considerations
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FIG. 10. Schematic diagrams of the density of states function for structures Temperature (°C)

with quantum wellg@), quantum wiregb), and quantum dot&).
FIG. 11. Normalized temperature dependence of the threshold current for
various DH lasers.)aBulk; b) with QWs; ¢ with QWs; d with QDs.

discrete energy spectrum. Figure 10 shows a schematic dia-
gram of the density of states function for QWSs, quantum
wires (QWS9), and quantum dot&QDs). dot imposed definite limitations both on fundamental inves-

Experimental work on the construction and investigationtigations and on device applications. The most intriguing
of QW structures began more than a decade ‘agkt the  possibilities emerged with the formation of three-
same time, theoretical investigations were addressing prol@timensional QDs coherent with the superconductive matrix
lems associated with one of the most interesting applicationsurrounding thenf?
QW lasers’® Y. Arakawa and H. Sakali suggested the pos- Several methods have been proposed for the preparation
sibility of abating the temperature dependence of the thresiaef these structures. Indirect methods, which include the
old current density for a QW laser and postulated the totapreparation of QDs by transverse etching out from SW struc-
temperature stability of QD lase(fig. 11). A vast number tures, often suffer from inadequate resolution and damage to
of papers, both theoretical and experimental, have been pulhe heterojunction during the etching process. The outlook is
lished to date in this area. The transport and capacitandeetter for the application of direct methods of preparation
properties of QWs have been investigated, along with vertisuch as growth in V-grooves and on corrugated surfaces,
cal and transverse tunneling in QW and QD structures. Imesulting in the formation of QWs and QDs. The laboratories
QW laser structures photoluminescence measurements hawéthe Physicotechnical Institute and the Technical Univer-
been carried out in the far-IR region of the spectrum, thesity of Berlin—lately engaged in close collaboration re-
Raman spectra have been studied, optical gains have besaarching the subject—have made considerable strides in pre-
measured, and the anomalies of the optical properties hawgsely this direction.
been investigated with special attention to polarization ef- We have now concluded that the most promising method
fects. The greatest success in the construction of QW lasefer the formation of ordered arrays of QWs and QDs is one
has probably been achieved by S. Simhatyl.”” So far, that utilizes the phenomenon of self-organization, or self-
however progress in this field has been very slow, and thassembly, on crystal surfaces. Stress relaxation at the edges
most interesting applications of structures utilizing quantunof steps or facets can lead to the formation of ordered arrays
wires have yet to be implemented sometime in the future. of QWs and QDs in the growth of materials, regardless of

The first superconducting dots—microcrystals of 11-VI whether the lattice parameters match or mismatch. The spon-
compounds formed in a glass matrix—were proposed anthneous formation of various ordered structures on crystal
created by A. I. Ekimov and A. A. OnushchenloTheir  surfaces with a periodicity much greater than the lattice pa-
work was an outgrowth of important theoretical QD researclrameter has been the subject of vigorous theoretical
begun by Al. I. Bros and A. L. Bros at the Physicotechnical investigation$'®2 Our ultimate aim is to produce an ideal
Institute’® However, the imbedding of the semiconductor semiconductor quantum dot, whose energy spectrum, like
QDs in an insulating glass matrix and the poor quality of thethat of an atom, would be described byddunction. To
heterojunction between the glass and the superconductinexploit the advantages of this approach to the fullest, it is
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necessary to create a dense, homogeneous array of wires a Cross section
dots, otherwise nonuniform broadening can totally negate the
advantages of reduced dimensionality. Such nanostructure &8
must have dimensions confined to a few nanometers to en %
sure energy gaps equal to a few timek between the elec-
tron and hole sublevels at room temperature. They must alst
be free of dislocations and defects.

One mechanism for the formation of ordered nanostruc-
tures is faceting, where the flat crystal surface is reorganizec
into a periodic “hills-and-valleys” structure to diminish the
free energy on the surfa&®? :

Another class of self-organized structures suitable for
the preparation of QWs and QDs comprises ordered arrays @
highly strained “islands” of monolayer height, which form
spontaneously during the submonolayer deposition of one
material on another with a stark mismatch between the twa
lattice parameter®:&6 :

Very uniform arrays of three-dimensional QDs, also

j [001]

H InAs
u GaAs

| Arrangement
of quantum
dots in three-

: : - tetragonal
with transverse ordering, have been produced recently in the lattice
system InAs—GaAs by the deposition of InAs coatings with a
thickness greater than one monolayer using both MBE anc | 20 nm y
MOVPE growth technique¥.®

The mechanism driving the formation of an array of ho-
mogeneous strained islands on the crystal surface is stres
relaxation at the facet edges and interaction of the islands
through the stresses generated by them in the sub&trate.

) . . [010]

most cases experiments show that the islands have a fairl
narrow size distributiof and, in addition, that the coherent
InAs islands under certain conditions form a quasiperiodic [100]

square grid. The shape of the QDs can be significantly al-
tered during the formative growth period, during postgrowthFIG. 12. Vertical and transverse ordering of coupled QDs in the system
annealing, or by means of complex growth manipulations/™AS~GaAs.
The alternate short-period deposition of different stressed

materials results in splitting of the QDs and the formation of

superlattices from planes of vertically coupled QPB#&ys. 12  mately 350—400 K in the temperature range 30-150 K, and
and 13.9°-%4|t has been observed that the emission energy low threshold current density (120 A/&mis obtained in
from the ground state of a QD coincides with the absorptiorthe temperature range 70—150 K; 22ngle-mode lasing in a
edge and the lasing enerfyThe observation of ultranarrow longitudinal mode is observed at both low and high tempera-
(<0.15 meV) luminescence lines from solitary GD¢Fig.

14), which do not exhibit any tendency to broaden as the
temperature rise$Fig. 15,°! is proof of the formation of
QDs with an energy spectrum described by-function.

It is anticipated that QD lasers will have higher charac- §
teristics than standard quantum-well lasers. They are ex- &
pected to simultaneously exhibit such unique attributes as
high differential gain, ultralow current density thresholds,
and high temperature stability of the threshold current
density’® In addition, ordered arrays of QDs formed in the
optical waveguide region can induce distributed feedback
and (or) stabilize single-mode laser emission. Quantum-dot
structures buriedh situin a semiconductor spatially localize  §
carriers and prevent their nonradiative recombination at the &
mirrors of a cavity. This technique avoids overheating of the
cavity mirrors, which is one of the most serious problems of
high-power and high-efficiency AlGaAs-GaAs and

2001
AlGaAs—-InGaAs lasers. o Ry
In our first publication on InGaAs QD laséfsve have '

shown th_at 1 the thresho!d current density is extremely FIG. 13. High-resolution end-on TEM image of a single quantum dot in the
stable, with a characteristic temperaturg,) of approxi-  deposition of three InAs monolayers. The facets are indicated by arrows.
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FIG. 14. High-resolution cathodoluminescen@@L) spectrum of InAs—  FIG. 16. Lasers utilizing vertically coupled quantum-dot arraysSehe-
GaAs QD structures. matic diagram of three vertically coupled sheets of InAs—GaAs dots; b

end-on TEM image of vertically coupled QDs) schematic diagram of a
laser structure.

tures (300 K). The characteristic temperaturé = 350 K)
far exceeds the theoretical limit for a QW laser.

The relatively small energy difference between the exci-  Emission via the ground state has been observed at 300
ton ground states in a QD and the wetting layerl00 meV) K in lasers whose active zone is obtained by the growth of
and between the exciton state in the QD and the exciton staiertically coupled QD array§VCQDAsS) (Ref. 90, Fig. 16
in the GaAs barrier 200 meV) leads to the highly effec- through the alternate short-period deposition of GaAs—
tive delocalization of excitons and carriers from QDs at high(InGaAs layers. Despite a subsequent increase Tiy
temperatures %170 K). As a result, Ty is lowered (T,=430 K in the temperature range 70—15p &d lower-
(To~60 K), the lasing energy shifts closer to the excitoning of the threshold current density,,=40 A/cn? at 80 K),
energy in the wetting layer, and the threshold current densitthe room-temperature value ofl,, was still high
increases to 950 A/cfrat 300 K to compensate the resulting (660 A/cnf), and T, remained equal to 60 K. The InGaAs
drop in gain. QDs in these lasers were grown within a single GaAs QW as

part of the composition of the above-mentioned SPS laser
structure’!

Extremely high temperature stabiliff ;=530 K in the
temperature range 70—220 Kas been demonstrated for la-
sers utilizing MOVPE-grown QDs. Up to 220 K the thresh-
old current density was approximately 50 Akrand was
essentially independent of the temperature. Further optimiza-
tion of the growth parameters and geometry of the structure
made it possible to extend the range of extremely high tem-
perature stability of the threshold currenty & 385 K) to
50 °C (Ref. 92.

We have recently investigat&f® the influence of the
number of InGaAs QD sheetfNj on the structural and op-

res. tical properties and on the lasing parameters in structures

“P-r-P-7-0-7-9-7-3limit with InGaAs—GaAs VCQDAs grown by MBE on

2(_) 30 40 50 60 GaAgq100) substrates and introduced into the active zone of
Lattice temperature (K) AlGaAs—-GaAs SPS QW lasers. We found that the coupled

FIG. 15. Temperature dependence of the full width at half-maximumdOts are formed by virtue of self-organized reconfiguration,

(FWHM) of the cathodoluminescence peak. where InGaAs material is transferred from a lower to a
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 density of states as a function with sharp maxima
(Qws);

« zero-dimensional electron géQDs);

« 5function density of state@Ds);

* increased exciton binding energy.

II. Major implications for applications in semiconductor
devices:

* reduced lasing threshold current together with in-
creased differential gain, diminished temperature de-
pendence of the threshold currd@Ws), temperature
stability of the threshold currei@Ds), discrete ampli-

a b fication spectrum, and the possibility of obtaining per-
« [ v ¥ InAs QDs (77K) formance characteristics similar to those of solid-state
g V InAs QDs (300K) or gas laser$QDs);
<1000 A A InGaAs QDs (77K) - « higher modulation factor in electrooptical modulators;
= 3 v A InGaAs QDs (300K) « the capability of fabricating “single-electron” devices;
G ! A * a new opportunity for the development of field-effect
3 v transistors.
§ Lol A lll. Important technological considerations:
3 v A « the application of self-organization effects for growth;
= « epitaxial growth in V-grooves;
[=} v A . . . .
< v * high-resolution lithography and etching of quantum-
é’ A well structures.

10

0123 456 7 8 91011

Number of QD sheets FUTURE TRENDS

Impressive results have been obtained recently for short-

FIG. 17. Plan-_vieV\(a) and end-or(b) TEM images of a structure with six wavelength emission sources using Il-VI selenides and
sheets of vertically coupled QDs) dependence of the threshold current =N nitrides. The application of heterostructure concepts
density on the number of QD sheets in the active zone of a QD laser. : p

and growth methods developed for quantum wells and super-

lattices based on IlI-V compounds is responsible in large
higher QD and is replaced by GaAs. The transverse widtlpart for the success of these investigations. The natural and
and volume of the upper QDs constantly increaseNas  most predictable trend will be the application of heterostruc-
increased. A QD superlattice is formed in the vertical direc-ture concepts and technological methods to new materials.
tion for largeN (Fig. 17). The variety of recently developed IlI-V, II-VI, and IV-VI

An increase inN produces a substantial drop iy, at  heterostructures provides good examples of this assertion.
300 K, owing to the increase in the optical confinement fac-  From a more general and incisive point of view, hetero-
tor (from 900 A/cnt at N=1 to 260 A/cnf at N=6 and to  structuregwith regard to all: classical, QW and superlattice,
90 A/cn? at N=10). At room temperature, on the other QW, and QD represent a technique for the synthesis of new
hand, the emission wavlength increases Wthattaining the types of materials: heterosemiconductors. To echo once
photoluminescence wavelength at low excitation densitiegagain the words of Leo Easki, instead of “crystals made by
(2.05 um, 300 K,N=10), and T, in the vicinity of room  God” we ourselves are creating “man-made crystals.”
temperature increases from 60 KNit= 1 to 150 K atN=10. Classical heterostructures, quantum wells, and superlat-
However, the highF, region at low temperatures becomestices are already highly sophisticated, and we are putting
narrower, indicating the formation of minibands due to themany of their unique properties to use. Quantum-wire and
formation of a vertical SPS in the case of lafge quantum-dot structures, on the other hand, are still in their
Another reason for my including this somewhat moreinfancy; awaiting us down this road are intriguing discover-

detailed portrayal of the evolution of QD laser structures isies as well as new and unexpected applications. At his very
to demonstrate the circuitous and sophisticated route leadingoment, we can state that ordered equilibrium arrays of
to fulfillment of the hypothetical advantages of quantumquantum dots are ready to be used in many devices: lasers,
dots. Again we wish to summarize this section, following theoptical modulators, detectors and emitters in the IR range,

same outline as before. etc. Resonance tunneling through semiconductor atoms in-
jected into wider-gap layers can significantly improve device
Quantum-wire and quantum-dot heterostructures characteristics. In a broader sense, QD structures will be de-

veloped in breadth and in depth. “In breadth” refers to new
‘material systems capable of spanning new ranges of the en-
ergy spectrum. The most highly developed system, InGaAs—
 one-dimensional electron gé®Ws); GaAs, has already found use for substantially refining the

I. Fundamental physical phenomena in QW and QD het
erostructures:
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characteristics of semiconductor lasers. Type-Il GaSb—GaAs (Leningrad 8, 3102(1966 [Sov. Phys. Solid Stat8, 2480(1966)].
guantum dots have recent]y been formed on a Gm 137h. I. Alferov, Fiz. Tekh. Poluprovodril, 436 (1967 [Sov. Phys. Semi-

6 - . . cond.1, 358(1967)].
surface™ A similar concept O.f forming QDs also worI.<s n 14L. Anderson, IBM J. Res. Dew, 283(1960; Solid-State Electrorb, 341
the system InSb—GaSh, making quantum dots potentially al- (1962.

luring for applications in mid-IR lasers. It is highly probable 15G. Natta and L. Passerini, Gazz. Chim. 188 458(1928: V. M. Gold-
that problems associated with the service life of semiconducl-eschmidt, Trans. Faraday S5, 253(1929. _
tor green and blue lasers and even the more general problemgh- |- Alferov, D. Z. Garbuzov, V. S. Grigoreva, Yu. V. Zhilyaev, L. V.

ooy . h Kradinova, V. I. Korol'’kov, E. P. Morozov, O. A. Ninua, E. L. Portho
of building defect-free structures on the basis of wide-gap V. D. Prochukhan, and M. K. Trukan, Fiz. Tverd. Té¢laeningrad 9, 279

lI-VI semiconductors and IlI-N nitrides can be solved by (1967 [Sov. Phys. Solid State, 208 (1967].
using QD structures in these systems. 17Zh. 1. Alferov, Yu. V. Zhilyaev, and Yu. V. Shmartsev, Fiz. Tekh. Polu-

The “in-depth” approach means that the degree of order provodn.5, 196 (1971 [Sov. Phys. Semicond, 174(1971]

8Zh. I. Alferov, V. M. Andreev, V. I. Korol’kov, D. N. Tret'yakov, and
depends to a large extent on the very complex growth con V. M. Tuchkevich, Fiz. Tekh. Poluprovodrd, 1579(1967 [Sov. Phys.

ditions, the constants of the and the specific values of the gemicond1, 1313(1967]; H. S. Rupprecht, J. M. Woodall, and G. D.
surface free energy. The way to resonance-tunneling andpettit, Appl. Phys. Lettll, 81 (1967).

single-electron devices and equipment is by the deep-rootedfZh. 1. Alferov, V. M. Andreev, V. I. Korol'kov, E. L. Portnp and D. N.
careful study and assessment of these parameters with a view retyakov. Fiz. Tekh. Poluprovodre, 1016 (1968 [Sov. Phys. Semi-

. . cond.2, 843(1968)].
toward maximizing the pOSSIble degree of order. On tthZh. 1. Alferov, V. M. Andreev, V. |. Korol'kov, E. L. Portnf and D. N.

whole, it will be necessary to find more powerful self- Treryakov, Fiz. Tekh. Poluprovodr2, 1545 (1968 [Sov. Phys. Semi-
organizing mechanisms for the formation of ordered cond.2, 1289(1968].

. 21 ’
quantum_dot arrays. Coup|ed arrays of Se|f_organ|zed QWS a) Zh. I. Alferov, V. M. Andreev, V. I. Korol'’kov, E. L. Portnfj and D. N.

and QDs are very promising for Esaki-Tsu transverse Super_Tretyakov, in Proceedings of the Ninth International Cpnferenpe on
. . . Semiconductor Structuresloscow July 23-29, 1968 Vol. 1 [in Russian

|ches-‘ Vertically coqpled dots C.an be Conce_NEd as a On'e' (Nauka, Leningrad, 1969p. 534; b Zh. I. Alferov, in Proceedings of the

dimensional superlattice—an entirely new object of investi- International Conference on Luminescentdewark, Delawarge August

gation. 25-29, 1969 J. Lumin. 1, 869(1970; ) Zh. I. Alferov, D. Z. Garbuzov,
It is scarcely possible in one article to reflect the sum- E: P-Morozov, and E. L. PortiioFiz. Tekh. Poluprovodrs, 1054(1969

I of h in di . fth d hvsi [Sov. Phys. Semicon@®, 885(1969]; d) zh. I. Alferov, V. M. Andreev,
total ot even the main directions of the present-day physics V. I. Korol'’kov, E. L. Portnd, and A. A. Yakovenko, Fiz. Tekh. Polupro-

and technology of semiconductor heterostructures. They arevodn. 3, 541 (1969 [Sov. Phys. Semicon@®, 460 (1969)].
far greater in number than indicated. Many scientists havé’zh. 1. Alferov, V. M. Andreev, E. L. Portnip and M. K. Trukan, Fiz.
contributed to this remarkable progress, which not only de- Tekh. Poluprovodn.3, 1328 (1969 [Sov. Phys. Semicond3, 1107

. i . 1969].
termines in large measure the future prospects of solid sta’fze(Zh. l?ilferov V. M. Andreev, V. 1. Korolkov, E. L. Portn and A. A.
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AMORPHOUS, GLASSY, AND POROUS SEMICONDUCTORS

Relaxation of light-induced metastable state of boron-doped p-type a-Si:H
A. G. Kazanskii" and E. V. Larina

M. V. Lomonosov Moscow State University, 119899 Moscow, Russia
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Fiz. Tekh. Poluprovodr32, 117—-120(January 1998

Relaxation of the dark conductivity of boron-dopa€si : H films after illumination in the

temperature range 360—470 K has been studied. It is shown that the measuring conductivity
relaxation after illumination under different conditiofiBumination time and temperature

makes it possible to separately investigate relaxation of the concentration of light-induced
metastable defects of the “dangling-bonds” type and relaxation of the concentration of
metastable states associated with impurity atoms. In both cases the relaxation obeys a stretched-
exponential law. The main parameters of both relaxations and their temperature dependence
have been measured. The experimental results can be explained within the framework of a model
of the annealing activation energy distribution for light-induced metastable state$99®

American Institute of Physic§S1063-78207)01012-(

It is known that illumination ofa-Si: H films leads to  substrate temperature of 250 °@he substrate was quartz.
the appearance of a metastable staA@nealing at tempera- The volume ratio of BHg to SiH, was 10° (sample
tures of 100-200 K (depending on the level and type of 10 ppm and 3x10 ° (sample 30 ppm The films were illu-
doping restores the original parameters of the films. Mostminated by light from an incandescent lamp through a ther-
studies of the metastable state have examined undopeflal filter with an intensity of 60 mWi/cf The films were
a-Si : H films. It is taken for granted that the appearance andgjuminated at temperatures in the interval 36670 K. Re-
relaxation of the metastable state in undoped films are conaxation was measured at the illumination temperatures and
nected with monotonic variation of the concentration of de-yas recorded with the help of an S 9-8 digital storage oscil-

fects of dangling-bond type, where the kinetics of this variagscope. Before the measurements the films were annealed in
tion are characterized by a stretched-exponential?faw. vacuum at 190 °C for 30 min.

The metastable state caused by illumination of doped Figure 1 plots the dependence on illumination timg)(
a-Si: H films has been studied to a significantly lesser ex-

- @ _ "of the relative variation at different temperatures of the dark
tent. The presence of dopant |mpur|t|es substantially Comp“bonductivity (@®1c?) of the 10-ppm film, where-® and o
cates the processes of formation of the metastable state.

icul ot  th ductivity that e the dark conductivity before and after illumination, re-
parlicuiar, variations ot tn€ conductivity tha are.nonmono'spectively. The measurements were made 3 s after turning
tonic in the illumination have been associated with the con- . o .
Lo ) ; ; . . off the illumination. As can be seen from the figure, for
tribution of possible processes associated with the impurit

" ) . : <400 K the dependence®/o”(t;) has a nonmonotonic
atoms (variation of the concentration of electrically active character. falling at short illumination times and arowing at
impurities?® and variation of the concentration of defects ' 9 9 9

correlated with the impuriti& The relaxation of the con- longer on_es. Similar pehawor 018_/0A was observed for the_
ductivity after termination of illumination associated with 30-ppm _f”,m‘ Increag,m% the doplng- Ievgl qu on-ly to a shift
relaxation of the metastable state of phosphorus-déped®! the minimum ofo™/c™ to sAhorter illumination times. The
boron-doped, and compensated-Si: H® also has a non- QbservedBdeEgndence P/’ (ty) |nd|catg§ that the varia-
monotonic character. This indicates that relaxation of thdion of o”/¢™ is controlled by a competition of two pro-
metastable state of dope&Si : H is, in general, governed by CESSES caused by-lllun?lna.tlon..The one Iead!ng to a-decrease
at least two processes. of oB/a” at short illumination times can be linked with the
To secure a proper account of the indicated processes, &°Pearance of donor-like staté3S) lying above the Fermi
would be advantageous to perform measurements under colgVvel (Ey). It is believed® that these states may be dangling-
ditions in which one of them is suppressed. As was noted ifond states. The second process, the one responsible for the
Ref. 8, this can be done by measuring relaxation of the congrowth of oB/a” at longer illumination times, can be linked
ductivity of dopeda-Si: H after illuminating it at different With the appearance of acceptor-like statas) below the
temperatures for different lengths of time. In the presenfermilevel. In the opinion of the authors of Ref. 4, this is a
study, measurements were made on boron-dopetype consequence of an increase in the concentration of electri-
a-Si : H films. cally active boron atoms caused by illumination. As the tem-
The investigate@-Si : H films were roughly Jum thick  perature is increased, the position of the minimugj of
and were obtained by decomposition of a mixture of monosiot/o”(t;) shifts toward shorter illumination times. This in-
lane(SiH,) and diborandB,Hg) in an rf glow discharge at a dicates a growth of the role of the second process in the
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10F : tion) and with the second proce&s possible change in the
concentration of electrically active impuritiedn particular,
4 relaxation of the conductivity after brief illumination
o 0 0 ©°° (t<tmin) at T<400 K should be associated with the first pro-
1} °o © 3 cess, while relaxation of conductivity after illumination at
® high temperatures should be associated with the second pro-
d cess.
§ . . A The change in the concentration of statAdN() brought
o1k a’ . %‘A about by the first or second process leads to a shift of the
o e o Fermi level AE;=EP— Ef=N(E;)AN, whereN(E;) is the
a At 1q density of states in the region of the shift &;, and
s o 0 ® AE;=kT-In(¢"d®). Assuming thalN(E;) =const, we have
1 2 @p ° ' AE;~AN. Thus, measurement of relaxation &E;(t) al-
o' 10° 107 10* 10° 10* lows one to judge relaxation @fN(t).
tu,s Figure 2a shows relaxation &E; after illumination of
) A ) the 10-ppm film for 1 s aff<400 K. Relaxation ofAE;
‘FIG.Il. Rela_tlve dark co_nducthltyr /o of a 10 ppm film plotted versus under these conditions is governed by relaxation of the
illumination timet;, for different temperaturest — 360,2 — 380,3 — B A .
400,4 — 440 K. changes ino®/c” caused by the first procesthe process
leading to a decrease of the conductivity upon illumingtion
As can be seen from the figure, with the exception of the
variation of the conductivity with increase of the tempera-initial segment, the relaxation &E; linked with relaxation
ture. of the metastable states is satisfactorily described by a
Let us consider the high-temperature region. As can betretched exponentid E;~ [ exp—(/7,)?] (solid curve$. An
seen from Fig. 1, monotonic growth off/o” is observed at  analysis of the initial segment of relaxation was performed in
T=440 K. Such variation of8/ o testifies to the prevalent Ref. 9. Figure 2b shows relaxation AE; after illumination
role of the second process in the high-temperature regiorof the 10-ppm film for 5 min af <440 K. Under these con-
According to Ref. 8, this is connected with a difference inditions, relaxation ofAE; should be determined mainly by
the characteristic annealing temperatures of the changeslaxation of the changes ian®/c” caused by the second
caused by the first proce$360—380 K and the second pro- procesdthe process leading to an increase in the conductiv-
cess(460—-480 K. ity upon illumination. For T=440 K in the initial stage of
The above results point to the possibility of separate intelaxation, some increase thAE;, which is associated with
vestigation of relaxation of the light-induced changes associthe contribution to the relaxation of states created by the first
ated with the first proceds change in the defect concentra- process, is observed. It can be seen from the figure that the
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FIG. 2. Relaxation of the position of the Fermi leveE; (— AE;) after illumination of a 10-ppm film for 1 s &<400 K (a) and 5 min forT>440 K (b).
The solid curves were obtained by nonlinear regression to stretched expondntialsla — 360, 2a — 380,3a— 400; 1b — 440, 2b — 450, 3b — 460,
4b — 470.
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FIG. 3. Effect of temperature on the relaxation parameterd, 2) and 8 FIG. 4. Effect of illumination temperature on the distribution of the activa-
(3, 4), determined from an analysis of the data plotted in Fig(2®) and  +{jon energy of annealin®(E,) of metastable states corresponding to the
Fig. 2b(2, 4). first procesg1) and the second proce®).

relaxation obtained at higher temperatures, as in the case of

lower temperatures, is satisfactorily described by a stretched i f . distributi hould i ith
exponentialsolid curves. same time, for a given distributior should increase wi

If we assume that the first and second processes are a%r_owth of the annealing temperature. Relaxation was exam-

sociated with the appearance of donor states and accept'&ed at various illumination temperatures under the condi-

states, respectively, then the curves in Figs. 2a and 2b reflefiPnS Of our experiment. Thus, if a change in the illumination
relaxation of their concentrations. Figure 3 plots the temperal€Mperature leads to a change in fgE,) for the light-
uced metastable states, this should show up in the ob-

ture dependence of the stretched-exponential parameters !
relaxation of the donor-state and acceptor-state concentrg€rved temperature dependef(d). As was shown in Ref.

tions shown in Fig. 2. The effective relaxation timefor the ~ 13 the distributiorP(E,) can be obtained by differentiating
donor states has an activation-type temperature dependen"&? relaxation curves of-the. concentration of photo-induced
7= 10expE/KT) with activation energyE=1.02 eV and metastable stateSN (which in our case corresponds to re-
7o=5%10"2s. This value ofE is close to the activation !axation —of AE), specifically P(E;)~d[AN(t)]/
energy of annealing of light-induced dangling bonds indlkT-In(t/7)]. Values ofP(E,) inferred from our measure-
a-Si: H. In the case of the acceptor states in the high/ments at different temperatures for the donor states and for
temperature regions, also decreases in an activation-like the acceptor states are shown in Fig. 4. To calculate them, we
way as the temperature is raised, with activation energysed the above-indicated valuesmf As can be seen from
E=1.33 eV andr,=5x10 s, At the same time, as can be the figure, the maxima d?(E,) correspond to the measured
seen from Fig. 3, varying the temperature has a substantial§ctivation energies, . In the case of the donor states the
different effect on the parametg, which characterizes re- Wwidth of P(E,) is essentially independent of the illumination
laxation of the donor-state and acceptor-state concentrationgmperature, while for the acceptor states a substantial broad-
In the case of the donor states, the param@tir essentially  ening of P(E,) is observed with growth of the illumination
independent of temperatufé tends to increase with tem- temperature. This may explain the observed dependence of
peraturg. In the case of relaxation of the concentration of 3(T) and indicates the substantial difference between the
acceptor states, on the other hapdgecreases substantially mechanisms driving the first and second process.
with increasing temperature. Similar behavior@fwvas ob- In summary, our studies have allowed us to determine
served for the 30-ppm sample. Note that a similar temperathe main parameters characterizing relaxation of the changes
ture dependence ¢& and the valueE=1.39 eV forr, were  in conductivity associated with the process of defect forma-
obtained in Ref. 10 for relaxation of conductivity of boron- tion leading to a decrease in the conductivity as a result of
dopeda-Si : H films after quenching and subsequent annealillumination of p-typea-Si : H and the process leading to an
ing at various temperatures. It is believed that under thesicrease in the conductivity and apparently associated with
conditions relaxatioridecreaseof the concentration of elec- impurities.
trically active impurities takes place. We are grateful to Prof. W. Fuhs and Dr. H. Mell for
Let us consider the results. According to Ref. 12, thepreparation of the boron-dopettSi: H films, and to I. A.
relaxation observed upon annealing of the concentration dfurova for helpful discussions.
metastable states according to a stretched-exponential law This work was carried out with the partial financial sup-
may be an indication of the activation energy distributionport of INTAS (Grant No. 93-1916and the State Committee
P(E,) of annealing of the light-induced metastable states. Aon Higher Education of the Russian Federati@rant No.
smaller value of3 corresponds to a wider distribution. At the 95-0-7.1-153 in the area of fundamental natural science.
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Relation between the optoelectronic parameters of amorphous hydrogenated silicon
films deposited at high temperatures and their microstructure

G. J. Adriaenssens and W. Grevendonk

Katholieke Universiteit Leuven, B-3001, Heverlee, Belgium

O. A. Golikova

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted May 12, 1997; accepted for publication May 15, 1997
Fiz. Tekh. Poluprovodr32, 121-123(January 1998

The optical modulation spectra and photoconductivity of a number-8f:H films containing

5-6 at.% hydrogen with different microstructure paramet&s (.2—0.8) have been

investigated. Information about the defect density in the films, spreading of band (aiteg),

the gap width, and the product of the mobility and the lifetime of the electrons has been

obtained. The microstructure is shown to have a substantial effect on the optoelectronic parameters
of films with low hydrogen content. €1998 American Institute of Physics.
[S1063-78287)01112-3

In the present paper we report the results of an experipossible to obtain information about localized states of the
mental study of the opto-electronic properties of amorphousnobility gap, E;, can be described as follows!® The
hydrated-silicon films &-Si : H) deposited by decomposition sample is acted upon by two light beams—the monochro-
of SiH, at constant current in a magnetic fidldagnetically matic probe beam and the pump beam. The excess charge
assisted silicon deposition, MASD As was shown carriers created as a result of pumping alter the population of
earlier! =3 this method allows one to vary the microstructurelocalized gap states, which affects the transitions between
parameter of films deposited at high substrate temperaturdkem and the band states. The experimentally determined
Ts=300-400 °C(the microstructure parametBr as iswell quantity is —AT/T, where T is the transmittance of the
known, characterizes the content of Siebmplexes relative probe light beam through the sample in the absence of pump-
to the total content of SifiSiH complexes As a result of ing, and —AT is the change in the transmittance due to
the high substrate temperatures, wide variationdRohre  pumping. The latter quantity is proportional to the change in
achieved simultaneously with low hydrogen content of thethe absorption coefficient. As the pump we used an argon
films (Cy<10 at.% (Fig. 1), which is not possible with laser(30 mW/cm 2). The probe beam was produced by an
other methods. Therefore, films deposited by MASD are newncandescent lamp and a monochromator, and the optical
objects of study for elucidating the effect of the microstruc-modulation spectra were taken in the energy interval
ture on the optoelectronic parameters of amorphous hydratefl=0.5—2.2 eV at room temperature.
silicon. Such studies are especially interesting since MASD  Figure 2 plots the OMS curves for the investigated series
has a number of features that are attractive from the techn@f samples. Three regions can be distinguished in each curve.
logical point of view. The central region is found in the vicinity of the maximum at

It should be noted that MASD allows one to obtain un-E=1 eV. The value of-AT/T at the maximum is propor-
dopeda-Si : H films of device quality having as high as tional to the defect densitj . Variations of—AT/T in the
3 at.% by using a strongly diluted mixture of Sildnd Ar.  low-energy region yield information about smearing of the
Doped films can be prepared by sputtering a strongly dopeband edgedtailing). However, as a result of technical de-
silicon target which is used as a cathode in the magnetrotails, the measurements in this regions are not distinguished
chambert ™3 or by co-sputteringle.g., by using a Sit Er by high accuracy; therefore, the obtained information is only
targef). MASD has been employed successfully to obtainof a qualitative characté?. Finally, for values ofE near the
alloys ofa-Si : H with germaniunr. fundamental absorption edge an abrupt growth-@T/T is

The main method used by us was optical modulatiomobservedthis effect is called thermal modulatipiHowever,
spectroscopyOMS).6 19 For the experiments we chose films it is possible to estimate the value of the dgap.
that have been described earftet They have similar values Thus, the OMS method is very informative, and the in-
of C, for R=var and are also characterized by similar valuesormation it reveals about the defect density in the films is
of e.—¢f, i.e., roughly identical values of the Fermi level especially valuable. As is well known, the constant photocur-
relative to the edge of the conduction band. This latter fact isent method CPM), which due to its comparative simplicity
important since, as is well known, the density of defectsis widely used to determindly, has been the subject re-
(dangling Si—Si-bondsN and the product of the mobility cently of serious criticismi®* It should be noted that to
and lifetime of the electrongy 7 are functions of the equi- determineN the total absorption associated with the defects
librium Fermi level, although with a large spread of the ex-is normalized to the density of unpaired spins, determined by
perimental data witle;— = const(Ref. 1J). electron paramagnetic resonarterhis is unquestionably

Optical modulation spectroscopy, as a method making itorrect if the defects are found in the neutral st&&), but
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FIG. 1. Variations of the microstructure parameterae®i : H films depos-

ited by the MASD method fo€,= const. FIG. 3. Product of the mobility by the lifetime of the electrons, plotted as a
function of the position of the Fermi level of amSi: H film of device
quality (straight ling. The points represent data for films 4 and1% and

i i 1-3(2); see Fig. 2.
it ceases to be completely correct if the charge state of thg - > °°¢ 19

defect varies, i.e., when tleSi : H film is not “intrinsic.” 1*
Let us consider how the defect density variefRkasries

(Fig. 2. The a-Si: H films with the smallest values ®,  the glow-discharge method at,=300-400 °C. Figure 3
deposited by MASD, are comparable in their valueN¥  piots the product of the mobility by the lifetime of the elec-
with a-Si : H films of device quality, deposited by the glow- trons, 47, as a function of the position of the Fermi level.
discharge method, for which the OMS method was used ifpe straight line is for device qualitg-Si: H (Ref. 3 and
Ref. 12 to obtain similar data. At the same time, it follows the points correspond to the films examined in the present
from Fig. 2 that growth oR leads to a significant increase in stydy. The values g~ were determined from the photocon-
Np . For the maximum values @&, in fact, all of the hydro-  qyctivity measured at room temperature for rate of genera-
gen is found in the form of SifHHcomplexes and, although tion ~10°cm=3s ! andhvy=2 eV. It can be seen that the
the total hydrogen conted, is not large and, consequently, fjims with highR and correspondingly enhanchig, are dis-
the number of these complexes is also not large, the micraingyished by depressed valuesof for e.— &= const.
structure of the films has a great influence bottiNgnand on Thus, by using the MASD method of film deposition we
the spreading of the band tallsig. 2). The latter is assumed haye succeeded in establishing that variations in the micro-
to be an indicator of inhomogeneity of taeSi : H structure.  strycture ofa-Si : H films (variations in the content of SiH
The increase irE, observed for almost all the films depos- ¢omplexes relative to the total content of Siahd SiH com-
ited by MASD should apparently be linked with peculiarities pjexeg have a substantial effect on the optoelectronic param-
of the microstructure. From the estimateg=1.8—-2.0 €V  eters ofa-Si: H films with low hydrogen content.
(Fig. 2), which is not characteristic ai-Si: H deposited by This work was supported by an INTAS Grafio.
931916 and was carried out within the scope of a program
of joint study.
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THE PHYSICS OF SEMICONDUCTOR DEVICES

Generation in a microstrip-resonator-stabilized double-barrier resonant tunneling
structure

A. A. Beloushkin, Yu. A. Efimov, A. S. Ignat'ev, A. L. Karuzskil,* V. N. Murzin,
A. V. Perestoronin, G. K. Rasulova, A. M. Tskhovrebov, and E. G. Chizhevskil

P. M. Lebedev Physical Institute, Russian Academy of Sciences, 117924 Moscow, Russia
(Submitted August 21, 1995; accepted for publication August 11,)1997
Fiz. Tekh. Poluprovodr32, 124—127(January 1998

Generation in a microstrip-resonator-stabilized double-barrier resonant tunneling structure based
on GaAs/AlAs heterostructures has been investigated for the first time. The structures

fabricated contain near-contact layéspacersthat prevent impurities from penetrating into the

active part of the structure and improve the temporal characteristics of the system. AuNiGe

alloy microstrip contacts, which connect the structure with an external rf circuit, were prepared in

a planar implementation, making it possible to minimize € delay time in the negative

differential conductance region by decreasing the series resistance and capacitance of the structure.
In structures with spacer layers, the negative differential conductance exhibits a complex

behavior due to the influence of the space charge.1998 American Institute of Physics.
[S1063-782608)03001-4

1. INTRODUCTION acteristic features in the nonlinear properties of the DBRTSs.

Recent theoretical and experimental studies of negative. TECHNOLOGY OF FABRICATION OF DOUBLE-BARRIER
differential conductancé€NDC) in double-barrier resonant RESONANT TUNNELING STRUCTURES AND
tunneling structure$DBRTS9 have shown that the charac- EXPERIMENTAL PROCEDURE
teristic charge-transport times in such structures are very

short (less than 100 fs-? Asymmetric structures consisting molecular-beam epitaxy using the results of a computer

of two or more quantum weffs® are even more promisSing 1IN gjmylation. A structure was prepared on a semi-insulating
this respect because of the sharp decrease in the barrier tragssas  substrate. This structure contained: 1000 nm
mittance when the resonance conditions for the energy levels+_a|gaAs doped with Si to 1 cm™3, 14 nm nondoped
in the quantum wells break down. Combining microstripGaAs, 4.5 nm AlAs, 4 nm GaAs, 4.5 nm AlAs, 7 nm non-
technology with nonlinear millimeter- and submillimeter- doped GaAs, 10 nmn -GaAs doped with Si to
range devices based on such structures promises progressgift 1017 cm 3, and 500 nmn*-GaAs doped with Si to
advancement of the generation frequency into the terahertZx 1018 cm=3. Mesa structures with a diameter of 0.014 or
frequency range. 0.028 mm and planar collector contact pads were formed by
The peak-to-valley current ratio on the NDC section ofthe photolithographic method on the bottami layer fol-
the current-voltage characteristitvC) is an indicator of |owed by etching. Si@insulation and the metal alloy Au-
DBRTS quality and strongly depends on the degree ofzeNi were used to form ohmic contacts. Planar square
current-carrier scattering by ionized impurities. To increasg0.05x 0.05 mnf) emitter and collector ohmic contacts con-
this ratio, nondoped separating layéspacers are inserted  sisting of this alloy formed segments of microstrip lines with
into the structure between heavily doped electrodes and thgi0, insulator that connected the DBRTSs with an external
tunneling barriers, thereby preventing impurities from pen-microwave circuit.
etrating into the active part of the structure during the  For use in microwave experiments, the plate on which
epitaxial-growth process:* The introduction of spacers de- the DBRTSs were prepared was cleaved into
creases impurity scattering and improves the frequency chag.25x 0.25x 0.1 mn? crystals. A crystal together with the
acteristics of DBRTSs. As shown in the present work, themesa structure contained on it were mounted into the micros-
presence of such layers produces in both the IVCs and thgip plate of the holder and the plate was in turn connected
high-frequency behavior of DBRTSs characteristic featuresvith the microstrip resonator. Aluminum oxide was used as
which are determined by band bending and by the appeathe insulator substrate in the microstrip plate of the holder.
ance of quasibound levels in the region of the spacer near thEhe microstrip line on the GaAs crystal was connected with
heavily doped electrod®!! as well as by the accumulation a gold-plated microstrip line on the holder plate by soldering
of space charge in the quantum well and in the region of thavith gold wires. To study generation processes, the micros-
spacer. These effects are accompanied by the appearancetigp holder with the structure was mounted in a microstrip
bistability and hysteresis in the static and dynamic characteresonator for the purpose of performing with a spectrum ana-
istics of the system!®!2as well as the appearance of char-lyzer microwave measurements in the range 0.01-40 GHz or

The experimental structures were fabricated by
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015k 1. A by the internal bistability of the structure. On account of the
,a \ planar configuration of the contacts, this bistability is inten-
01t WA sified by the instability of the systefr°
AN}
0.05¢ \/
-7 /.05 0 05 .4 0.9 4. MICROWAVE GENERATION
Jd, A ’

~0.05F b gﬂ gg Microwave generation based on resonance tunneling in a

-1k H 0 F,6Hz DBMTS with spacer layers was observed when a negative

bias voltage between 0.78 and 1.0 V was applied in the NDC
FIG. 1. Current-voltage characteristic of a 0.028 mm in diameter double/€gI0N. The_ me_asurements were per_formed at 77 K. The out-
barrier resonant tunneling structure at 774 The dashed line shows the put power in this case was several times lower than the out-
region of hysteresis where current instability is observed. The generatioput power observed in the case of then junction based
frequencyF versus the bias voltage applied to the structure &t=77 K tunnel diode. Dynamic hysteresis was observed in the fre-
(b). The arrows mark the values &f at which excitation(1) and breakoff behavi h . d
(1) of generation occur; the open circles correspond to unstable states. JUENCY behavior of the structure. Generation appeared near
the critical value 0.85 V both with increasing and decreasing
voltage. After generation appeared, stable generation was

for measuring frequency with a frequency meter. The reso’ghen observed with the bias voltage varying in the interval

nator consisted of a quarter-wave segmémith one end 2h7O?N\I{I<II‘YF<I l.(i(\éﬁr\j;:htf) gﬁgerggg:‘atr;iq:;nci dV:t”ti(‘i’ eizl
open and the other end shorteaf a 2-mm-wide and 200- 9- ' 9 PP

: - : Points of this interval. The clear correlation between the
mm-long microstrip line that was connected with an external - . . :
characteristic points of the curve of the dynamic hysteresis of

xial line through a resistan ivider. The resonator w. o ) d
coaxial line through a resistance divide © resonato aseIf—eXC|tat|on of generation and the static IVC suggests that

fabricated by the method of etching out of Cu on one side o . o . T
a flat 1.5-mm-thick insulating substrate with bilateral metal-!nternal b's.tab'“ty due fo spatial redistribution of .the charge_
lization. The metallized layer on the other side of the sub’® present in the str.ucture. We note that _dynamc hysteresis
strate played the role of a second, grounded, flat conductor o iiZenOt observed in the case of the-n junction tunnel
the microstrip line. The substrate consisted of a 200-mm- Tﬁe dvnamic resistance in the NDC region for the
long and 30-mm-wide rectangle of glass textolite with a per‘DBRTS wgs much larger than for the-n 'unctigon twunnel
mittivity of 2. The frequency of the fundamental harmonic of .~ " "~ " " =~ 9 . J .
the resonator was equal to 0.29 GHz. The bias voltage on t diode; th_|s is indicated by the difference of the generation
DBRTS was applied to the collector contact through a resis caUencies betwee_n the DBR-KQ'.S GH3 and the tun_nel

o . diode(0.58 GH2, which were stabilized by the same micros-
tance divider. The emitter contact of the structure was con: . )

. . trip resonator. The generation frequency of the DBRTS cor-

nected to a strip conductor of the resonator at a point 70 nm

from the short-circuited end of the resonator. The microwave(eSponds to th€3/4\-mode of the resonator, for which the

characteristics of this microstrip circuit, employed for stabi-POINt where the DBRTS and the resonance strip are con-

lizing the oscillations of the DBRTS in a frequency range Ofnected corresponds to an antinode of the transverse electric

the order of 1 GHz, were first investigated with a serialf'eld of this resonance mode. Since the DBRTS is connected

31101V p—n junction tunnel diode, which was mounted in in the d|r_ect|on of the _transverse el_ectrlc field, the presence
. . : . of an antinode of this field at the point where the structure is
the microstrip resonator instead of the DBRTS. Generation X o .
. . connected in the resonator circuit indicates that the dynamic
with output power of the order of tens of microwatts at 0.58 " . . . :
. resistance of the structure is large. Another important differ-
GHz, corresponding to a half-wave resonance mode of the : .
. . . ence of behavior between the DBRTS and the tunnel diode
resonator, was obtained with the tunnel diode. Quarter-waveé . . .
X : : as the observation of a high degree of amplitude modula-
and one-wave harmonics with frequencies of 0.29 and 1. I
) ion (of the order 50% of the oscillations generated by the
GHz, respectively, whose output power was two orders o - : .
magnitude lower, were also observed BRTS. Two characteristic modulation frequencies were ob-
' ‘ served. For bias voltages in the range from 0.8 to 0.96 V, the
modulation frequency was equal to 20 MHz, the degree of
modulation was of the order of 50%, and amplitude modu-
lation with frequency 1 MHz and degre€10% was ob-
The static current-voltage characteristi®C) of the  served at the edges of the region of existence of the un-
DBRTS is shown in Fig. 1line a). The peak-to-valley ratio damped oscillations near 0.78 and 1.0 V. Since the
was equal to 4.3 at 77 Kthe ratio is somewhat lower at characteristic nonresonance tunneling times in structures
room temperaturet®) and the peak current density was equalconsisting of several quantum wells with parameters close to
to 2.2<10* A/lcm?. The measurements were performed on athose of the DBRTS studied at 77 K are of the order of
0.028-mm-diam mesa structure with a Z)5series resistance several nanoseconds or of the order of 200(Insg-lived
of the external circuit. A negative bias voltage was applied taccomponent® the observed amplitude modulation could be
the collector contact. Instability and hysteresis of the IVCdue to oscillations of the space charge accumulated in the
were observed experimentally at voltages 0.6—1.0 V correDBRTS with spacer layers as a result of nonresonance tun-
sponding to the NDC region. These effects could be causedeling processes.

3. STATIC CHARACTERISTICS
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FIG. 2. Position of the size-well energy levéls andE, in an asymmetric
structure consisting of two quantum wefiee insetplotted as a function of
applied voltageV. Vo—Voltage at which the smallest splitting, as deter-
mined by barrier transmittance, of the resonance levels in the wells occur
and the electron density distribution in the levels is equalized between the
wells.

5. MULTIWELL RESONANT TUNNELING STRUCTURES

The results presented above are for DBRTS-type struc
tures. As shown in Refs. 3—6, quantum-well resonant tunnel

ing structures with several quantum wells, specifically, three-

barrier (double-wel) structures, are more promising. The

resonance condition in an electric field corresponds to the

situation where the Fermi level and the lower quantum-well
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levels in both wells are close to one another; i.e., the Strucrig. 4. computed curves of the peak current dengjtand peak-to-valley

ture must be asymmetrithe well widths are different The

smallest splitting between the levels corresponds to the ant
crossing regior(see the inset in Fig.)2Changes in the pa-
rameters of an asymmetric quantum-well structure make i
possible to change in an independent manner both the peal
to-valley ratio and the peak current, in contrast to the

ratio J, /J, for the current-voltage characteristic: a—versus the relative bar-
fler thicknessb/w for a symmetric single-well structure with well thickness

w=45 nm; b—versus temperatufie for a double-well structure with the
following thicknesses: 1st barrier—2.83 nm; 1st well—7.358 nm, 2nd

1tf)arrier—5.66 nm, 2nd well—3.962 nm, 3rd barrier—5.943 nm.
k-

DBRTS where such a change is precluded in principle. Thivas ignored in the calculations presenteHowever, the
makes it possible to achieve with a high electronic transmitpossibility of varying separately the parameters of the sys-

tance in a wide voltage rangéig. 3) and with the same

tem, which arises in this case, opens up, in principle, new

peak-to-valley ratio much higher peak currents than with gorospects for producing resonant tunneling structures with

DBRTS (Fig. 4). Scattering of charge carriers by impurities

i
w
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[

T, arb. units

o
-

.
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.
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FIG. 3. Transmittancd versus current carrier enerdy in the case of the

transmittance of an asymmetric double-barrier structure with the following

optimal characteristics. Estimates show that inserting these
structures in systems with microstrip resonators should
greatly improve the high-frequency parameters of generators
based on them.

6. CONCLUSIONS

It has been demonstrated for the first time that
microstrip-resonator-stabilized microwave generation based
on DBRTS with spacer layers can be obtained. Dynamic
hysteresis and modulation of microwave oscillations were
observed in the system. The results obtained indicate that
resonant tunneling structures with several quantum wells are
promising from the standpoint of advancing generation in the
direction of terahertz frequencies.
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Nonequilibrium segregation of phosphorus in the system silicon dioxide-silicon
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A model of diffusion-segregation impurity redistribution in the system,Si& during the

thermal oxidation of silicon is developed, taking into account the nonequilibrium character of the
segregation process at the moving phase boundary. The temperature dependence of the

mass transfer of phosphorus and its mass-transfer coefficient at the Sifhterface are
determined by the numerical analysis of experimental data.1988 American Institute of
Physics[S1063-782608)00301-9

Impurity .rgdistriputi.on bx diffusion and' segregation ip Meq= CEYCEI=exf (¢ox— ¢s)/KT], 2)
the system silicon dioxide-silicon plays an important role in
the formation of impurity distributions in the skin layer of which is a function of the temperature and does not depend
silicon during thermal oxidation. Existing theory and modelson the oxidation rate.
of this phenomenon are based on the assumption that the Since the diffusion coefficients of the principal dopants
segregation of impurities at the SiGSi interface essentially in silicon dioxide(B, P, As, and Spare very small, the main
takes place in thermal equilibriuti® However, this assump- factor governing the tendency of the segregation process at
tion is not justified in a number cases characterized by rapithe SiQ-Si interface to establish equilibrium is impurity
advancement of the interface. The nonequilibrium charactediffusion in the silicon. When the diffusion rate of impurity
of the segregation process is indicated, for example, by exatoms exceeds the rate of advancement of the interface into
perimental results published in Ref. 4, where the quantity ofhe depth of the silicon, the relatid®) continues to hold at
phosphorus in silicon after oxidation in wet oxygen in thethe interface during the entire process. In the nonequilibrium
temperature range 750-900 °C has been observed to dease the impurity atoms, which have a low mobility in com-
crease significantly, by as much as 20% of the original valueparison with the velocity of the interface, are trapped by the
When segregation is an equilibrium process, essentially afjrowing dioxide layer. This process is manifested by a de-
the phosphorus impurity should be left in the silicon, havingparture of the ratio of the instantaneous impurity concentra-
been steadily pushed back by the moving interface. tions on the silicon and dioxide sides=Cg;/C,y from the

Our objective in this study is to develop a model of equilibrium segregation factor and, accordingly, in a devia-
nonequilibrium diffusion-segregation impurity redistribution tion of the chemical potentials of the impurity on opposite
in the system Si@-Si with a moving interface and, on the sides of the interface from their equilibrium values. In this
basis of the model, to describe the prominent characteristicsase the equalityn=mg is a criterion of the equilibrium of
of phosphorus redistribution at high silicon oxidation rates. the impurity redistribution at the interface.

According to the thermodynamics of heterogeneous So far, mechanisms of impurity transport across a
systems, the establishment of equilibrium at the interface is SiO,—Si interface have not been developed in detail. Conse-
accompanied by equalization of the chemical potentials ofjuently, the segregation flux, which reflects the transition of
the impurity at the interface on the dioxide sigg, and on  impurity atoms across the interface without thermodynamic
the silicon sideug; with the annealing time: equilibrium, is described phenomenologically by means of a

first-order kinetic modet:

= e 1
Mox= Msis @ Fs:hs(cox_CSi/meq)’ )

wherep=KT In(C)+ ¢, C is the impurity concentratiork is ~ wherehy is the mass-transfer coefficient, which has units of
the Boltzmann constant is the concentration-independent velocity.

part of the chemical potential, anfd is the temperature. It The boundary condition for the impurity at the moving
follows from the equilibrium conditior(1) that the ratio of interface is deduced from the following considerations. Let a
the thermodynamic-equilibrium impurity concentrations atlayer of silicon of thicknesax be oxidized in the time in-
the interface on the silicon sideg{! and on the dioxide side terval At, forming a dioxide layer of thicknesdW,,,

Coy is a constant, defined as the equilibrium segregation facAx=a- AW,, (a=0.44 is the ratio of the thickness of the
tor: oxidized silicon to the thickness of the newly formed diox-
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ide). The silicon layerAx initially contains a quantity of

impurity Q;, and the quantity of impurity left in the SiO

layer grown from it isQ,. During the timeAt the impurity

excess Q;—Q,) must be redistributed beyond the limits of §
the given element by diffusion and segregation. Diffusion
transport of impurity in the dioxide is small, and we disre-

gard it. Now the mass balance at the interface has the forn “.’E

Qi~ Qo= (FytFoAL, @ 3
<«

where Fy=—DVCg; is the diffusion flux in silicon at the 2
interface with SiQ, D is the impurity diffusion coefficient in
the silicon, andv = 6/ 6x is the gradient operator.

Letting At—0 and noting thaQ;— «dW,,Cg; and Q, 15
—dW,,Cox in this case, from Eq4) we obtain the equation 0 1 L
of continuity of the flux at the Si@-Si interface during oxi- 700 800 900
dation 7, €

[£]

—DVCgithg(Cox— CSi/meq)+Vox(Cox_ aCg) =0, FIG. 1. Quantity of residual phosphorus in Si versus weteRidation,
(5) experimentalpoints and calculatedsolid curve$. 1) Si(111); 2) Si(100).

whereV,,=dW,,/dt is the SiQ growth rate.
When segregation takes place under equilibrium condi-
tions (Fs=0), Eq(5), with allowance for(2), reduces to the plantation. We model the ion implantation process by a type-
well-known relatiof 4 Pearson function, using the values of its moments given in
Ref. 8.
~DVCsit Vo Umeq— @) C5=0. © We calculate the diffusion coefficients from a concentra-
In a coordinate system rigidly attached to the position oftion dependence of the form
the silicon surface at the initial tinte= 0 the impurity flux in 0 _ )
the bulk of the dioxide is proportional to the oxidation rate: ~ D=he[Di+D; (n/n;)+ Dy (n/n;)<], (10)

Fox=—(1— @)V, Cox- (7) where h, is a coefficient characterizing the acceleration of
diffusion by the internal electric field)°, D~, andD; are

the intrinsic partial diffusion coefficients via native point de-
fects existing in the neutral, negative, and double negative
charge state, and andn; are the densities of majority and
intrinsic charge carriers at the diffusion temperature, respec-

Diffusion-segregation dopant redistribution in the sys-
tem SiQ-Si with moving gas-SiQand SiQ-Si interfaces at
X1(t) and x,(t), respectively, is described by the Stefan
boundary-value problem for the equations

T _ tively.
Cox=—adiV(Fo)=V((1—a)V5,Coy), X1<X<X,, (8 . . L o
ox (Fo) =V (1= a)VoCol ! 2 (8 The concentration of electrically active impurityis de-

Csi= —divV(Fg)=V(D(Cg)VCs), Xp<x<I, (9) ter.mined from _the knowq total ph(_)sphorus (_:oncentra@@,n
using the previously derivé8functional relation

1+,

=2

wherex is the coordinate measured from the positig(0)
of the SiGQ—Si interface at the initial time in the depth of the
silicon, | is the depth of the region of solution in silicon,
which is chosen so as to maintain a constant impurity con-
centration at this depth during the entire anneal, and th#hereC,, denotes approximation factors having the units of
overdot signifies the derivative with respect to the time  concentration.
Problem(5), (8), (9) is solved numerically by reducing The oxidation Kkinetics is described by the linear-
it, with a change of variables, to a problem with fixed bound-parabolic relation
aries, which is solved on a computer by factorization using
homogeneous, implicit, conservative differencing schefes. t:W(ZJX/KP+W°X/K' ’ (12
The experimental data of Ref. 4, in whi¢hll)- and  yherek, andK, are the linear and parabolic dioxide growth
(100)-oriented silicon with ;G)hospzhorus |on—QOped Iay(—:em rate constants, respectively.
energy 38 keV, dosex110'° cm"?) was subjected to isoch- The values oK; andK , are determined from the experi-

ronous(1 h) wet-oxygen annealing in the temperature rangémentally measurdddioxide thicknesses; here the concentra-
700-1000 °C, are analyzed on the basis of our model ofiyp, dependence df, is given in the form

nonequilibrium diffusion-segregation redistribution. The

CSi: n

n\i-1
ol | “1)

temperature dependence of the quantity of phosphQgs Ki=K; (1+0.01V,—1)), (13
remaining in the silicon after annealing is shown in Fig. 1
(points. where Ky, is the value ofK; in the oxidation of native Si

For the initial impurity concentration distribution we use (Ref. 11, and V, is the normalized total concentration of
the distribution of the impurity formed directly after ion im- vacancies in the doped 8ref. 12.
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- . . FIG. 3. Concentration ration versus oxidation time for various tempera-
FIG. 2. Mass-transfer coefficient versus temperatdje(111)-oriented Si tures.1) 700 °C:2) 750 °C; 3) 800 °C;4) 850 °C:5) 900 °C;6) 1000 °C
wafer, wet-Q oxidation medium, present studg); (100), wet O,, our study; ' ' ' ' ' ' '

3) (100, dry O,, Ref. 13.

the dioxide, and@g; decreases. Beginning with a certain tem-

The equilibrium phosphorus segregation factor in thePerature, the thickness of the growing dioxide layer becomes
system Si@-Si is assumed to have the valog,=1000 increasingly smaller and, even though the level of nonequi-
(Ref. 13. librium is high, ever-increasing amounts of impurity are left

In numerical analysis based on the model of the data&fter oxidation. Consequently, th@s(T) should have a
from Ref. 4, for each experimental point of the temperatureminimum at a certain temperature, as is indeed observed in
range 700-1000 °C we determine the values of the mas$9- 1.
transfer coefficienh,, for which the results of calculating The modeling results suggest a practical criterion of
the quantity of impurityQg; left in the silicon after isochro- €quilibrium of the segregation process=hs/V,,>10, by
nous annealing match the experimental date Fig. 1 Itis  Which, even thougim does not attain its equilibrium value,
evident from Fig. 2, which shows the results of the analysignost of the phosphorus is left in the silicon after oxidation.
(points 1 and 2), that the coefficienhs is essentially inde- Figure 3 shows the calculated dependence of the impu-
pendent of the silicon orientation and is a function only offity concentration ratio at the silicon dioxide-silicon interface
the temperature. The temperature dependence of the mag¥! the anneal timen(t) for (111)-oriented samples at vari-

transfer coefficient can be approximated by a function of the?us oOxidation temperatures. The shape ofrii¢) curve at
form high temperaturesT(=900 °C) is explained byn tending to

its equilibrium value. At low anneal temperatures

hs=5.7 exg —1.78 eVKT) cmis. (14 (T<800 °C) the behavior of the curves is influenced by the

The results of calculations of the quantifi; of phos- ~ concentration dependence of the oxidation rate; this depen-
phorus left in the silicon after oxidation during isochronousdence causes and, hencem to decrease as the oxidation
oxidative annealing for the temperature dependdfideare  front approaches the maximum of the ion-implanted phos-
represented by the solid curve in Fig. 1 in comparison withphorus distribution.
the experimental dathlf segregation were an equilibrium Under the experimental conditions of Ref. 4 the oxida-
process here, fam>1 essentially all the phosphorus would tion of (111)-oriented silicon is characterized by a higher
be pushed back by the moving interface, irrespective of th@Xxidation rate thar{100-oriented silicon. The difference is
time and temperature, and the residual quantity in the silicoittributable to the orientation dependence of the linear oxi-
would be constant. However, as the oxidation temperature idation rate constar; (Ref. 11 and is most conspicuous in
lowered, the process deviates more and more from equilibthe temperature interval 700—850 °C, where the oxidation
rium; the leading edge of the interface advances into thdinetics is dominated by the linear component. As a result,
depth of the Si far more rapidly than the impurity atoms(1121)-oriented samples have a greater thickness of the grow-
migrating away from it. The latter are therefore trapped ining dioxide in isochronous annealing, so that in the presence
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more adequately describes the experimental concentration

n”l ) distributions of phosphorus in the dioxideurve5) than re-
i lation (15) (curve4), particularly near the surface of the sili-
N 1,2,3 con dioxide. The main cause of such a pronounced discrep-

ancy is that the model in Ref. 13 fails to take into account
impurity diffusion in the silicon as one of the driving forces
leading to thermodynamic equilibrium of the segregation
process, so that the surface impurity concentra@ignin the
silicon during annealing is decreased 2.7-fold. The value of
the coefficient determine on the basis of our model,
hg=1.4x10"° cm/s (curve 3), like the value given in Ref.

18

. 7 13 for dry oxygenhs=8.7x10"° cm/s (curve 2), exceeds
'g the value calculated from the temperature dependé¢hde
< (curve 1) for wet oxygen, justifying the assumption that the

annealing medium influences the mass transfer of impurity
across the Si@-Si interface.

We note that the accumulation of phosphorus in a nar-
row layer near the interface on the silicon siderve5) has
nothing to do with the segregation process and is described
by a separate modéf.

We have thus developed a model of the diffusion-
Tt segregation redistribution of an impurity in the system

16 S0, 1Si ) i o —
70 1 1 L L2l SiO,—Si, taking into account the nonequilibrium character of
the segregation process at the interface. Under the conditions
of low-temperature oxidative annealing at high dioxide
FIG. 4. Concentration distributions of P in the system SiSi growth rates the model can be used to describe such at-
(T=1100 °C,t=30 min). 1-3) Calculated on the basis of the model in the tributes of phosphorus redistribution as trapping by the
present study: 1) he=1.7x10 °cm/s; 2) h=8.7x10 °cm/s; 3)  growing impurity oxide with highm, the minimum of the

hs=1.4x10"° cm/s; 4) calculated on the basis of the model in Ref. 13 with temperature curve (T) and the influence of silicon orien-
hs=1.4x10"° cm/s; 5) experimental. . Skt h
tation onQg(T).
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High-resolution x-ray diffraction study of InAs-GaAs superlattices grown by molecular-
beam epitaxy at low temperature

N. N. Faleev, V. V. Chaldyshev, A. E. Kunitsyn, and V. V. Tret'yakov

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

V. V. Preobrazhenskil, M. A. Putyato, and B. R. Semyagin

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

(Submitted July 28, 1997; accepted for publication July 31, 1997

Fiz. Tekh. Poluprovodr32, 24—31(January 1998

InAs-GaAs superlattices grown by molecular-beam epitaxy at low temperature are investigated
by high-resolution x-ray diffractometry. It is shown that despite a very high density of

point defects due to the presence of excess arsenic, the as-grown superlattice has high crystal
perfection. An analysis of the changes in the x-ray diffraction curves shows that high-
temperature annealing, which is accompanied by the formation of As clusters and diffusion of
indium, produces significant structural transformations in the GaAs matrix and at the
interfaces. ©1998 American Institute of PhysidsS1063-782608)00401-3

INTRODUCTION insulating GaA§01) substrates at a temperature of 200 °C.

In recent years InAs-GaAs superlattices have beer] he growth rate was Lm/h. The GaAs layers in the super-
steadily attracting attention as objects of investigation by virJattice had a thickness of 30 nm. The InAs layers were grown
tue of interesting physical phenomena associated with twoPy shutting off the Ga flux and turning on a flux of In. This
dimensional electron-gas confinement in deep, narrow quart€chnique produced InAs layers having a nominal one-
tum wells® Normally in the growth of superlattices of this monolayer thickness. The superlattice was made up of 30
type by molecular beam epitaxBE) the temperature of periods. The total thickness of the InAs-GaAs epitaxial film
the substrate is chosen in the range 400—500 °C. This choicéas approximately 0.@m. The grown structure was divided
represents a compromise between regimes where the densififo three parts. One part was left untreated, and the other
of point defects increases at low growth temperatures anfvo were annealed for 15 min, one at a temperature of
where the interfaces are diffused at high temperatures as2P0 °C and the other at 600 °C. Annealing took place in the
result of the segregation and diffusion of indientempera-  growth chamber of the MBE apparatus with excess arsenic
ture of approximately 600 °C is known to be the absolutePressure.
optimum for growing highly perfect GaAs layers How- The average In concentration and the presence of excess
ever, InAs-GaAs superlattices grown at very low temperaAs in the epitaxial films was determined by X-ray spectral
tures(e.g., at 200 °Care also of major interest. This material microanalysis. The concentration of antistructurafde-
is distinguished by a substantial quantity of excess arsenidects was determined by measuring the characteristic optical
which is trapped in the crystal lattice of the grown epitaxialabsorption in the near-infrared region using Martin's
film.23 Thin InAs layers in a GaAs matrix function not only calibration® The structure of the samples was monitored by
as electronthole) quantum wells, but can also trap arsenictransmission electron microscopy along the cross section.
clusters formed during annealing. As a result of this process, High-resolution x-ray diffraction analyses of the struc-
a secondary periodic As-GaAs structure can form in the antural perfection were performed on two-crystal diffractome-
nealed epitaxial film, coinciding spatially with the InAs- ters. For precise measurements of the mismatch parameters
GaAs superlattic&> and for assessment of the crystal perfection the measure-

Here we give the results of high-resolution x-ray diffrac- ments were carried out in the open-deteatescanning re-
tion analysis of InAs-GaAs superlattices grown by MBE atgime. The monochromator-collimator was an asymmetrical
200 °C. We show that despite a very high density of pointgermanium crystal, which ensured divergence of the primary
defects attributable to the presence of excess arsenic, tigam within angular limits of 1.0—1".2or the ClK a1 (004
as-grown superlattice has high crystal perfection. High+eflection. Measurements over a broad angular interval to
temperature annealing, accompanied by the formation of Agetermine the period of the superlattice and estimates of the
clusters and the diffusion of indium, induces significantplanarity of the layers and the diffuseness of the interfaces
structural transformations in the GaAs matrix and at the inwere made inw—20 scanning regimes. In this case the ap-
terfaces, and the x-ray diffraction patterns become smearegfture of the detector was confined to a narrow receiving slit
as a result of these processes. to diminish the contribution of diffusely scattered x rays. A
precisely oriented GB01) crystal, ensuring divergence of
the primary beam within angular limits of §or the ClKK a1

The InAs-GaAs superlattices were grown by molecular-(004) reflection, was used to generate monochromatized pri-
beam epitaxy in the two-chamber Katun apparatus on semimary radiation. To obtain more precise evaluations of the

SAMPLES AND PROCEDURE OF THE INVESTIGATIONS
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LA S M B S e B S S S e | EXPERIMENTAL RESULTS

Lt (004)GaAs
10"k "OSL" i The x-ray spectral measurements show that an average
indium concentration of 1.1 at.% in the layers corresponds to
107} . the expected ratio for a superlattice
> 10°L i (12 monolayer InAs-30 nm GaAx 30. The concentration of
g, 1 excess arsenic i¥as=(Nas—Nga)/(Nas+Ng,)~0.3 at. %,
s 10} Ay . where N, and Ng, are the numbers of As and Ga atoms.
= 10°L ] This value is in good agreement with the density of antistruc-
o . tural arsenic defects, 0:910°° cm 3, measured from the op-
107} 2 - tical absorption in the as-grown samples.
107k ] Diffraction curves recorded near tt{04GaAs reflec-
3 tion are shown in Fig. 1. The right peaks correspond to re-
10°L . flection from the substrate; and on the left are the so-called
PURSHP S PP R S U W N S | “OSL" peaks, which represent reflection from the periodic
-400 -200 0 200 structure formed by the InAs and GaAs layers. The angular

distance between the OSL and substrate peaks is determined
by the average strain in the periodic structure, which depends
. . . on the thicknesses of the InAs and GaAs layers and the quan-
FIG. 1. Diffraction reflection curves ne@04GaAs for InAs-GaAs super- . . .
lattices grown at low temperature, Ku1 radiation.1) As-grown superlat- tity Of excess As in the structure. Th? Ch_ange_m the angular
tice; 2) annealed at 500 °C3) annealed at 600 °C. position of the OSL peak after annealing is attributable to the
precipitation of excess arsenic in the lattfcafter annealing
at 500 °C or 600 °C the strain induced by the arsenic excess
all but vanishes, and the differend® between the lattice
angular and spatial distributions of the diffraction intensity parameters of the GaAs substrate and the film is associated
and to determine the type of structural defects and their spanainly with the presence of InAs layers in the epitaxial film.
tial distribution in the epitaxial structure, the curves were By measuring the lattice parameters before and after anneal-
measured in addition to the—20 curves with the detector ing sessions we were able to determine the average indium
set in fixed angular positions. To record these curves, theoncentration in the film, the thickness of the InAs layers,
detector with a narrow receiving slid.1 mn) was placed in  and the initial concentration of excess As. The parameters of
a fixed angular position, and the investigated crystal washe rocking curves before and after annealing and the values
rotated near the reflecting position. of Xas, Xinas,» and Tjas Obtained from an analysis of the
The resulting diffraction curves can be used to obtain thecurves are summarized in Table I. The results of analyzing
distribution of the diffracted intensity in reciprocal space inthe rocking curves exhibit good agreement with the x-ray
the direction perpendicular to the diffraction vectb{001]. spectral microanalysis data and optical measurements.
The azimuth of the angular sweep direction was determined It is evident from Fig. 1(curvel) and the data of Table
by the recording geometry and in our measurements coin-that the as-grown sample is characterized by a very pro-
cided with one of the reciprocal lattice vectdrsl0]. The  nounced, extended interference pattern on the rocking curve
preferred type and density of crystal defects can be detemand by high intensity and a small FWHiuIl width at half
mined from the shape and parameters ofdhtmurves, which, maximum of the principal peaks. These features are unique
in general, are superpositions of the coherent and diffusevidence of high crystal perfection, good reproduction of the
components of the diffracted radiation, and becausedthe parameters of the epitaxial layer over the entire thickness of
curves correlate with an angular position on the-20  the periodic structure, and planarity of the layers and of the
curves, the spatial positions of defects in the epitaxial strucstructure as a whole.
tures can be determined quite accurately. The shift of the OSL peaks of the superlatticee Fig.

© - @, arc.sec

TABLE I. FWHM, reflection coefficienK ¢ at the maximum, and distanc®2between the principal peaks of the rocking curves, and parameters of the
InAs-GaAs superlatticédifferenceAa/a, between the lattice parameters of the substrate and the film, total thickness of the sup&rfagticperiod of the
superlatticeT g, excess arsenic concentrati¥ps, average InAs concentration in the fil§,5s, and thicknesd 55 of the InAs layers in the superlattice
calculated from x-ray diffraction data for the structures before and after annealing.

Anneal Substrate OSsL

temp., FWHM, FWHM, AO,

°C arcsed ¢ arcsed ¢ arcsec Aala; 3T, NM TsL, Nm Xas, % Xinass %0 Tinas: A
As-grown 9.00/0.682 20.20/0.195 —280 2.1010°8 920+ 20 30.0:1.0 ~0.3 1.1+0.22

500 8.70/0.722 22.90/0.165 —180 1.3510°° 850+40 27.0:2.0 0.27 0.9 2.45
600 16.50/0.410 24.30/0.155 —160 1.1910°° 790+ 80 26.5-3.0 0.34 0.8 2.10

aX-ray spectral analysis data.
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FIG. 2. Coherent—20 diffraction reflection curves for InAs-GaAs superlattices grown at low temperaf20é) reflection, CK @1 radiation.1) As-grown
superlattice2) annealed at 500 °QG3) annealed at 600 °C.

1, curves2 and3, and Table ) after annealing at 500 °C and curves decreases by one half after annealing at 500 °C and to
600 °C indicate a substantial decrease in the average straiasthird as much after annealing at 600 °C.
in the superlattice due to structural transformation of the ex-  An appreciable increase in the diffuse component of the
cess arsenic. In addition to the shift of the zero peak, there idiffracted radiation could be expected simultaneously with
also a significant change in the shape of the diffractiomarrowing of the angular interval, due x-ray scattering by As
curves. The interference pattern becomes more diffuse andusters. The formation of As clusters should produce in the
narrower. These changes are especially conspicuous after atiffracting volume of the epitaxial structure new scattering
nealing at 600 °C, which produces appreciable broadening afenters distributed nonuniformly in the volume and differing
the substrate peak and a reduction of its reflection coeffiin size. In general, this process should cause the diffuse scat-
cient. tering to increase and, hence, should be detectable from the
To determine the period of the superlattice and the naehanges in the shape and parameters ofutloeirves.
ture of the structural changes induced by high-temperature An analysis of thev curves shows that diffuse scattering
annealing, we recorded a series of rocking curves over & localized near th€004GaAs reflection. Figure 3 shows
broad angular interval in the—® and w-scanning regimes. two characteristicw curves for each of the investigated
The coherentw—0® curves for all the samples are shown in samples, recorded near the(004GaAs reflection
Fig. 2. We see that the previously mentioned changes in th€2® ~66.20°) and at a fairly large angular separation from
rocking curves after annealing of the samples are also clearlhe substrate maximum 2~65.48°). The curves recorded
discerned in a broad angular interval. The annealing-inducethr from the principal maximum have a narrow, coherent
structural changes smear the interference patterns considgreak and essentially no broad diffuse component. Curves
ably and suppress the superlattice maxima. Compared wittecorded near th€004GaAs reflection (®,,=66.06°)
the as-grown curve, the angular width of the diffractionhave a perceptible diffuse pedestal in addition to the narrow

21 Semiconductors 32 (1), January 1998 Faleev et al. 21



30

300 |- 4 N 1
250 | ar
200 | 20 r
150 |- 15
100 |- 10 |-
50 - 5
o e T o it il
0 2000 4000 0 2000 4000
200 - 25
R 2>
150 201
15
o 100 | FIG. 3. X-ray w curves recorded for InAs-
c GaAs superlattices grown at low temperature,
8 10 - two different detector positions, w1 ra-
(&) 50 - diation. 1,1') As-grown superlattice2,2') an-
5 nealed at 500 °C3,3') annealed at 600 °C
L 1-3) 20=66.20°;1'-3') 20 =65.48°.
0 prn
l 'l i A l 'l 'l A ' 0 I 'l ol - l A L i .
0 2000 4000 0 2000 4000
200 30 ~
25 |- 3
150 5
20 |
100 15 |-
50 10 -
5}
0 L
N S T & B A
0 2000 4000 0 2000 4000
o, arc.sec

coherent peak. This profile of the curves is typical of crys- of defects from the FWHM of the incoherent component
tals containing shallow structural imperfections of the point-show that the density of defects increases from
defect andlor) cluster type. We can state with a high degree(3.5-5.0)x 10° cm 2 in the as-grown structure and the
of probability that larger defects of the dislocation-loop or structure annealed at 500 °C to (7.0—-&)0° cm 2 in the
mismatch-dislocation type are nonexistent in the crystal mastructure annealed at 600 °C. The correlation lengths in the
trix. The large FWHM of the diffuse component is indicative [110] direction, which is perpendicular to the diffraction vec-
of small scattering centers, and the extremely low intensitytor, decrease from 25—-30 nm to 20—22 nm, respectively. The
reveals that the scattering centers are few in number, argight broadening and decrease in the intensity of the coher-
weak in scattering power, or both. A comparison of theent peak for the annealed samplsse Fig. 3are most likely
curves for the as-grown and annealed samples shows that thesociated with the decrease in the total width of the inter-
change in the diffuse component after annealing of the struderence pattern.

tures is insignificant. This result, coupled with the fact that
the dlffuse—scatte_rlng. maximum is sﬂuqted near the coherel?:; SCUSSION
substrate peak, justifies the assumption that the stronges{

contribution to diffuse scattering is from defects in the sur- It can be stated on the basis of the reported experimental
face layer of the substrate and at the interface between ttaata that an InAs-GaAs periodic structure grown at low tem-
substrate and the epitaxial structure. Estimates of the densiperature has a high crystal perfection, as characterized in the
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x-ray diffraction curves by strong, narrow reflection peaksthe diffuse scattering changes very little after annealing. This
and a broad interference pattern formed by thickness oscillaneans that annealing does not produce new defects or sig-
tions and the superlattice peaks. Both the individual layersificantly increase the density and sizes of existing defects of
and the structure as a whole have good planarity, and théne kind responsible for diffuse scattering, and scattering by
thicknesses of the layer are well reproduced from one periods clusters up to 8 nm in diameter with a density
to the next. The low intensity of the diffusely scattered ra-~10'® cm™2is slight. The weak scattering power of As clus-
diation and the character of its distribution in reciprocalters is probably explained by the fact that the clusters are
space(see thew curves in Fig. 3 indicate a comparatively imbedded in the GaAs lattice without generating large local
low number density and small size of defects in the strucstrains of the surrounding matrix and without producing ex-
tures. The majority of the defects contributing to diffusetended structural defects of the mis-match-dislocation type
scattering are probably localized in a surface layer of thdormed in stress relaxation. This conclusion is confirmed by
substrate and at the substrate-epitaxial film interface. Thedbe results of electron microscope examinations of the
defects can be point defects, small clusters, or both togethesamples.
Extended structural defects of the mismatch-dislocation type The process of structural transformation appears most
are nonexistent in the structures. likely to take place as follows. In the course of annealing a
Having analyzed our data by the methodological apHarge portion of the excess arsenic, initially residing in the
proach proposed in Ref. 7, we can state that a large portiogallium sublattice, diffuses throughout the crystal and forms
of the excess arsenic occupies space in the cationic sublattiseall clusters, which are distributed fairly uniformly in the
of GaAs during low-temperature epitaxial growth. The InAsvolume of the periodic structure. The absence of any appre-
layers alternating with GaAs layers form a regular periodicciable variations in the general form of the distribution of the
structure with periodl's; =30+ 1 nm, whose average strain diffuse component of the diffracted radiation suggests that an
(+2.1x10 %) is determined by the quantity of excess As intrinsic crystal structure having parameters compatible with
and the thickness of the InAs layers. The broad interferencéhose of the GaAs matrix takes shape in the newly formed As
pattern and the low density and small size of the structuratlusters, beginning with very small diameters of the latter.
defects lead to the conclusion that the structure as a whol€his event probably accounts for the clusters becoming im-
and its arsenic-enriched constituent InAs and GaAs layerbedded in the lattice, essentially without the formation of
have high crystal perfection and good planarity, and the pestructural defects, and explains why that average lattice pa-
riod of the alternating layers is maintained very preciselyrameter of the GaAs layer grown at low temperature relaxes
over the entire thickness of the structure. The characteristito values characteristic of stoichiometric GaAs, as is clearly
shape of the outlying superlattice maxima suggests the presvident from the shift of the OSL peak.
ence of a slight gradation of the period along the thickness of It is evident from Fig. 1 and Table | that annealing at
the structure. 500 °C produces only very slight changes in the reflection
Proof that the excess arsenic predominantly takes up paoefficient and FWHM of the principal peaks of the rocking
sitions at the GaAs lattice sites can be found in the results ofurves. Far more substantial changes takes place in these
modeling of the coherent—20 diffraction curve for the parameters after annealing at 600 °C. The broadening of the
as-grown sample within the framework of the Takagi-Taupinsubstrate peak and the decrease of its reflection coefficient
model for an ideal strained crystal. Since the existing comare probably caused by the diffusion of excess arsenic into
putational models cannot correctly incorporate the presencine substrate.
of excess atoms of one group in a sublattice of atoms of The insignificance of the increase in the diffuse compo-
another group, we have slightly increased the thickness dafient of the diffracted radiation for the as-grown samples
the InAs layers in our calculations to compensate for theules out the possibility of linking the smearing of the inter-
added strain created by the presence of excess As. This arference patterns and suppression of the superlattice maxima,
fice has scarcely any effect on the accuracy of determinatioas observed on the corresponding coherent cuisess Figs.
of the superlattice period. The calculated curve is shown irl and 2, curve® and 3), to incoherent x-ray scattering di-
Fig. 4. Also shown in the same figure for comparison is therectly by As clusters. From all appearances the main factor
experimental rocking curve for the as-grown sample.responsible for this effect is a loss of planarity of the epitax-
Clearly, the calculated and experimental curves exhibit goodal layers®i.e., an increase in the thickness irregularity of the
mutual agreement, both qualitatively and quantitatively. Oulayers, smearing of the interfaces, and increased roughness of
calculations enable us to refine the period of the superlatticthe latter due to the diffusion of indium, as well as the for-
and the accuracyuniformity) of its reproduction along the mation of As clusters near the thin InAs layers. It should be
thickness. The postulated existence of a slight gradation afoted that, owing to the high density of native point defects,
the period along the thickness, based on an analysis of thgallium vacancies, in particular, the diffusion of indium in
shape of the outlying superlattice peaks, is corroborated baAs grown at low temperature is far more rapid than in the
the results of the calculations. stoichiometric material.Data from Ref. 9 have been used to
Since the excess arsenic changes state during annealiegtimate the diffusion smearing of the InAs layers in our
(forming clusters, which increase in size as the temperaturimmvestigated superlattices. We have found, however, that the
is raised, one might well expect a sizable increase in diffuseindium diffusion lengths during annealing of the samples,
scattering in the annealed samples by comparison with thdetermined by extrapolation of the data from Ref. 9, are sev-
as-grown case. Our investigations have shown, however, tharal times smaller than the estimates of nonplanaiitggu-
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FIG. 4. Diffraction reflection curves for an InAs-GaAs superlattice grown at low temperaf0d), reflection, CiK a1l radiation.1) Experimental;2)
calculated. Calculated parameters of the structligg=300 A, T,.s=3 A.

larity) of the superlattice period according to data on theand crumbling of the InAs layers becomes more pronounced
widths of thew—20 interference patterngf. = Tg, in Table the higher the sample annealing temperature, as has indeed
I). Such a striking difference is possibly associated with thebeen observed experimentally.
different structure of the samples investigated in Ref. 9; there It is evident from the table that the concentrations of
the superlattice (6-nm Iy ,Ga sAs--10-nm GaAs was  excess As and the thicknesses of the InAs layers in the peri-
grown at standard temperature, and a GaAs layer grown atdic structure, determined from a comparison of the param-
low temperature on top of this superlattice was used as theters of the rocking curves for the as-grown samples and
source of gallium vacancies. In our situation, on the othesamples annealed at 500 °C and 600 °C, are very close to the
hand, both the GaAs layers and the thin InAs layers wereorresponding values obtained by x-ray spectral microanaly-
grown at low temperature, which necessarily creates a highis. Nonetheless, it is important to note that to use the pa-
density of vacancies and, accordingly, a large In-Ga interdiframeters of the rocking curves for the sample annealed at
fusion coefficient. 500 °C in such an analysis yields somewhat underestimated
The presence of a periodic deformation potential in thevalues of the excess arsenic concentration. This discrepancy
InAs-GaAs superlattice has a significant influence on thas attributable to the fact that after annealing at 500 °C a
spatial distribution of the arsenic clusters formed duringsmall part of the excess arsenic persists in atomic form, as
annealing. Electron microscope examinations have con-before, and the lattice parameter of such a material is some-
firmed that the thin InAs layers are cluster-accumulation cenwhat higher than in the stoichiometric material. Essentially
ters. The formation of clusters tends to displace the indiunall the excess arsenic enters into clusters after annealing at
and crumble the thin InAs layers. This nonuniform crum-600 °C, and the concentration of atomic arsenic is negligible.
bling in combination with diffusive smearing probably ac- In this case the lattice constant is slightly smaller than in the
counts for the experimentally observed, anneal-inducedtoichiometric material, because of the high density of gal-
changes in the rocking curves. It is obvious that the smearinlum vacancies and As clusters. According to our estimates,
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this deformation is approximatehy 7.5x 10 °. Taking into  annealed samples. We have established that arsenic clusters
account the indicated corrections, we can conclude that théo not contribute significantly at all to diffuse x-ray scatter-
concentration of excess As in our investigated InAs-GaAdng, which changes very little in annealing.

superlattices is about 0.3%, the average InAs concentration ,

in the epitaxial films is 0.85%, and the average thickness of ~1he authors are indebted to N. A. Bert and Yu. G.

the InAs layers in the superlattice is 2:28.02 A. Musikhin for the electron microscope data. ,
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The reported x-ray diffraction investigations have shown:ppysics of Solid State Nanostructures”
that a 30-period InAs-GaAs superlattice grown by low-
temperature molecular-beam epitaxy is highly perfect in
spite of the presence of 0.3 at.% excess arsenic. The InAs
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deviations from planarity of the layers do not exceed 1 nm. F. w. Smith, B. Y. Tsaur, and A. R. Calawa, Appl. Phys. L&, 1831

A distinct, broad interference pattern closely approximating3(1989- N

the ideal pattern obtained from model calculations is ob- N A- Bert, A. 1. Veinger, M. D. Vilisova, S. I Goloshchapov, I. V.
. . L Ivonin, S. V. Kozyrev, A. E. Kunitsyn, L. G. Lavrent'eva, D. |. Lubyshev,
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small. An analysis of the x-ray diffraction data leads to the (1993 [Phys. Solid Stat@5, 1289(1993].
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in the film during low-temperature epitaxy occupy sites in sy A Bert, v. V. Chaldyshev, D. I. Lubyshev, V. V. Preobrazhelsknd
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These phenomena attenuate the superlattice maxima in theanslated by James S. Wood
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ELECTRONIC AND OPTICAL PROPERTIES OF SEMICONDUCTORS

Photoluminescence of cadmium telluride recrystallized by nanosecond pulsed laser
irradiation

V. N. Babentsov and N. |. Tarbaev

Institute of Semiconductor Physics, National Academy of Sciences of Ukraine, 252028 Kiev, Ukraine
(Submitted January 28, 1997; accepted for publication February 25) 1997
Fiz. Tekh. Poluprovodr32, 32—35(January 1998

The influence of nanosecond pulsed laser irradiation on the morphology and low-temperature
photoluminescence af-type CdTe at energy densities sufficient to melt the material

(0.2—0.5 J/crf) is investigated. After recrystallization the material has an “orange-peel”
appearance. The low-temperature photoluminescence spectrum corresponds to low-grade single-
crystallinep-type CdTe containing a large number of dislocations and clusters of point

defects. The laser treatment has a long-range effect, significantly altering the impurity-defect
system in a way characteristic of—p conductivity conversion at distances greater tharnus0

from the site where laser radiation is absorbed. 1€98 American Institute of Physics.
[S1063-782608)00501-9

INTRODUCTION EXPERIMENTAL PROCEDURE

We have previously investigated the influence of pulsed = Samples oh-CdTe were prepared by annealing undoped
laser radiation with a relatively low pulse energy density  (specifically, without any special doping procedupeCdTe
to 150 mJ/crA) on the impurity-defect system of cadmium wafers with a hole densitp<10' cm 3 at a temperature
telluride This type of laser beam can create new defects off ,=500—-600 °C in an atmosphere of saturation cadmium
anneal existing defects in a CdTe crystal, depending on theapor in a sealed ampoule containing the sample and a
prior history of the sample and the pulsed lasing regime. Weighed portion of cadmiurh.

We have shown that before the CdTe melting threshold ~ After the removal of the surface layer of the annealed
(0.2—0.3 J/cmis reached, a thin layer of amorphous tellu- Wafer to a depth of 100-20m by polishing in a solution
rium (of thickness 10—20 njris formed on the surface of the ©f bromine in methanol, the remaining wafer comprised
crystal, where it eventually crystallizes, producing a po|y_n-type material uniformly doped in thickness with an elec-

H — 5 —3
crystalline film. Beneath this film is a cadmium-depletedon densityn=(2-35)x 10%cm?.

layer of material extending to a depth of 30-40 nm The orientation of the wafers corresponded to {h&1}

. e : lane.
and comprising nonstoichiometric g, _,, where P )
x=0.3—0 5p g 1ox Prior to treatment the samples were placed on a holder

Situated beneath the nonstoichiometric cadmium te”u_permitting them to be moved in a straight line perpendicular

S - . . . . to the direction of the laser beam at a rate
ride is a layer of material in which a dislocation network is
4 . V=100-200um/s.
formed during stress relaxatidriThe low-temperature pho- . i
. ) S . . The pulsed-laser irradiation of the sample was per-
toluminescence and electrical properties in this region dlffeqc

. . . ormed at room temperature in air using a Nd:YAG laser
substantially from the properties of the as-grown material. In(operating in the Q-switching regime at a repetition rate of

general, they exhibit a tendency to lower the conductivity10 Hz with a pulse duration of 20 ns and an emission wave-
and to produce new bands in the low-temperature phOtOIUI'ength)\zo.GBMm) through a slit of width 8Qum situated at
minescence spectrum, which are associated with recombing- yistance of 50-10@m from the surface of the sample.

tion at complex defects such a¥/cq or nVegt Mcq, where With the laser beam focused into a spot of diameter 20
n is the number of solitary vacancies, aMi is a group-l m_ the given pulse repetition rate ensured conditions such
impurity. Here we report the results of an experimental studythat each point of the sample was irradiated by 10—20 pulses
of the influence of nanosecond pulsed laser radiation on thgt a specified rate of movement of the laser beam along the
morphology and low-temperature photoluminescence o|it until a strip of the irradiated material was formed. After
n-type CdTe at power densities sufficient to melt the materiabne strip had been obtained, the slit was shifted in the par-
(0.2—0.5 J/crf). We show that after recrystallization of the allel direction by 100-20Qum, and the treatment was re-
material its surface layer loses its as-grown mirror qualitypeated. This procedure produced a series of alternating strips
and acquires a morphology of the “orange-peel” type. Theof irradiated and nonirradiated material.

low-temperature photoluminescence spectrum observed on it After laser treatment the surface of the sample was ex-
corresponds to single-crystallinetype CdTe with a high amined in an electron microscopgecondary-electron image
content of dislocations and clusters of point defects. contrast. The low-temperature photoluminescence spectra
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FIG. 1. Spatial distribution of secondary electrons in the electron micro-
scope for the excitation of the surface of a laser-irradiatagipe CdTe
sample(a) and intensities of the low-temperature photoluminescence band
at 780 nm(b) and 840 nm(c) in scanning along the coordinatein the
direction perpendicular to the strips of irradiated material.
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were then measured on thdat a temperaturé=4.2 K). To

obtain the spatial distribution of photoluminescence radiatior. A,nm

with a specmed wavelength, the photoexmtauo_n ZoneFIG. 2. Low-temperature photoluminescence spectra of CdTAs-grown,

(40-mw _He'Ne laser beam\=632.8 nm, focused |n.to a untreatech-type material; p area located half-way between tracks of laser-

spot of diameter 5@.m) was moved along the sample in the treated material; kcrecrystallized material with orange-peel surface mor-

direction perpendicular to the laser tracks in such a way as tehology.

keep the recorded emission at all times focused onto the

entrance slit of the MDR-23 spectral instrument.

region: k) line of excitons bound to neutral shallow accep-
tors (Licq,Nacq,Clcg,Pre); 12) line of excitons bound to
1. Surface morphology neutral shallow donors (LjNa ,Cy) (Ref. 5.

: . In the region of edge donor-accept@-A) photolumi-
Figure 1la shows secondary-electron micrographs of the o S .
f f a0t CdT e after | iradiati Th Rnescence the indicator oftype conductivity in CdTe is the
tsrl;rcek\;:e Ohoas{,)(; )ép?faceser::g)b?eaor; aesereglrsa ::elofrc]).rmeg band with a maximum at 810 mn, which is associated with
» W u! X ge p ' IR phosphorus acceptor state, Rnd is dominant in the
a result of remelting of the material by the laser beam and its | hi | 800—820 f
subsequent crystallization in air. Between them are tracks vavave engt mtgrva et neRef. 4. .
' . . After laser irradiation the photoluminescence spectrum
the untreated surface of as-grown material, which have re-

tained their mirror finish. The treated and untreated tracks oﬁhanges radically, not only in the zone of the remelted ma-

) terial (orange-peel tracksbut also between these zon€g.
the sample surface have widths of 80—120. 2, spectra b and)ci.e., where no remelting of the material

has occurred.
The main change in the spectrum of the remelted mate-
Figure 2a shows the low-temperature photoluminescencgal in comparison with the as-grown material is a substantial
spectrum of as-grown-type CdTe, which contains two ex- (20- to 40-fold reduction in the radiation intensity in the
citon lines of comparable intensity in the coupled-excitonregion of bound excitons and in the D-A emission region

EXPERIMENTAL RESULTS AND DISCUSSION

2. Low-temperature photoluminescence
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800-820 nm. Here the photoluminescence spectrum exhibithe formation of dislocation loops and complex defects; on
a new band of dominant intensity with a maximum at 840the one hand, this process lowers the quantum yield of radia-
nm, which is customarily assumed to be attributable to retive recombination and, on the other, produces a new 840-nm
combination at complex defects, including cadmium vacanband, which is not observed in the photoluminescence of the
cies and atoms of residual impurities of group | mefals, as-grown, near-stoichiometric cadmium telluride.
which is also induced by plastic deformation of the bulk Scanning of the photoluminescence excitation point
material or by abrasive treatment of its surfadelost re-  across the pulsed laser-irradiated strips shows that the effect
markable in this regard is the total disappearance of the lof laser treatment is very far-reaching, and that it propagates
line from the spectrum, an event characteristipdf/pe ma- along the surface of the sample to distances greater than 50
terial. um (the intensity profiles of the lline and the 840-nm band
Figures 1b and 1c show profiles of the intensity distribu-are shown in Fig. 1, graphs b and ¢
tion of the low-temperature photoluminescence bands in the The large range to which the laser treatment extends is
vicinities of 840 nm and 780 nm, obtained by scanning thevery difficult to explain by heat flow propagating from a
excitation spot perpendicular to the laser-formed tracks.  nanosecond laser pulse. Probably more significant factors in
The spatial correlation of the extrema of the tracks indi-the given situation are the diffusion of cadmium vacancies
cates the interaction of recombination mechanisms in thesand the active role of dislocations in this procgge dislo-
bands. cation density is usually (0.5—1.8)10° cm2].
Significant changes in the low-temperature photolumi-
nescence spectrum also take place in regions where the maoNCLUSION
terial has not remelted as a result of laser heating, i.e., where

the intensity of the lis a maximum We have shown that
: > s 1) the laser recrystallization @f-CdTe in air produces a
At a point equidistant from adjacent remelted CdTe ) v P

tracks the 4 line i ntially nonexistent in the bhotolumi material having a low-temperature photoluminescence spec-
acks the } line is essentially nonexiste € PhotoIUMI” 4\ characteristic of low-gradémany dislocations, twins,

nescence spectrum, and the D-A emission band at 810 nm 1§ i . o
; ' . X usters of point defects, ejp-type cadmium telluride;
no longer dominant in the interval 800820 1iRig. 2, spec- 2) irradiation by nanosecond laser pulses has a long-

trum B. The 804-nm band is dominant in the spectrum, as ISrange effect; the change in the photoluminescence spectrum

typical of p-type materiaf ; . .
. at a point more than 5gm distant from the laser absorption
We can therefore conclude from the analysis of the low- P - b

temperature photoluminescence spectra that the laser heatiSite indicates a major modification of the impurity-defect
. . ) . tem, typical oh— p conductivity conversion.
of n-CdTe material enriched with excess cadmium atoms has P P y
the effect of predominantly eliminating cadmium from the | ,
terial and generating cadmium vacancies V. N. Babentsov, A. Balullaeva, B. M. Bulakh, S. I. Gorban’, P. E.
mate g g ¢ L Mozol', and B. K. Dauletmuratov, Fiz.-Khim. Meki.2, 144 (1988.
The same result has been obtained previduslynass-  2a. Baidullaeva, B. M. Bulakh, B. K. Dauletmuratov, B. R. Dzhumaev,
spectrometer measurements of the composition of the flux of N. E. Korsunskaya, P. E. Mozol', and G. Garyagdyev, Fiz. Tekh. Polu-
; : ; P - _ provodn.26, 801 (1992 [Sov. Phys. Semicon@6, 450(1992].
a.'toms eJeCte.d during the laser irradiation of cadmium tellu 3V. N. Babentsov, A. Balullaeva, A. I. Vlasenko, S. |. Gorban’, B. K.
ride. In the cited work it is shown that once a steady flux has p,jetmuratov, and P. E. Mozol', Fiz. Tekh. Poluprovod, 1618
been established, the number of cadmium atoms in the flux is(1993 [Semiconductorg7, 894 (1993].
four times the number of tellurium atoms. Consequently, the“{\l-g\égA[gsrinskaza ansd V. V. SQSShSSYaégng Tekh. Poluprovdtin 1248
i ; ial 1 ov. Phys. Semicon@2, 790 (1 .
surfage layer of tr_\e laser-irradiated matepal is depleted ofsE_ Molva, J. P. Chamonal, and J. L. Paufrat, Phys. Status SollD®
cadmium, and a film of amorphous tellurium is formed on g35(1982.
the surface. 6V. N. Babentsov, B. M. Bulakh, S. I. Gorban’, L. V. Rashkovetskind
The cadmium vacancies formed in the surface layer dif- E.A. Sal'kov, Fiz. Tekh. Poluprovodi23, 1560(1989 [Sov. Phys. Semi-
fuse into the depth and off to the sides of the Iaser-treatedf,on,\?'2;’{;\32;&38?'l Gorban E. A Salkov. and N. L. Tarbaev. Fiz
parts of the material. These vacancies are filled with atoms of tekh. poluprovodn21, 1724 (1987 [Sov. Phys. Semicond21, 1043
residual group-l impurities, generating singly charged accep- (1987].
tors, which mducep—type conduct|V|ty. i JH Dsz\:lslg,sfé(lfégBehat, D. F. Williams, and P. Becla, J. Vac. Sci.
A “supersaturated solid solution” of cadmium vacan- ' coor A% '

cies condenses in the zones of remelted material, resulting iMranslated by James S. Wood
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Filling of dislocation levels in strong electric fields
Z. A. Veliev

Yu. G. Mamedaliev Nakhichevan State University of the Azerbaidzhan Republic, 373630
Nakhichevan, Azerbaidzhan

(Submitted March 18, 1997; accepted for publication May 30, 1997

Fiz. Tekh. Poluprovodr32, 36—37(January 1998

The dependence of the filling factor for occupation of the energy levels of an edge dislocation by
electrons on the external electric field is investigated theoretically. An analytical relation is
derived for the filling factor. It is established that the dislocation filling factor decreases as the
electric field is increased. €998 American Institute of Physid$1063-782@8)00601-2

1. One cause of the nonlinearity of the current-voltagewell correspond to negative values of the total endigly
(I-V) curves of semiconductor crystals containing disloca-<A. The quantity A is determined from the condition
tions is the dependence of the filling factoof the disloca- JE/dr=0 forr=ry#%), where
tion electron levels on the external electric field. This depen-

112 c
dence is attributable to the independent variations of the rS:UO[(1+4Wbe§/U0)1’2_ 1)/2e2, @
electron capture cross sectionand the coefficient of ther- A=—U, In{U,R[(1+4Wbe#/U2)Y2—1]/2Wh}
mal ionization of electrong in the presence of an electric
field. As a result, the filling factof in arbitrary electric fields +Uq[ 1+ (4Wbe?)/UZ]Y2 (5)

exhibits a complex dependence on the field strergth The final relations for the capture cross section and the ion-

Here we investigate the filling factor for occupgnon of ization coefficient as functions of the applied field have the
the dislocation energy levels by electrons as a function of th?or

electric field. m
2. The steady-state dislocation filling factor is given by (&)= 272\ 32 [(AIKT)?+ p]*
the equation 7(&) =B kT vt 3274312+ 512,u)
avn(0)(1—f )= Bf. 1) x exp( Ep /KT), 6)
Herev is the average electron velocity, an@0) is the den- mU3Z2,
sity of free electrons at the top of the dislocation barrier. A= Womh? exd —(Ep—A)/KT]In(Zs/a). (7)
Consequently,

Here 7/(x,y,z) is the Kummer hypergeometric function,
f=[1+Blovn(0)] 1, (20  w=(Z1%,)?is a parameter characterizing the degree of heat-

] ) ing of electrons,
and the dependence afand B on < must be known in order

to find the electric-field dependence fof £o=(6mkD(MG)*k T/ weps’hi*,
For specific calculations of these quantities we adopt they, is the electron masg,is the density of the crystas is the
edge-dislocation model proposed in Ref. 1, where the potensy g velocity in the crystal,
tial energy of the elastic field of the dislocations is taken into
account together with the electrostatic field: rso=Wh/Up;

U(r,0)=U, IN(R/F)— (Whir)cos 0+1 2t cosd.  (3) Ep is the depth of the dislocati'on level, .the quantlit]yis'
related to the mean free pathin scattering by acoustic
Here U,=2e% sa, ¢ is the dielectric constant of the semi- phonons by the equatidg=I(kT/2ms%), andk is the Bolt-
conductor, and is the lattice period along the dislocation, zmann constant.
Substituting Egs(6) and(7) into (2), we obtain the fill-

W=G(1-2»)/(1-v), ing factor in the form
G is the deformation potential constant,is the Poisson 3
ratio, b is the dislocation Burgers vector, aRdis the radius 2 [ mkT 3pm”Q 5"“+ oM
of the Read cylinder of the charged dislocation. Equat®n f=1+ —( 2) > m
is written in cylindrical coordinates,#,z. The z axis is Ng | 2mh [(A/KT)™ ]
aligned with the dislocation axis, and the electric field vector Ep—ep(0)
is parallel to thex axis. XexXp— | — 7| (8)

We also use the cascade trapping model developed in
Ref. 2 to calculate the capture cross seciioand the coef- Wheren, is the density of bulk donors.
ficient of thermal ionizatiorB of electrons from the disloca- In  the weak-field limit, when wu<1 and
tion center. The potential well near a dislocation is distortedu“Q(3,u+ 3,1)—1 (see Ref. § Eq. (8) assumes the cus-
in an external electric field. The discrete energy levels in thigomary form
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-1 3. We should mention that the equations ferand 8

©) have been derived on the assumptions tk@t>A and
) ) T>T. To these inequalities we also need to add
where 7o=kT In(N¢/ng) is the unperturbed chemical poten- 1 - (/1< =1, which, on the one hand, is consistent with
tl?| ?ftelectrons in the crystal, ard, is the effective density the cascade trapping model and, on the other, corresponds to
ot states. ) . the dependence of the distribution function of dislocation-

In the strong-field limit,u>1, Eq.(8) has the form i
bound electrons on their total energy.

§ We now estimate the domain of validity of E49) and
4
2

f= KT

Ep—ep(0)+
1+exp<— D ®(0)+ 7

(10) with respect to the electric field. For a Si crystal:

1 ( kae) 3/2(2)3/4F

=l o w7 ) 13 5 a=5x10"1"m, m=24x10"%kg, s=5X1C mis,
p=2.3x10° kg/m®, G=10"18J, and #,=10°V/m at
-t T=300K; i.e., Eq.(9) is valid for #<10° V/Im, and Eq.
Eb—A 3/ A\%2 eq(0) (10) is valid for #>10° V/m.
Xex —?'{'E k_Te +? (10

HerekT,=e#16 1 is the temperature of the electronic sub-
system in the electric fields=ms*kT is the quasielastic
scattering parameter, ait(x) is the gamma function. 1v. B. Shikin and N. I. Shikina, Phys. Status SolidiZ08 669 (1988.

It is evident from Eq(10) thatf decreases as the electric ?V. N. Abakumov, I. N. Yassievich, and V. I. Perel’, Fiz. Tekh. Polupro-
field is increased. This behavior is attributable to the fact that,vodn- 12 3 (1978 [ Sov. Phys. Semicond2, 1 (1978].
the depth of the dislocation well decreases in strong electric Handbook of Special Functiorié Russiar) (Nauka, Moscow, 1978 p.
fields. The ionization process therefore prevails over the

trapping process, causirfgto decrease. Translated by James S. Wood
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Influence of the intensity of vy irradiation on the photoluminescence of GaAs:Te

V. |. Dubovik, V. A. Bogdanova, N. A. Davletkil'deev, N. A. Semikolenova, and O. A.
Shutyak

Institute of Sensor Microelectronics, Siberian Branch, Russian Academy of Sciences, 644077 Omsk, Russia
(Submitted May 5, 1997; accepted for publication May 26, 1997
Fiz. Tekh. Poluprovodr32, 38—39(January 1998

The influence ofy irradiation (°Co) of various intensitiesR.,~1.7—7.5 KGR/h) on the
photoluminescence of GaAs:Te single crystaig=(1.2—2.3x 108 cm 3] is investigated.
Together with the known photoluminescence impurity bafids,,,~1.2 eV and/or

hvhae=1.35 eV) and edge bandhp,,~1.51 eV), new bands are also observed in the spectra at
hv.~1.3 eV andhv,,,~1.48 eV. The observed effects are attributed to radiation-

stimulated ordering of the donor impurity and deep impurity centers.1998 American

Institute of Physicg.S1063-782808)00801-1

A significant increase in the intensities of the photolumi-plex (Vg,Tea)Vas (Ref. 4. The subsequeng irradiation of
nescence edge and impurity bands is observed in galliunhese crystals stimulates radiative impurity ordering pro-
arsenide crystals with critical concentrations.J of a Te  cesses. In fact, according to the impurity ordering moitel
donor impurity (3—4<10'® cm™3).* An additional band at GaAs doped with a group-VI impurity, at critical donor den-
hvm(90 K)~1.48 eV is observed simultaneously with the sities (>3x 10" cm™3) Coulomb interaction ofiimpurity
photoluminescence edge band associated with highions-native point defectsomplexes and interaction through
temperature transitions of the “band-to-tail” type. This be- the deformation potential lead to ordering of the impurity
havior of the photoluminescence bands is assumed to be aublattice. In the ordering region of the photoluminescence
tributable to defect ordering processes in the impurityspectra an additional band-to-band recombination spectral
sublattice! band Withhvmax<Egpt of the bulk material is observed as a

We have investigated the influence pfrays of various result of the formation of a miniband energy spectrum. The
intensities on the photoluminescence of GaAs:Te single crysemergence of the 1.3-eV and 1.48-eV bands in the photolu-
tals in the region of “precritical” free-carrier densities with minescence spectra ofirradiated samples witmy<<n, is
a view toward exploring the feasibility of taking GaAs:Te attributable to the effective interaction of radiative Frenkel
into a state with an ordered distribution of impurity centers.defects with deep impurity centers and to the correlative re-
Single crystals of GaAs:Te grown by the Czochralskidistribution of the latter.
method with free-carrier densities ny=(1.2-2.3) As a result ofy irradiation atT=300 K, Frenkel defects
X 10 cm™2 were irradiated from a®Co yray source are formed in both sublattices of the crystal:

(E,=1.17MeV and 1.33 MeV, P, ~1.7-7.5kGR/h,

Tirryz 300 K). Prior to photoluminesgence recording, the ASas=AS T Vass, @
samples were ground20-150um), polished, and etched in Gas,—Ga+ Vaa. 2)
H,SO,:H,0,:H,0 (3:1:1) polishing etchant.

The observation of an impurity band with
hv,,.{90 K)~1.3 eV and a shift of the photoluminescence
edge band toward the long-wavelength end with J00
hvha{90 K)~1.48 eV in the photoluminescence spectrum
of y-irradiated GaAs:Te crystals has been reported earlier
(Fig. 1). The investigations showed that these bands appear
in the photoluminescence spectra only at certainay inten- 200
sities. They could not be detected in the photoluminescence
spectra of GaAs:Te crystal$i,=(1.2—1.4< 10" cm 3] af-
ter high-power irradiation® ,~4.6—7.5 kGR/h). Reversible
changes in the intensities and positions of the peaks of the
photoluminescence impurity and edge bands with an increase
in the absorbed dose of rays atP,~5.3 kGR/h were ob-
served for the first time in samples witly=2.3x 10*® cm™3
(Fig. 2. 0 : -

We know'? that the composition of the dominant recom- 12 1.3 1.4 1.5 1.6
bination centers changes in GaAs:Te crystals with densities hv,ev
No= 1.4-2.3¢10" cm 3’ and the impurity band with FIG. 1. Photoluminescence spectra ofy-irradiated GaAs:Te,

hvna{(90 K)~1.2 eV (VgaTens) is replaced by a band with =1 .2x10® em 2 1, 1') 2.4 kKGR;2, 2') 2.3 kGR; befor&1, 2 and after
hva{90 K)~1.35 eV, which is associated with the com- y-iradiation:1') 3.3 kGR(P,~1.7 kGR/h;2') 38.1 KGR(P,~5.3 KGR/h).

Iarb.units

2
S
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FIG. 2. Photoluminescence spectra ofy-irradiated GaAs:Te,

ne=1.2x10%¥ cm™3, P,~4.6 kGR/h. 1) D,=0; 2) D,=5kGR; 3) 16
kGR; 4) 38.5 KGR;5) 46 kGR;6) 57 kGR;7) 99 kKGR.

It has been establish&d that atT=300 K As is mo-
bile, andV s is “frozen” up to T<500 K. Also mobile is
Vs, formed iny irradiation® As a result, we hav¥ s, inter-
acting with a Tgs donor impurity, and Asinteracting with a

(Vgaleas)Vas impurity center, thereby increasing the con-

centration ofVg,Teas complexes:
Teast Vea—Veal €ass )
(Vial €as) VastAS— Vial €asTASps. (4)

shift equilibrium toward the reactiof3), (4), or (5), account-

ing for the change in the intensities of the photoluminescence
bands. But the emergence of the band with
hvha(90 K)~1.3 eV shows that both donor impurities and
deep impurity centers are actively drawn into the process of
forming radiation defects. The specific form of the recombi-
nation centers responsible for this photoluminescence band
differs from bothVg,Texs (1.2 eV) and (Vgal€as)Vas (1.35

eV) and is dictated by the interaction of the indicated centers
with the mobile components of the reactidii$ and(2) and
also by the possibility of the formation of split interstitial
defects'®

DThe crystals were grown at the State Scientific-Research and Design Insti-
tute of the Rare Metal IndustfGIREDMET) in Moscow.
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Optical characteristics of 1.18-eV luminescence band complexes in n-GaAs:Sn (Si):
results of a photoluminescence study with polarized resonant excitation

A. A. Gutkin, M. A. Reshchikov, and V. E. Sedov

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

T. Piotrowski and J. Pultorak

Institute of Electronics Technology, 02-668 Warsaw, Poland
(Submitted July 14, 1997; accepted for publication July 14, 1997
Fiz. Tekh. Poluprovodr32, 40—46(January 1998

Experimental values of the polarization of the low-temperature luminescence frox:iBecs,

and Vg Sig, complexes im-GaAs under conditions of resonant excitation by polarized

light propagating along thgL10] or [100] crystal axis are compared with expressions obtained in
the classical dipole approximation for defects with triclinic or monoclinic symmetry. It is

shown that the rotator fraction in the superposition of rotator and oscillator contributions to the
emission of the complexes is 17-18%. The direction of the axis of these dipoles, which
matches the experimental data, is consistent with the assumption that the effect of the donor on
the vacancy orbitals of a hole localized in the complex is lower than that of the Jahn—Teller
effect. The resulting symmetry of the complex may be monoclinic or triclinic. In either case,
deviation of the optical dipole axis of the complex from the dipole axis of an isoMgd

vacancy distorted as a result of the Jahn—Teller effect is lower foVthSns, and Vg Sica
complexes than fo¥ g lexs complexes. This means that the effect of the donor on the

electron structure of th¥g,Teas complexes is greater than in thNg Sng, andV g Sig, complexes.
This correlates with the difference in the donor position in these complexe<.9%8

American Institute of Physic§S1063-78208)01001-]

1. INTRODUCTION complex, the positions of its components and/or the atoms
surrounding them are displaced from the lattice sites in the
ideal crystal because of the existence of a distortion associ-
ated with the Jahn—Teller distortion ®f;,. This latter dis-
?rtion is caused by the interaction of a hole, which is local-

It is well known that the photoluminescence band with
maximum near 1.2 eV im-GaAs, associated with gallium-
vacancy {go—donor O) complexesRefs. 1 and 2 can

be resonance-excited, i.e., as a result of optical transitionsé d in th it tate of th |
the electrons from the complexes into the conduction band gfcd In the emitting state ot Ihe complex on a vacancy

to levels lying near its bottorr.® Qualitative regularities of qrbltal, with theF,-mode of the .not-fuIIy symmetric vibra-
tions of the As atoms surrounding thg;, vacancy. For an

the polarization of this band in the case in which the light. latedV the int tion leads 1o tri I
causing such transitions is polarized have led to the conclyS0'atedVea Vacancy, the interaction ‘eads 1o trigonal sym-

sion that the symmetry of the defects giving rise to its ap_metry of the initially tetrahedral quasimolect; /s, and

pearance in GaAs doped with Te, Sn, or Si is not higher thaﬁives four equivalent configurations with different directions
monoclinic*® A more detailed ql’Jant'itative analysis of the of the(111)-type trigonal axis. In order fo allow a qualitative
omparison with the experimental data, it was assumed in

measurements of this polarization has been carried out on& £ 6 that th ltt f the states of i i th
for GaAs:Te(Ref. 7). In the present paper such an analysis, et. at the spiiting ot the states of g, vacancy in the
trahedral crystal field exceeds their splitting due to the

which allows one to draw some conclusions about the degr?j?h Teller int i d the infl f the d |
of correspondence of the phenomenological model consi -ahn—1eller interaction an € infiuence ot the donor. In

ered in Ref. 6 with the properties of the defects and to esti'-[h's case, the Hamiltonian describing the interaction with the

mate some of their parameters, is carried out ¥iD g, ][:2 n:pde arfl(:hth(—: m;lzuer:(ce)(()fr;[he :jhon?r in the basis of wave
complexes in GaAs:Sn and GaAs:Si, which differ from com- unctions ot the type-, Y, as the form

plexes in GaAs:Te by the position of the donor. Results of 0 Q. Qs
studies of defects in materials with different donors are com- o 0
H=d'[ Qq Qs
pared.
Qs Qs O
2. DISTORTIONS OF Vg,Dg, COMPLEXES . ( 3) ( 3)
The initial positions of the components of the complex p “T2 “2
(Vga and D¢y at the sites of the undistorted GaAs lattice B B*
correspond to monoclinic symmetry of the defect and can be + (a— 5) Y (at+p) |, (1)

characterized by the direction of thHa10-type axis that .
joins these components. However, according to the model . E (a+B) B
considered in Ref. 6, at least in the emitting state of the
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whered’ is the coupling constant between the hole and the 4
F, vibrations; Q,, Qs, and Qg are the normal coordinates
which describe these vibrations and which transforms re-
spectively asX, Y, Z, and a, 8, and 8* are parameters
which describe the influence of the donor.

It can be assumed that the effect of the donor on the
vacancy orbitals is less than that of the interaction with the
F, mode, as is the case f¥ig Texs complexes in GaAssee,
e.g., Ref. 7. This conclusion follows from a series of experi-
mental data, in particular, the absence of visible alignment of §
the distortions in the case of uniaxial pressures up to 10 kbar
along the[100] direction®® and also from the proximity of
the positions of the photoluminescence bands for complexes
involving different donors (Tg Snga,Siga:Sas), While the
Jahn—Teller stabilization energy fofg Teas exceeds 200
meV (Ref. 7).

Accordingly, in first-order perturbation theory the influ-
ence of the donor in the formation of thé&; D, complex
leads to some change in the displacements of the atoms ol
the Vg As, quasimolecule and the energies of the previously Z Y
equivalent configurations of this molec@i@he directions of ‘ ’
the resulting displacement of thg;, vacancy in the complex
corresponding to these configurations are indicated by ar- X
rows in Fig. 1.

Jahn—Teller configuratiorsand3 (Fig. 1), in which the W
hole is localized mainly on the dangling bonds of atons |
and 3, which are initially arranged symmetrically about the 3
donor, are equivalent. If they have lowest energy, then the f’
application of moderate uniaxial pressure to the crystal along
the[111] direction under low-temperature conditions should
lead to the destruction of the equivalency of these configu-
rations in some of the complexes and to their nonequilibrium r [#77]
population(alignment of the distortions The latter circum- [071]
stance should result in a stepped variation of the polarization
of the photoluminescence in the case of application of
uniaxial pressure at low temperatures. Since such an effeftC: 1. Schematic diagram of distortion of thes, D g, complex. 1-4—

numbers of the As atoms surrounding Wg, vacancy. The arrows indicate

has been observed eXpe”menta”y in the excitation of CC)mt'he directions of the displacement of thig, vacancy in configurations—4.

plexes as the result of generation of electron—hole pairs ang v, z—coordinate system in whic®,, Qs, Qg transform. The inset
subsequent trapping of holes onto complefse®, e.g., Ref. shows an example of reckoning of the angles), £ for an optical dipole of
6), it was previously assumed that the indicated configurathe complex in configuratiog.
tions of the complex have lowest eneffThis corresponds
to =0, a>— B/4 in the Hamiltonian1) and triclinic sym-
metry of the complef.However, such a situation is possible pensates for the increase in energy of the other configura-
only under those conditions in which the potential of thetions under the influence of the donor. The stepped growth of
donor core has a minimum near ato@sand 3 or can be the polarization of the photoluminescence band of the
approximated by a potential of zero radiga &shape VgSns, andVgSig, complexes 82 K and ~5 kbar pres-
potentia).® Factors which could cause such behavior of thesure in the[111] direction may be associated with such an
potential are unclear. alignment of the distortions of these compleRe€Ehe jump

It is more natural to assume that the donor core potentiaih the polarization of this photoluminescence band near zero
repelling the hole decreases monotonically with distance. Ipressur® should in this case be assigned to uncontrollable
this case, only one configuration has lowest energy for zerdefects that possess similar optical properti¢sowever, di-
external deformation, and that is the one corresponding toect experimental evidence allowing one to choose between
localization of the hole on a dangling bond of the atom fur-these two variants of the model is still lacking. We will ac-
thest removed from the donor, atofr(Fig. 1), which corre-  cordingly analyze the results of photoluminescence measure-
sponds toB<0, a>pB/2 and monoclinic symmetry of the ments of complexes under conditions of resonant excitation,
complex® Due to the absence in the complex of equivalentallowing for both possibilities. We note that monoclinic con-
configurations with lowest energy, variation of the directionfiguration 1, which corresponds to localization of a hole
of distortion in certain groups of the complexes subjected tanainly on the dangling bond of the atom nearest the donor,
uniaxial pressure is possible only when this pressure comatom 1 (Fig. 1), should have the highest energy, and there-
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fore we do not consider the variant of the model in which the/100]-[010] schemé

structure of the complex corresponds to this configuration. The direction of the electric field vector of the exciting
The total energiesW,) of all the considered configura- jight was characterized, as in Ref. 7, by the angleeck-

tions of the emitting state of the complex, reckoned from thegned from the axis perpendicular to the directions of exciting

energy of the initialt, state of theVg, vacancy, can be 4 recorded light fluxes. The degree of induced polarization
expressed in first-order perturbation theory in terms of the

parameterse and 8 with the help of the Hamiltoniar{1) of the photoluminescence(y), is defined by the ratio
(Ref. 6

W;=—-E;1+2¢«, _|||(77)_|L(77)

mm_'u(ﬂ)‘*‘b(ﬂ)’ ©

2
W,=Wz=—E;r— §(CY+,3),

2 wherel (%) andl, (%) are the intensities of the photolumi-
W,=—Ejr— = (a—28). (2)  nescence with electric field vector of the light wave parallel
3 and perpendicular to the axis from which the anglis reck-
HereE, is the Jahn—Teller stabilization energy, which is ©ned-:
To analyze the experimental data, we calculatg) in
£ _2d’2 3 the classical dipole approximation describing the optical
ITT 3k ®) properties of the defect by a superposition of oscillator and
] o o rotator which are incoherent with each otfitgs was done
V\{Eergk is the elasticity coefficient of th&, mode of the for VgaTeas complexes in Ref. 7. Such calculations are valid,
vibrations. . . . in general, for the analyzed centers and do not impose any
In the same approximation, the generalized coordinates_ ~ . . . .
1) AQ) AB) @) . restrictions on the relationship between the Jahn—Teller ef-
Qo' Qio’: Qiy’: Qiy’ (i=4,5,6), which correspond to toct and the infl f the d
these configurations, are ec an. € Influence of the donar. . o
As in Ref. 7, we assume that the relative contributions of

(1) A1) 1) EoT the rotator(u) and oscillator (+ ) to the absorption are
40 = Qs = Qg0 = — d equal to their relative contributions to the emission, that the
directions of the radiating and absorbing dipoles coincide

2 FEar 4atp (2)_E+ a—2p (single-dipole approximatignand that the intensity of exci-
W0 dr 6d’ ’ <0 d’ 3d’ tation is low, so that the stationary concentration of excited
defects is much lower than the concentration of defects with
2 _Ear 2a+5B definite orientation of the reference axis. In our study we
60 g 6d’ consider only the case of low temperatures, where only con-
figurations with lowest energy are realized in the ground
fé): Qfs%) ' Q(seé): 51%)1 5536): (6%> ; state of the complex, while in the excited state thermal emis-
sion by the complex of holes and reorientation of distortions
ﬁfé)= QE—,%E% + 22%3 gg: _ Ed_J,T + 2;“%'8 are impossible. The distribution of the complexes over pos-
7 sible orientations of the reference axis and over configura-

tions with lowest energy is assumed to be uniform since
The projections of the equilibrium displacements of the va{oolarization is not observed for nonresonant excitation.
cancy from its site onto th&, Y, andZ axes of real space Under these conditions polarization of the photolumines-
are proportional respectively 1Q,5, Qso, andQgo. Inthe  cence under conditions of resonant polarized excitation de-
case in which the influence of the donor is negligible pends on the absolute values of the direction cosiads, ¢)
(a=pB=0), these displacements in each of the configurayt the optical dipole axis of the complex. According to Refs.
tions extend along one of th@11) directions. 6 and 7, this axis is parallel to the displacement of thg
vacancy(Fig. 1). For each of the configurations of the com-
plex, we definea, b, c in the local Cartesian coordinate
3. PHOTOLUMINESCENCE POLARIZATION OF THE SET OF system, whose axes are parallel to th€0 directions and
VeaDga COMPLEXES IN GaAs are chosen such that the projections of the displacements of

The photoluminescence polarization was determined exthe vacancy on these axes in the absence of any influence of
perimentally as in Refs. 4—7 in an orthogonal scheme irjhe donor are positivésee the inset in Fig.)1 The calcula-
which the directions of the exciting and observed light fluxestions show that the extremal values of the polarization in
coincided respectively with the crystallographic ax@40]  both experimental schemes corresponayte0° and 90°. In
and[001] (the[110]-[001] scheme¢ or [100] and[010] (the this case, for th¢110]-[001] scheme
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4(a?b?+a’c?+b%c?)(1—2u;)?
P(=0) = P 7 b7 24?7 (a7 + 62+ 20b?) 7+ (00 G2t 2pa0)
and for the[100]-[010] scheme
[(a2—b?)+ (8% 622+ (07— ¢2)](1 - 24)?
Pn=0) = pe= (o 125 20?7+ (a7 2t 2ub?) 2+ (07 Ot 2pa)?

(6)

)

andp(7=90°)=0 for both cases. would expect. The distribution of the degree of polarization
The conditiona# b+ c corresponds to triclinic centers, p(7=0) over the photoluminescence band for the crystals
and the conditiorb=c+#a, corresponds to monoclinic cen- with high donor concentration was uniform in the energy
ters. As can be seen from expressioBsand (7), measure- range 1.16-1.25 eV, where the signal was quite strdifig.
ment of p(%=0) in the two indicated experimental schemes?2). The values ofp; and p,, measured in this range for

allows one to determine the possible valuesuof hwey<1.38 eV, were assumed to be characteristic of the
1 investigated complexes; they are listed in Table | along with
+\(3p1+2p2)(3—p2) = 5(3p1+2p) the analogous valuésor the Vg,Tess complex in GaAS)
_ E _ 2 ®) The values of the relative contribution of the rotator to
2 4—p1—2p, ' the absorption and emissidp) [see Eq.(8)] corresponding

For ease of visualization, it is convenient to express thd© t_hese experimental values Ii.e in the rang_e 16— 18%' The
direction cosines, b, c in terms of the angles and i, region of possible angles defined by relatigkD), which

which are defined in the same system of coordinates as tHg1aracterize the direction of the optical dipole axis of the

direction cosines for each configuratitsee the inset in Fig. COMPlex for the experimental values pf/p, listed in the
1) table, is plotted in Fig. 3 for the triclinic#0) and the

monoclinic (y=0) configurations.
a=sing, b=cos¢e cog45°+ ), To further refine the possible values gfand ¢, it is
_ ; ° necessary to allow for the fact that the influence of the Jahn—
C=cose SiNAS™+ ). © Teller effect on the vacancy orbitals of a hole localized in the
Thus, substituting relatio(®) into Egs.(6) and(7) we obtain  investigated complexes exceeds that of the donor member of
a relation whiche and ¢ should satisfy for known value of the complex. This circumstance allows us, for qualitative
the ratiop; /p, analysis and estimates, to use expressions obtained in first-
order perturbation theory in the quantitie$E ;+ and B/E ;1
(10 (see Sec. 2 Below we analyze the experimental results
within the framework of each of the two variants of the
This relation, as we will see in the next section, makes itstructure of theVgDg, complex indicated in Sec. 2, for
possible to determine the region of possible valuegp ahd  which either the triclinic or the monoclinic configuration of
. the complex is realized at equilibrium at low temperatures.
a) Complex with triclinic symmetry

4p4/
cog ¢(4 sirt p+cog ¢ cos 2ih)= %.
1 2

4. EXPERIMENTAL RESULTS AND DISCUSSION

We investigated samples cut from several single crystals a b

of n-type GaAs. Then-type GaAs:Sn single crystals were 10 10

grown by the Czochralski method and had electron concen

trations from~6X 10'°to ~10'® cm™>. Then-type GaAs:Si & g4 08

crystals were grown by the method of directional crystalliza- =

tion and had electron concentratien10'8 cm™3. In all the  § 06 0.6

samples a photoluminescence band with maximum near 1. )

eV associated with th¥/ ;D s, complexes was observed at 3 04 04

77 K. The excitation spectra of this band were similar to 8" )

those observed earliéf Its polarization, induced by polar- &

ized resonant excitation, was investigated for the above & 0z i 02

indicated orientations of the crystal relative to the exciting g, . , | Py N o

and observed light fluxes. 1.0 11 1.2 1.3 14 10 11 12 13 1.
The degree of polarizatiop (7=0) increased from ho,, s eV

zero as the photon energy of the exciting lightu(s,) was
decreased from~1.47 eV and forfiwe,<1.38 eV essen- FIG. 2. Photoluminescence and induced polarization speqif for

. . GaAs:Sn(a) and GaAs:Si(b). The donor concentration in the samples
tially ceased to depend Ohweyc. The latter circumstance ~10'® cm™3. T=77 K. Photon energy of the exciting light for measurement

indicates that only resonant _eXCitation of the complexes 0Csf the photoluminescence spectra—1.96 eV, and of the induced polarization
curs forfiwe,<1.38 eV. In this case(7=90°)~0, as one  spectra—1.37 eV.
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TABLE I. Degree of polarization of the photoluminescence under conditions of resonant polarized excitation of the vacancy—donor comgBads and
possible values of the optical dipole parameters of these defects.

¢ and ¢
Possible values op and ¢
Complex p1 (%) po (%) p1lps " triclinic model monoclinic model
VeShsa 25-26 4.5-5 5.40.4 ~0.18 19%< ¢=<35° e=~19°
0°<sy=<18° y=0
VaSica 27-29 5-6 5.20.6 ~0.17 19%< ¢=<35° e=~19°
0°=sy=<18° y=0
VgaTens (Ref. 7 27-29 8-9 3.20.3 ~0.16 - e=~15°
=0
In this case configuration® and 3 have minimum en- b) Complex with monoclinic symmetry
ergy and it follows from Eqs(4) that In this case configuratiod has minimum energyFig.
1), =0, and it follows from Eqgs(4) that
e 1 4a+,8) 1
a=sin ¢~ 6Eyr | v3' aesin <P~(1— Za—B) 1
3E;r | v3'
b (45°+ ) ~| 1+ a_2B> !
=CO0S¢ CO ° ~ —, 1 2a— 1
3EJT \/3 b=c= a ﬁ)
=c=—cosp~|1+ —, (13
V2 6E;r | v3
) 2a+58\ 1 . , "
C=CoS ¢ SiN(45°+ )~ 1+ 6E- ‘/—3 (1)  where the parametersand 8 should satisfy the inequalitifs
JT
<0, 2a—B8>0, a,|B|<E;. 14
wherea and 8 should satisfy the inequaliti®s ﬁ_ ) P |Bl<Eor
Relation(10) givese= *=19° andp= *54°. Only the value
B=0, 4a+p>0, a,B<E,r. (120 ,=19° satisfies condition&3) and(14). The ¢-dependence

Calculations using expressiofis0) and (11) show that  Of the parameter (2— 8)/(6E;7), obtained separately from
conditions (12) are satisfied for the experimental value the first and second equations(it8), is plotted in Fig. 5. As
p1lp,~5.2 only for 19%¢=<35° and the corresponding in the case of the triclinic complex, these values differ from
values of s are positive(see Fig. 3. The relative values €ach other for the experimental valyge-19°, because of the
a/E;7 and B/IR;7, obtained by solving the three different approximate nature of Eq§13).
possible pairs of Eqg11) for the above-indicated interval of The results which we obtained can be used to compare
¢ values, differ slightly from each other because of the apihe relative influence of the donor in the;:Srgs VeaSica

proximate nature of the equatiofisig. 4). and Vgglexs complexes. For an isolated vacancy
(a=B=pB*=0), which is subjected only to trigonal distor-

sk
4k %— N
4F123 3217
AN ///
3 HE
Snt
o
25F
20F
15: Lasaed oo ea oy g byl oaa s basna]agsalansaldag 1
-20 -1 -0 -5 g 5 0 5 20
¢,deg
FIG. 3. Possible values of the anglesand ¢ corresponding to prescribed FIG. 4. Values ofa/E;; and B/E; corresponding tg,/p,=5.2 in the
values of p, /p, for complexes with triclinic symmetryp,/p,: 1—4.6, region of ¢ values permissible for triclinic configuration of the complex.
2—b5.2,3—5.8. For complexes with monoclinic symmetry, the possible val- 1-3—a/E;r, 4-6—pB/E; 1. 1,4;2,5;3,6—the three pairs of dependences
ues of ¢ correspond tay=0. obtained by solving the three different pairs of equationélib).
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be seen that for th&/s,Shs, and Vg Sig, complexes the
value of ¢ is lower than forVg,Te,s complexes. This could
have been expected since the donor inWgTe,, complex

is located closer to the vacancy and its effect should there-
fore be greater.

5. CONCLUSION

(Za-ﬁ)/ﬁt‘”

The analysis carried out above of the 1.2-eV photolumi-
nescence band of GaAs:Sn and GaAs:Si crystals with donor
concentrations- 10— 10'® cm™2 at low temperatures under
conditions of resonant polarized excitation shows that ab-
sorption and emission of light by the complexes responsible
for this band is approximated in the classical single-dipole
approximation by a superposition of a rotator and an oscilla-
tor in which the rotator fraction is-17—18%. The direc-
tions of the axes of these dipoles matching the experimental
FIG. 5. Values of (&*B)/GEJT for a complex with monoclinic symmetry. po'arization Va|ues can be Chosen SUCh that they Correspond
The_ pointsf indic_ate the values corresponding)idpzz5.2_for the mono- 14 the model of the/ D g, complex, assuming on the basis
clinic configuration of the complext,2—two values obtained by solving a=ka ™ .
each of the two equations il3). of a number of other experimental results that the influence

of the donor on the vacancy orbitals of a hole localized on

the defect is small in comparison with that of the interaction
tion as a result of the Jahn—Teller effect, the optical dipoleof this hole with theF, mode of the vibrations of the initially
axis coincides with one of th€l11) directions. Any devia- tetrahedral complexthe Jahn—Teller effegf From this
tion of the optical dipole axis from this direction is due to the standpoint, the experimental results can be explained in the
influence of the donor; therefore, it is natural to estimate thease in which the minimum total energy of the defect corre-
strength of this effect from the absolute value of the argle sponds to one configuration of the complex with monoclinic
between the optical dipole axis and the correspondiid)  symmetry and in the case in which it corresponds to two
axis. The anglet is related to the angleg and s by the  equivalent configurations of triclinic symmetry. In both cases

equation the deviation of the optical dipole axis of the complex from
1 the (111)-type axis, which corresponds to the direction of the
coS é= — (V2 COS ¢ COS ¢r+Sin ¢). (15  dipole axis of an isolated vacancy distorted as a result of the
3 Jahn-Teller effect, is smaller for thég Sns, and Vg Siga

complexes than for th¥,Te s complexes. This means that
the influence of the donor on the vacancy orbitals is greater
for Vgaleas than forVg Sng, andVgSigs This is in quali-
tative agreement with the difference in the position of the
donor relative to the vacancy in these complexes.

Its absolute value for th¥ g Sng, andVeSig, complexes in
the region ofys values and for the corresponding positive
values(Fig. 3) is shown in Fig. 6. Figure 6 also plots the
value of ¢ for Vg Teas complexegin the casey=0). It can

J YWe are grateful to Prof. G. D. Watkins, who suggested this explanation
a0 and indicated that just the configuration considered in this case is realized
in many similar vacancy—donor pairs in 1I-VI semiconduct@ee Ref. 10

and the references cited thgre

- 2For then-GaAs:Sn samples with donor concentration less thah a@ 3

a weak dependence pf on%wp, was observed; however, the values of

pq for hwp ~1.2 eV lie in the limits indicated in the table. The maximum

of the photoluminescence band of these samples was shifted toward shorter
wavelengths by-20 meV.
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Intrinsic defect states in PbTe single-crystal films grown by laser-modulated epitaxy
S. V. Plyatsko

Institute of Semiconductor Physics, Ukrainian Academy of Sciences, 252650 Kiev, Ukraine
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Fiz. Tekh. Poluprovodr32, 47—49(January 1998

The electrical properties of PbTe/K&Br) layers grown by infrared-laser-modulated epitaxy and
their dependences on conditions of fabricatippwer density of the laser beaw,

substrate temperatuiie) have been investigated. It is established thatRh€T) dependences

can be explained within the framework of a two-level model in which one of the levels

(Eq41) is in the conduction band and the second lewg] is in the band gap. The positions of

the energy levels and their density of states depend on the conditions of growttR9®

American Institute of Physic§S1063-7827)00212-3

The problem of intrinsic defects in PbTe, both in bulk not doped in this case, the novel electrically active defects
single crystals and in thin films, is not a new one, it hasarising in the layers are intrinsic and depend, as experimental
nevertheless been studied insufficiently. In addition, in filmsstudies have shown, on the growth temperailyend the
the solution of this problem is complicated by the presencédaser power densityv.
of dislocations of a different nature and deformation fields,  Figure 1 plots the temperature dependence of the Hall
which can lead to the appearance of new energy states andcanstant for PbTe/KQKBr) films grown under different
shift of the known states under the action of mechanicatonditions. It can be seen that these different dependences
stresses, especially in the case of hetero-epitaxial growth. tiffer substantially from one other and also from the corre-
is quite clear that the variety of methods of epitaxial growthsponding dependences of films grown by conventional meth-
used today introduces into this problem the same variety obds.
characteristic features in the behavior of the intrinsic point In the region of low epitaxy temperatures 80,
defects and their energy states. <270 °C for constant power densityM= 8.5x 10* W/cn?)

In the present study PbTe/K@®Br) films were grown of the laser beam at the target, an activation segment is
by laser-modulated epitaxXy: ME). The target was sputtered present in the dependen&g(T), which is associated with
by an infrared laser beam which was interrupted by a methe ionization of local states in the conduction b&Rrd). 1,
chanical modulator. The lasing time wa§u|se=3><10*35 curvel). Increasing the epitaxy temperature alters the char-
with pulse repetition frequencly=20 Hz. The radiation was acter of this dependenceurves2, 3, and5). In the interme-
introduced with the help of an optical system and a focusingliate temperature region (2&0s<330 °C), wherep-type
system into a vacuum chamber with residual vapor pressureonductivity is observed, as the hole concentration is varied
P=1x10"% Torr. Laser-modulated epitaxy has the capabil-one observes the usual shift of the inversion temperature for
ity of monitoring the thickness of the growing layers, the p-PbTe fromT;,,=120 to 330 K, and in the remaining curve
substrate temperature, and monitoring and controlling théhe dependence &y (T) is of the usual formFig. 1, curve
power density of the laser radiation. As the target—source wé).
used a stoichiometric PbTe single crystal with free hole con-  In the region of low substrate temperatuiesthe con-
centrationp;,=(3—5)x 10 cm2 and mobility u.,=1.2  centration of donor centers, whose level is located in the
x10* cn?/(V-s). The source completed a rotational— conduction band, increases with increasing power
translational motion during the epitaxy process, which predensity at the target and awW=10°> W/cn? reaches
vented crater formation and any change in the scatter diaNg;=1x10" cm 3,
gram of the sputtered material. Together with a change in the concentratidg , raising

From the analysis which we made of the dependencéhe epitaxy temperature results in the appearance and growth
of the electrical properties on the conditions of growth ofof the concentration of donor centexg,, whose level at 0
PbTe/KCI films by laser-modulated epitaxy it is clear thatK is located in the band gap. Note that the donor cerntiggs
these properties are determined by electrically active defectre also present for low growth temperatuegy. 1, curve
of a different kind, which arise in the films during their 5); however, their concentration does not exceed
growth. Depending on the growth temperature, for constanhy,=< 10" cm™3, therefore, the leveE, is barely seen even
power density of the laser beam at the targetat the lowest current-carrier concentrations.

W=28.5x 10* W/cn? for the substrate temperature in the In the region of epitaxy temperatures insignificantly ex-
neighborhood off ;=270 °C an inversion of the type of con- ceeding the temperature of the second inversp#n
ductivity n—p is observed, followed by the reverse inver- (T;=330 °C) inRy(T) for n-PbTe, bothE,; andE, contrib-
sion p—n when the epitaxy temperature reachesute tothe conductivityFig. 1, curve2). With growth of T,
Ts=330 °C. Further increase of the substrate temperatyre the density of states at the levg] falls, but at the leveE,
leads to an increase of the electron concentration with a tent grows (Fig. 2), which also affects the behavior of the Hall
dency toward saturation dt>400 °C. Since the films were constantR,(T).
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FIG. 2. Dependence of the densities of stdtgs and Ny, on the epitaxy
temperature of PbTe/KCl films fow=8.5x 10* W/cn? (curves1 and 2,
respectively.
v/
i 1 1%
100 200 Joo cantly lower than 18 cm™3; therefore, one cannot speak of
T,K wave-function overlap.

In our opinion, such behavior of; with increasing

FIG. 1. Tempgrature dep(_endence of the Hall coefficient of PpTe filmsgower density of the laser beam at the target—source is a
grown under different conditions. The points correspond to experiment, th . .
dashed line is the envelope experimental points, the solid lines were cach—eS_UIt (?f _the ffr’lCt_ that the lefr’ld 1on as'a resu!t of th.e. WaY In
lated.1—n-PbTe/KCI,W=5.0x 10 W/cr?, T,=150 °C;2—n-PbTe/kCl,  Which it is built into the lattice occupies an interstitial site
W=8.5x 10" W/cn?, Ts=335 °C; 3—n-PbTe/KCl, W=8.5x 10* W/cn?, and thereby creates a local deformation. In the case of a
Ts=400 °C; 4—n-PbTe/KCl, W=8.5x10" W/en?, T,=300°C; 5—  yniform lead distribution in the lattice the excited elastic
p-PbTe/KBr,W=23.5x10° Wien?, T,=150 °C. fields are proportional to the point defect concentratiéim

films prepared at low epitaxy temperatures, the strains can be

significant in contrast to films and crystals grown at high

An analysis of the experimental data on the Hall effect,temperatures, where the strains are essentially completely re-

based on the two-level model under the assumption that the
form of the wave functions for both levels is sitype, gave
the level positionsE;=0.075 eV andE,=—0.055 eV at
T=0K. The changes in the level positiois andE, with 0.7
temperature  are dE;/dT=(4.5+0.5)x10"*T  and
dE,/dT=(3.5+0.7)X10 *T, respectively. The energy i
level positionE; also depends on the density of states at that 0.70 -
level (Fig. 3), which in turn grows with increasing power
density of the laser beam at the target. Such a dependence of
the level position on the density of states at it for IV-VI 0.06
compounds is unusual. Lead telluride is characterized by a
large dielectric constant&400); therefore, the wave func-

E, eV
L

tions of the defect states up =2 at. % overlap weakly, 0.02¢

but the localization radius cannot noticeably exceed one or 0 L 1 L
two unit cells; i.e., the wave functions of the impurity defect 7207 ke 10"
states are localized in a region on the order of 10-15 A. In lld,, em™3

the case of wave-function overlap the energy of the level will
be lowered relative to the .band, of which it is a d.etthe_q:lG. 3. Dependence of the energy level positinon the density of states
state. In our case the density of states at the level is signifiNg at 0 K.
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laxed and do not give a noticeable contribution to the elecnoted that the vacancy concentration is determined not only
trical properties. by the condensation temperature, but also by peculiarities of
An increase in the elastic deformation entails a change ithe growth of the films under conditions far from equilib-
the energy positions of the defect levels, as is confirmed byium, which are realized when using laser radiation to sputter
experiment. A similar shift of the defect levels in bulk single semiconductor target—sources.
crystals of PbSnTe takes place when the crystals are irradi- In summary, the electrical properties of layers grown on
ated by infrared laser radiation, upon which a change in thelielectric substrates when using a modulated infrared laser
current-carrier concentration takes place due to a redistriblbeam to sputter the PbTe source material, are determined
tion of the point defects in the “cold” matrix in the field of mainly by the electrically active, intrinsic point defects,
the electromagnetic wave of the laser radiafiohiThis pro-  whose concentration and the energy positions of the corre-
cess gives rise to elastic fields which cause the level of theponding levels are determined by the power density of the
intrinsic defects to change its energy position. laser beam at the target and by the epitaxial growth tempera-
Regarding the charge state of interstitial lead, we notdure.
that no previous study touching on this question has given a
concrete answer. Bl_Jt despi_te this fa(_:t, the opir_1i0n remgins in Prusin, J. Appl. Phys32, 1876(1961.
the literature that interstitial lead is found in the singly 2y A Ppanteleev and V. A. Muraviev, Fiz. Tekh. Poluprovods®, 682
charged state. However, electron-spin resonance experiment1977 [Sov. Phys. Semicond.9, 395 (1977)].
at liquid-helium temperatures have not confirmed this suppo-"F- F- Sizov, S. V. Plyatsko, and S. D. Darchuk, Infrared Pi2s.249
Sition'_ Therefore, in our_opin_ion, lead, ”,ke mgr)gan(_ase and4§(1382_' Gromov®, L. A. Korovina, S. V. Plyatsko, F. F. Sizov, S. D.
europium, at regular lattice sites and at interstitials, is found parchuk, and S. A. Belokon’, Fiz. Tekh. Poluprovodz#, 250 (1990
in the doubly charged stateand does not show up in the [Sov. Phys. Semicon@4, 152 (1990].
electron spin resonance for this reason. SYu. S. Gromovoj, S. V. Plyatsko, and F. F. Sizov, Mater. L8ft11-12,
The origin of the level in the band gap is probably at- 495(1989.
tributable to tellurium vacancies. However, it should beTranslated by Paul F. Schippnick
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The photoluminescence properties of heavily doped GaAs:Mn layers grown for the first time by
liquid-phase epitaxy from a bismuth melt have been studied. Manganese-related centers of
radiative and nonradiative recombination, in addition to the manganese substitutional acceptors
(manganese replacing galligjhave been observed in this material. It is found that the
concentrations of both centers increase with the doping level. A radiative recombination center
with strong electron—lattice coupling has been observed for the first time. We believe

that the high concentration of this new center may be a result of the growth method used. The
ionization energy of this center is found to be equal to 41 meV.198 American

Institute of Physicg.S1063-782@07)00312-9

1. INTRODUCTION a model that allows for degeneracy at the center of the Bril-
louin zone of light and heavy holes. Values of the concen-
Yrations of free charge-carriers are given in Table | as a func-
ization energy of this acceptor, found from electriciland tion of the manganese content in the melt. Stationary
photoluminescence spectra were measured on a setup based

L apA-11 ; ;
opticaf measurements, IS approxmatel_y equal .toon an SDL-1 double monochromator with 600 rulings/mm
100 meV, which makes manganese-doped gallium arsenide a

promising material for infrared photodetectdfslo increase gratings(focal length 600 mm, spectral resolution no worse

the sensitivity of such detectors, it is necessary to increasté]an 0.2 mey. Photoluminescence was recorded by a pho-

the doping level and lower the concentration of backgroun(}omUItlpller with anS1 photocathode working in the photon-

) " ; . o counting regime. To excite photoluminescence we used a
impurities and defects, which function as recombination cen- g reg b

ters that decrease the lifetime of the holes and, as a consH—e_Ne laser with the power density set equal to 100 V/cm
s ’ When measuring the temperature dependences, the accuracy
quence, lower the sensitivity of the detectbr.

Previously it was shown that using bismuth as the soI—Of the temperature setting was0.5 K.

vent when growing GaAs by liquid epitaxy allows one to
obtain layers with a low concentration of background impu-
rities and defect$''*and a high concentration of impurities Photoluminescence spectra of GaAs layers with different
built into the gallium sublatticé® which gives hope of ob- doping levels, measured at 4.2 K, are shown in Fig. 1. The
taining by this method GaAs layers with high Mracceptor spectrum of the intentionally undoped layer is dominated by
concentration and low concentration of unintentionally intro-the lines due to exciton recombinatioK), and the lines of
duced recombination centers. recombination through the shallow acceptor leveld),A).

In the present paper we examine the photoluminescenc# line is also present in this spectrum with energy position of
of GaAs:Mn layers obtained by liquid-phase epitaxy from aits maximum equal to 1.408 eV, accompanied by phonon
bismuth melt, with the aim of revealing the recombinationechoes, which is associated with recombination of nonequi-
centers formed in GaAs due to strong manganese doping. librium charge carriers through the levels of the background
manganese acceptée, Mn),>’ ¥ as well as a line due to
recombination through the Gadefect levels® The intensi-
ties of these lines are more than two orders of magnitude

Epitaxial layers were grown from a bismuth melt on lower than the intensities of the exciton lines, indicating a
semi-insulating GaA400 substrates in the temperature in- low concentration of manganese and,gGdefects in the in-
terval from 700 to 640 °C by the technique described earlietentionally undoped layer. In the photoluminescence spectra
in Ref. 13. The manganese content in the liquid phagg,X  of the doped layers th@, Mn) line dominates. As the dop-
was varied from & 10 ° to 1x 10 2 atomic fractions. The ing level is increased, its full-width at half-maximum
thickness of the layers was 8—%ém. All the manganese- (FWHM) varies from 5 meV in layer Znumbering of the
doped GaAs layers grown under similar conditions hadayers as in Table)lto 23 meV in layer 8. A shoulder is
electron-type conductivity. The concentration of free chargeobserved on the high-energy limb of this line, indicated in
carriers in the investigated layers was determined from thé¢he figure by the arrow. The presence of a shoulder indicates
Hall constant measured by the van-der-Pauw method. Thehat the(e, Mn) line is strongly overlapped by an unknown
Hall scattering factor fon-type layers was assumed equal to line, which we denote as linB. With continued growth of
unity, and for thep-type layers was set equal to 2.66 in the manganese concentration, the shoulder on(ehevn)
accordance with calculations carried out in Ref. 16 based oline shows up more distinctly, testifying to the growth of the

Manganese in GaAs, where it replaces gallium atom
(Mng,), creates an acceptor with a deep leVet The ion-

3. EXPERIMENTAL RESULTS

2. EXPERIMENTAL TECHNIQUE
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TABLE I.

Po(ng) cm™3

N fi. Sample Xun» at. frac. 77 K 295 K

1* Al15-1 0 2.0< 10 2.1x10%
2 MC4-3 45%10°° 9.3x 10" 7.5x 101
3 MC4-2 2.18<1074 6.6x 104 2.1x10'
4 MC4-1 5.53% 104 1.4x<10'° 2.9x10'
5 MC1 5.89< 104 1.3x10%° 2.8x 108
6 MC2 6.22x10°* 1.4x10%° 2.9x10'
7 MC5-3 2.90x 1073 1.9x 10 5.8x 108
8 MC5-2 9.58 1073 4.0< 10* 2.4x10'8

Remark* sample ofn-type conductivity.

relative intensity of thé line. It can also be seen from Fig.
1 that the total photoluminescence intensity and the intensity
of the exciton lines fall abruptly as the doping level is in-
creased. This indicates the formation in GaAs:Mn of nonra-
diative recombination centers, whose concentration grows
with increase of the doping level.

The photoluminescence spectra of layer 2 are shown in
Fig. 2 for different measurement temperatures. It can be seen
from the figure that the spectra are modified as the tempera-

L0G (I,,),a.u.

ture is raised. Lines associated with exciton recombination - p 295K
disappear and an interband recombination IB8) appears. x
The intensity of thele, Mn) line and its phonon echoes di-
1 Az i i A i L
800 850 900 950 1000
hw,ev ,mn
15 74 1.3
! ’ ' ’ ’ FIG. 2. Photoluminescence spectra of layer 2, measured at different tem-
R { (6/5,4) 42K peratures.
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FIG. 1. Photoluminescence spectra of GaAs : Mn layers with different dop-

this

shift

lattice 19:20:22

is

minish, and theD line begins to dominate in the photolumi-
nescence spectra. It can be seen from the photoluminescence
spectrum at 110 Kthe temperature at which thB line
shows up the most distincilythat this line has Gaussian
shape and its FWHM is equal to 150 meV. As the tempera-
ture is raised, this line shifts toward lower energies; however,
not described by the law
ho(T)=Ey(T)—E+0.5 KT (whereEy is the width of the
band gapE is the binding energy of the charge carrier to the
recombination center, an#l is the Boltzmann constant
which is valid for lines due to recombination through levels
of impurity centers not bound with the latti¢&?’ e.g., for
the (e, Mn) line.?! The Gaussian shape, large line width, and
the temperature dependence of the energy of the maximum
all indicate that theD line is associated with transitions
through levels of a center strongly bound with the crystal
which we denote as thR center.

The temperature dependence of the intensity of the in-

terband recombination line and of the total intensity of the
: strongly overlapping line® and (e, Mn)? for layers 2 and
7, having different doping levels, is shown in Figs. 3a and
3b. Itis clear from Fig. 3a that the intensity of the interband
recombination line in the spectra of layer 2 falls as the tem-

ing levels, measured at 4.2 K. The number labeling each spectrum corrd2€rature is increased from 10 to 110 K and grows exponen-

sponds to the layer numbers in the table.
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FIG. 3. Temperature dependence of the interband recombination line int€hséyd total intensity of thée, Mn) andD lines (2): a—for layer 2, b—for
layer 7.

further. The total intensity of thée, Mn) and D lines re- the temperature is raised from 60 to 110 K. At higher tem-
mains essentially constant as the temperature is raised fromgeratures the decrease of the total intensity of these lines
to 60 K and falls exponentially with a slope of #2 meV as  slows down and is described by an exponential with slope
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21+2 meV. As the doping level is increased, the nature of a
the temperature dependence of the line intensities in the pht 80 20 70 7K
toluminescence spectrum changes. As can be seen from Fi - '
3b, the intensity of the interband recombination line in the
spectrum of layer 7 remains constant at temperatures from
to 60 K, but as the temperature is raised from 60 to 295 K, it 192
grows exponentially by more than two orders of magnitude :
with a slope of 412 meV. The total intensity of thée, Mn) oy
andD lines in this layer is essentially independent of tem- Q"
perature. - No
+¢-
L
N
)

T LELELEARALS
P
Vo

The activation energies of thermal quenching of the tota
intensity of the(e, Mn) andD lines in the investigated layers
are substantially lower than the thermal activation energy o
qguenching of the individuale, Mn) line, determined in Refs.
2, 7, and 8, and, consequently, the main contribution to th
total intensity of these lines at temperatures above 60 K i 0

due to theD line. o 0 zb

T T

T

Lo b4 4 13 ¢ 3 % ) 3 1 2

i
40 50 80 100 7120 740 160 180 200
7000 /T, k"1

L

4. DISCUSSION
b
04 20 12 A4

E = 41mey
101 o—-—o ------ Omm o=

It is clear from the experimental data that in strongly
manganese-doped GaAs layers obtained by liquid-phase e
itaxy from a bismuth melt, in addition to a substitution ac-
ceptor, at least two additional centers are formed, one ¢
which is a radiative recombination center, and the other,
nonradiative recombination center. S

The nonradiative recombination centers, which appear it
GaAs upon strong manganese-doping, were observed earli a
in material grown by molecular-beam epitayAt the same QQ
time, the strongly lattice-bourid center is observed in GaAs ',3;

\J
&

g

T

o

T Vo

T 1T TTImY

:Mn here for the first time and the high concentration of
these centers is apparently due to the method of preparatic
of the layers. It should be noted that the growth of the rela:
tive intensity of theD line in the photoluminescence spectra
measured at 4.2 K with increase of the doping level indicate: -
that the concentration of tHe centers increases with increas- 170 Lt d Lt il a1t L1 L

ing manganese concentration faster than thg Moncentra- 0 2 % 6010:: /;0,0‘_,120 #o 160 180 300

tion. This gives grounds to believe that tRecenter is a !

complex C-onS-iSting (?f comp_onents whose concentration inl_: G. 4. Temperature dependence of the ratio of the total intensity dethe
creases with increasing doping level. Such components meMn) andD lines to the interband recombination line intensity: a—for layer
be manganese atoms as well as intrinsic point defects of the p_for jayer 7.

GaAs lattice. An unambiguous determination of the makeup

of this center requires additional study.

An analysis of the experimental data within the frame-andC, are the coefficients of electron and hole capture by
work of the Shockley—Reed—Hall mod&hllowed us to de- the recomblnatlon centek is the binding energy of a hole at
termine the binding energy of the hotesit the R center  the center, and\ is a constant.

(ER). To simplify Eqg. (1), we divided the expression for the

The standard procedure for determining the binding enintensity of the photoluminescence line associated with the
ergy of the charge carriele() to the recombination center is recombination centeR into an expression for the intensity of
to fit the experimental temperature dependence of the interthe interband recombination line, which is proportional to the
sity I(T) of the photoluminescence line associated with theelectron and hole concentrations in the allowed bands, from
recombination center by a calculated dependence, which, aghich we derived the formula
follows from the model in Ref. 23, can be written in the form |(T)/158(T) = (N/B)/(n/Cy+ pICy+ (AIC,)

I(T)=dn-p-N/[(Cp-dn+Cp-p)/(Cp-Cp)

LLBAELAL )

X exp —E/KT)), 2
+(A/Co)exp(—E/kT)], @ whereB is the interband recombination coefficient.
where p=py+dp is the total concentration of equilibrium It is clear from Eq.(2) that to calculateé(T)/lgg(T) itis

and nonequilibrium holesyn is the concentration of non- necessary to know the temperature dependence of the coef-
equilibrium electronsN is the concentration of center§,, ficients of charge-carrier capture by the recombination center
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FIG. 5. Possible models of the configuration co-
ordinates: a for the R centers, and )ofor the
Vi I Mng, centers. The vertical axi_s plqts the sum of
the electron energy and the vibrational energy of
the center, and the horizontal axis plots the con-
figuration coordinate. The states of the system
center-electron are: |—electron in the valence
band, ll—electron trapped at a center, Ill—
electron in the conduction bank, andEy, are
the hole binding energy to the and Mrg, cen-
h(,) ters, respectivelyfiw is the energy at the maxi-
mum of the lines associated with recombination
through the levels of these cente@, andQ, are
I i the configuration coordinates of the position of
vibrational equilibrium for the center without an

I electron and for the center having captured an
] electron, respectively. Emission of a hole from a
] : [ center in the given model is equivalent to capture
of an electron from that center.
N\ : 2‘4—-'- E \J » mMn

% 4 1" A

Energy,a.u.

and the temperature dependence of the free electron and hole The value ofEg obtained is unexpectedly small and at
concentrations. It is well known that with increase of thefirst glance contradicts the available experimental data. De-
temperature, the charge-carrier capture coefficients can depite the fact that the binding energy of the holes to the
crease according to a power l&fvgrow exponentiall?*?>  center responsible for thB line is more than two times

or remain constarft The temperature dependence of chargesmaller than the binding energy of the holes to the acceptor
carrier capture by the recombination centers present in th®ing, when the temperature is increased Ehéne begins to
investigated material is not known to us, and to simplify thequench out at higher temperatures than @eMn) line. In
calculations we disregarded the temperature dependence adldition, the energies of the maxima of these two lines es-
these coefficients. The hole concentration in the GaAs:Mrsentially coincide.

layers in the temperature range from 77 to 295 K, as was To shed light on the reason for this apparent contradic-
shown in Refs. 1, 3, and 16, grows exponentially with slopetion, we analyzed expressidg). It is clear from this expres-
110 meV. The values we obtained for the free-hole concension that the temperatur@), at which the intensity of the
trations for the GaAs:Mn layers at 77 and 295 K coincidephotoluminescence line associated with the recombination
with the values derived from the expression center begins to decrease abruptly, is determined by the re-
po><exp(—110 meVkKT), and, since in this temperature lation between the coefficients of electron and hole capture
rangep~p,, we used this expression to describe the temby this center. Indeed, the photoluminescence line intensity
perature dependence of the hole concentration in the GaAsdecreases abruptly, beginning with the temperature at which
Mn layers. In the temperature interval where the ratiothe sum of the terms that increase with increasing tempera-
[(T)/1gg(T) decreases, the value of the sum of termsture in the denominator of expressi¢?) becomes equal to
p/C,+ (A/Cp)exp(—E/KT) (which grow as the temperature the terman/C,:

is increaseglin the denominator of expressi¢®) exceed the

value of the termvn/C,,; consequently, in the determination ~ dn/Cp=p/C+(A/Cp)exp( —E/kO). 4

of the value ofE it is possible to ignore this term and rewrite

Eq. (2) as follows: Substituting in Eq(4) the values of the binding energy of the

holes to theR center and the Mgy, center and the free-hole
I(T)/1ga(T)=(N/B)/(p/C,+ (A/C,)exp( — E/KT)). concentration, which can be written in the form
3 p=A[(Npn— Ng)/Ng]lexp(=110 meVk®) (Ref. 16, where
Nwun is the concentration of the My acceptors andll; is the
The experimental temperature dependence of the ratio afoncentration of the compensating donors, we can rewrite
the total intensity of thé and(e, Mn) lines to the intensity this formula for theR center as
of the interband recombination line for layers 2 and 7 is
plotted in Figs. 4a and 4b, respectively. Cn/Cp=(A/IN){[(Npmn—Ng)/Nglexp(—110 meVk®)
Fitting Eq. (3) to these dependences in the temperature _
region above 80 K, where the main contribution to the total T exp— 41 mevka)} (43
intensity comes from thB line, showed that the value of the and for the M, center as
binding energy of the hole to tHe center,Eg, is the same in
both layers and equal to 412 meV. Cn/Cp=(Aldn)(Nyn/Ng)exp(—110 meVkO).  (4b)
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Substituting the experimentally obtained temperai@réor  ¥The available data do not allow us to determine the types of centers;
the D line in Eqs.(4a) and (4b), which, as is evident from therefore, we make the type of charge carrier spedticis the binding
Fia. i roxim I I K. shows th he energy of a hole if the center is an acceptor, or of an electron, if the center
(e? l\/:lgrll) ﬁn:p(;)u(;nchaet: th e;??w;? tgzpe,ra?u:)e ; tthgtr;tii :Cfestcc))rr]or. For definiteness, we have assumed thaRtleenter is an
C,/C, for the R center exceeds the corresponding ratio for '
the Mng, center by more than three orders of magnitude.
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21E. W. Williams and H. B. BebbSemiconductors and Semimetédsa-
N . . . demic Press, New York, 1972Vol. 8, p. 321.
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YLook and PomrenKé suggested that the line with energy position of its 23x  p. Glinchuk, A. V. Prokhorovich, V. E. Rodionov, and V. I.

maximum equal to 1.408 eV, present in the photoluminescence spectrumy/qynenko, Phys. Status Solidi A8, 593 (19789.

of the intentionally undoped GaAs layer, may be associated with recoma4g g Ridley, Quantum Processes in Semiconductdtsd ed.(Oxford
bination through defect levels. However, traces of manganese which we University Press, New York, 1988
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Effect of selenium on the galvanomagnetic properties of the diluted magnetic
semiconductor Hg ;_,Mn,Te,_,Se,

V. A. KulbachinskiT, I. A. Churilov, P. D. Maryanchuk, and R. A. Lunin

M. V. Lomonosov Moscow State University, 119899 Moscow, Russia
(Submitted February 17, 1997; accepted for publication May 28,)1997
Fiz. Tekh. Poluprovodr32, 57—60(January 1998

The galvanomagnetic properties of single crystals of the diluted magnetic semiconductor

Hg, «Mn,Te; S, (0.01<y<0.1) with x=0.05 and 0.14 have been investigated in the
temperature range 4.2—300 K. Peculiarities of the temperature dependence of the Hall
coefficientRy and its complicated behavior in a magnetic field are quantitatively explained by
the existence of three groups of current carriers: electrons and two types of holes with
different mobilities for which the temperature dependence of concentration and mobility was
obtained. A transition fromp-type to n-type conductivity was observed with increase of
Se content, alongside with a simultaneous change of sign of the magnetoresistance from
negative to positive. ©1998 American Institute of PhysidsS1063-782@07)00412-3

1. INTRODUCTION magnetic measurements it was determined that there were no
Diluted magnetic semiconductors are solid solutions inforelgn phase inclusions in the samples and that the samples

which one of the components is replaced by an atom of é{vlere homt()gegefous. The homoge?elt); tor:‘ ﬂ:_? ITampL?s_ W?S
transition elemen{M) with uncompensated magnetic mo- also monitored from measurements of the Hall Coefncien

ment. Among Q_XMXBV' compounds diluted magnetic Ry along the length of the sample. The difference in values

semiconductors with the composition HgMn,Te, of Rgldut:i_no;[ exceedafewtpercent. f d freshl
Hg,_,Mn,Se have been relatively well studiéd It has ectrical measurements were periormed. on iresnly

been found that Mn,Te has p-type conductivity’ etched samples at constant current by the four-contact
I |:g‘X X ’ . .
while Hg;_,Mn,Se hasn-type conductivity> The type of method. We studied samples of HgMn,Te;,Sg with

conductivity is connected with the charge defects appearingtz O'OSf’tr?'M. anlcy=0.?1l, %?_54 g'?zs’ Oi_lct).dSpm_I(_a Elarallm-
in the crystals: vacancies in the mercury sublattice are acce 1€rs of In€ singie crystals ar=2. are listed in 1abie 1.
It is known that the electrical and galvanomagnetic prop-

tors in Hg _,Mn,Te, while mercury atoms at interstitials and " f HaTe-based conduct lid soluti X
vacancies in the selenium sublattice are donors iner Ies of Hg Te-based semiconductor Solid solutions are sig-

Hg; _«Mn,Se. It is of interest to study the diluted magnetic hificantly affected by the surface regigskin layey.” To

semiconductors Hg ,Mn,SgTe,_,. It may be assumed eliminate this effect, the samples were etched immediately

that varying the selenium concentration will produce a par_before measurement. Special studies showed that storing the

ticular kind of compensation of the various defects, Whiche;[Ch,f"r;j slan:plesmm a::] forrf,iev:ar;al tgays r('jnOTiS r:o;[j %Itehr :/I?e:r
could make it possible to regulate the type of conductivitye ectrical properties, In particuiar, the complicated behavio

and current-carrier concentration in  this quaternaryOf the Hall coefficient in a magnetic field at different tem-

compound. The galvanomagnetic  properties off;rr]aetgrﬁ;ei-e-, the skin layer does not affect the results ob-
Hg, «Mn,SegTe, , were examined earlier as functions of '
the manganese content in Refs. 6—8, and transitions to the
spin-glass state were investigated in Refs. 7 and 8. 3. MEASUREMENT OF THE GALVANO-MAGNETIC

We will investigate the galvanomagnetic properti@s ~ PROPERTIES AND DISCUSSION
the temperature interval 4.2—300 Kf single crystals of the
solid solution Hg_,Mn,Te; ,Sg, with x=0.05 and 0.14
varying the selenium content frogn=0.01 toy=0.10.

As the temperature is lowered, the resistance of all the
samples grows, exhibiting activation behavior with activa-
tion energy equal to about 30 meV at temperatures above
100 K. The samples with minimum selenium content mani-
fest negative magnetoresistance at temperatures below

Single crystals of Hg ,Mn,Te, _,Sg, were grown by T=30 K, which increases with decreasing temperature. As
the Bridgman technique from chemically pure componentsthe selenium content is increased, the negative magnetoresis-
Samples with characteristic dimensions X®B6X5mn?  tance decreases and for the selenium conter@2.10 even at
were cut from bars by electrical erosion. The manganeséquid-helium temperatures the magnetoresistance becomes
content was determined more precisely with the aid of arpositive. Figure 1 plots the magnetoresistance
x-ray microprobe and from measurements of the roomAp/pg[p(B)—p(0)]/p(0) as a function of the magnetic
temperature magnetic susceptibility. Both methods gavdield B for five samples. The negative magnetoresistance in
identical results within the limits of measurement error. Thelarge magnetic fields can be explained by an increase in the
selenium content in the samples was inferred from theseonductivity via the impurity band characteristic of
data. From the x-ray and microprobe analyses and also thdg, ,Mn,Te, (Refs. 1-3 as a result of the overlap of the

2. SAMPLES
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TABLE |. Parameters of Hg ,Mn,Te, _,Se, samples at 4.2 K.

Content

Sample

No. Mn, x Se,y n, 104 cm™3 te, 10° cn?/(V-9) pi, 107 cm 3 Bp1. CPI(V-5) pp, 10" cm3 Hp2, CPI(V-5)
1 0.14 0.01 0.3 -6.0 2.7 820 9.0 3000

2 0.14 0.05 0.003 —-6.0 0.9 130 0.46 4800

3 0.14 0.075 2.5 -3.0 7.8 850 25.0 5300

4 0.14 0.10 1.1 -1.2 42 60 0.52 4100

5 0.05 0.01 5.3 -15 2.8 715 7.2 2000

6 0.05 0.10 72.0 —0.56 8.2 80 4.8 5700

Remark:n, p,, andp, are the concentrations of the electrons and two types of holes, respectiyelyi,,, andu,, are the corresponding mobilities.

acceptor wave functions in a magnetic field—the so-calledluctivity is realized both in the valence bafite first sort of
magnetic boiling-off of hole$’~1*As the selenium contentis band holes or intrinsic holgsnd via the impurity acceptor
increased, the role of conductivity via the acceptor impurityband (the second sort of holgé® The Hall coefficient de-
band is diminished and the samples even change their type pends on the magnetic fielfor the Hall factor for all three
conductivity fromp- to n-type; therefore, the negative mag- groups equal to )lin the following way:
netoresistance is replaced by positive magnetoresistance. 2, 202
L o ; = +
Determination of the mobilities of the various groups of Ru(B)=N/(A"+N"B%, @
current carriers from the Hall effecMost complicated is the where we have introduced the notation
behavior of the Hall coefficieriRy at different temperatures _ 2 2p2 2 2 R2
) o N=enus/(1+uB°)+e /[(1+u;s,B
as a function of the magnetic field. For the sample el (11 peB) +epiupy/(1+ 1y, B

Hgo sdMino 14Te; -, Se, with a direct band gap at 4.2 K the +epoudyl (14 u5,B?), 2
Hall coefficient is positive Ry>0). As the temperature is 20 2 oo
increased, the sign @&, in weak fields changes to negative. ~ A=€Nue/(1+ ugB%) +epiupy /(1+ up;B%)
Increasing the selenium concentration leads to a growth of

9 Y +ePasipy /(14 u2,B?). 3

the electron concentration and to a change of sign of the Hall
coefficient in weak magnetic fields. This effect is manifested ~ The calculated curves in Fig. 2 take into account the
more strongly in gapless samples. As an example, Fig. fhree indicated groups of carriers. Table | lists the electron
plots the magnetic-field dependenceRyf at different tem-  and hole concentrations and mobilities at 4.2 K, obtained by
peratures for the samples pigMngosTe,_,Sg with  fitting theRy(B) data. Highest are the values of the electron
y=0.01 and 0.10. mobility, which is typical of Hg_,Mn,Te. A characteristic
Quantitatively, we were able to satisfactorily describepeculiarity is growth of the electron concentration with in-
the Ry(B) data plotted in Fig. 2 only by taking into account crease of the selenium content in the samples up to change of
three groups of carrierlectrons and two types of hojes
with different concentrations and mobilities. The hole con-
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FIG. 1. Dependence of the magnetoresistahpép, on the magnetic field

B atT=4.2 K for Hg,_,Mn,Te, ,Sg, samples with various composition:

1) x=0.05,y=0.01; 2) x=0.05,y=0.1; 3) x=0.14,y=0.01; 4) x=0.14,
y=0.075;5) x=0.14, y=0.10.
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FIG. 2. Dependence of the Hall coefficigRf; on the magnetic field for
Hgo.eMNg osT€; ySg, samples withy=0.01 (curves1, 3, 5) and y=0.1
(curves2, 4, 6). T=81(1), 95(2), 36(3), 4.2 K(4).
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the type of conductivity fromp to n (the samples with 50
x=0.05. As the temperature is lowered, the mobilities of all
three groups of charge carriers increase.

Determination of the mobilities of the different groups of 4
current carriers from the dependence of the positive magne-
toresistance on the magnetic fielfio find the mobilities of A
the different groups of current carriers in the investigated 530
samples, we used the classical magnetoresistance effect. Tt
authors of Ref. 15 proposed a method which transforms the 03_
magnetic-field dependences of the resistance into the so @ 2
called “mobility spectrum”—the dependence of the conduc-
tivity on the mobility. This method assumes that the concen- 0
tration of the current carriems is a continuous function of
their mobility « n(u), so that the components of the mobil-
ity tensor transverse to the magnetic field can be written in 0 l L 1
the form of integrals summing the contributions to the con- -8 6 -4 -2 0 2 4

ductivity from each group of carriers: l[t, ./ cm.’/( V-8)

teos(u)du += s(u)puBdu
o(B)= m, a'xy( B)= W, FIG. 3. Mobility spectrum at 79 K for the HgdMng 14T€) 9058, 10 Sample.
- n - 1 The three maximdindicated by arrowscorrespond to the three groups of
(4 current carriergthe mobility is negative for the electrons

wheres(w)du=en(u)du is the contribution to the conduc-

tivity at B=0 from the carriers having mobility fronu to 1J. K. Furdyna, J. Appl. Phy$4, R29(1988.

u+du; the electrons have negative mobility, and the holes_N- B. Brandt and V. V. Moshchalkov, Adv. Phy83, 194(1984.

have positive mobility. In the case in which there Br¢ypes I['SIC;VL)SSISm S:SZ;. mlgzlsgglsliovm' ep. Fiz. Nauk14a 35 (1989
of current carriers with discrete concentratiomsand mo-  “N. B. Brandt, V. V. Moshchalkov, A. O. Orlov, L. Skrbek, I. M.
bilities w; (i=1..N), N peaks appear in the mobility spec- Tsidilkovskii, and S. M. Chudinov, Zh. l&sp. Teor. Fiz84, 1059(1983
trum, whose centers are located at the mobiliigs and ~ [Sov Phys. JETR7, 614 (1983].

h litud | & Fi 3 sh th 57h. T. Ismailov, V. A. Kul'bachinski, S. M. Chudinov, N. P. Gavaleshko,
whose amplitudes are equa jpi - Figure s shows the and P. D. Mar'yanchuk, Fiz. Tekh. Poluprovod?2, 375 (1989 [Sov.

mobility spectrum for the sample tgdVing 14T€y.05&) 1 at Phys. Semicond22, 231 (1988].
79 K. From this figure it can be seen that there are thre€’K. R. Krylov, N. K. Lerinman, A. I. Ponomarev, L. D. Maryanchuk, Fiz.

roups of current carriers with different mobilities: two ,Tekh Poluprovodn28, 1382(1994 [Semiconductor28, 779 (1994).
9 P f hol d th | bili | btai d7V. A. Kul'bachinskii, P. D. Mar'yanchuk, and I. A. Churilov, Fiz. Tekh.
groups of holes and the electrons. Mobility values obtained py,proyadn29, 2007(1995 [Semiconductor@9, 1047 (1995)].

from the corresponding spectra for the other samples agre&v. A. Kulbachinskii, P. D. Maryanchuk, I. A. Churilov, M. Inoue,
well with the values calculated from the magnetic-field de- M. Sasaki, H. Negishi, and Y. Hara, Semicond. Sci. Techt0).463

s (1995.
pendence of the Hall coefficient. 91. lvanov-Omskii, N. N. Berchenko, and A. I. Elizarov, Phys. Status Solidi
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103, Mycielski, in Recent Developments in Condensed Matter Physits
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SEMICONDUCTOR STRUCTURES, INTERFACES, AND SURFACES

On C-V profiling near an isotypic heterojunction
V. |. Zubkov, M. A. Melnik, and A. V. Solomonov

St. Petersburg State Electrico-technical University, 197376 St. Petersburg, Russia
(Submitted February 20, 1997; accepted for publication June 3,)1997
Fiz. Tekh. Poluprovodr32, 61-62(January 1998

A method of accurate determination of the majority carrier profile near an isotypic heterojunction
is proposed. The method takes into account the different values of the dielectric constants

on the two sides of the heterojunction. The carrier profile is first calculated fronC th¥/
characteristic and then corrected according to the maximup(wj. © 1998 American

Institute of Physicg.S1063-782808)01601-9

Current—voltage characteristics are an effective instruwhereC; is the capacitance of the narrow-band layer, and
ment for determining the profile of the main charge carriersC, is the capacitance of the wide-band semiconductor layer
in semiconductors. For isotypic heterojunctions it is possiblevith thicknessx.
with the aid of C—V characteristics to determine the carrier According to the formula of a planar capacitor
concentrations in the enrichment and depletion regions near

the heterobarrier and also the magnitude of the built-in Cl:slsOS’
charge on the heteroboundary and the magnitude of the band Wo
discontinuity’? In general, the materials on either side of the £280S

junction have different dielectric constants. However, this C,= . (2
fact is usually disregarded in calculations of the carrier con- X
centration profile from the measured current—voltage charad-ereS is the area of the sample. Hence
teristic since the coordinate of the heterojunction is not
known to start with. Thus, the resulting profile is different ¢ 2182805 3)
from the actual one. £1X+£,W
We propose a method for accurately determining the f we introduce an effective dielectric constait such
profile of the main charge carriers near an isotypic heteroghat
junction, based on a refinement of the concentration profile
initially calculated from theC —V characteristic. _ £*e0S @)
Let us consider an isotypic heterosemicondudtmr S Wotx’
definiteness, op—p type), on one side of which an ohmic
contact is placed and on the other, a rectifying barrier. Th
narrow-band interlayer has a wide band ggpand dielectric . Wo+ X
constants;, and a wide-band layeE, ande,. For a mod- € = W- ®)
erate reverse bias the space charge re¢8@R) is located
entirely in the interlayer near the metal—semiconductor rec-  1he quantitys, is obviously close in value te, if the
tifying barrier; therefore, the initial segment of tf@—V space charge region is located near the heterojunction and
characteristic is determined by the parameters of the intet€NdS s as the space charge region moves into the layer
layer (E;, e,). As the reverse bias is increased, the edge oPordering the ohmic contact with growth ok, (Fig. 2.
the space charge region intersects the heteroboundary, en- NOW the sequence of determining the exact profile of the
gulfs the space charge region near the heterointerface afain char_ge carriers in an isotypic heterojunction reduces to
moves into the wideband layéFig. 1). Here the increment the following. . _ o
of the capacitance on the right side of the heteroboundary is 1+ The concentration profile of the charge carriers is cal-
determined by the parameters of the second layer. culated from the measurgﬁ—v .charac'terlstlc using the
We assume that the heteroboundary is located a distan&u@! procedure of numerically differentiating t0e-V de-
w, from the rectifying barrier. We thus represent the totalP€ndence according to the formulas in Ref. 3:

ethen the expression far* can be written in the form

capacitance of the structure with reverse higsas the sum c3 dc) 1!
of the capacitances of two capacitors linked in series p(w)=— qTOSZ (m) ,
gegS ®)
W:
- M -
Cit+Cy We assume=¢;.
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FIG. 1. Schematic diagram of an isotypic heterojunction. The dot—dashe
line marks the position of the heterojunctida—Schottky barrier2—space
charge region3—quasineutral region.

2. From the obtained dependengéw) we find the co-

ordinate of the maximum, which corresponds to the peak o

the narrow enrichment region of the main charge carrier
near the heterojunction.

In the zeroth approximation we can assume this coordi
nate to be the thickness of the lay@g. [Numerical calcu-
lations based on the solution of the Poisson equatifn

show that in the case of a narrow-band layer the heterojunc-

tion point lies between the extremamfw) roughly 10 times
closer to the maximunj.
3. For all pointsw;>w, we findx from Egs.(1) and(2):

82808 €9

i~ Ci 8iW0 ’ (7)
o & o ___
7.5 K

& T
71.01
*
@
10.5
1.5+
1.0 N 1 ) $ 1
0 7 2 J 4 5
z/w,

d

LIG. 3. Initial (dashed curjeand correctedsolid curve profiles of the

$nain charge carriers near the heterojunctiep<(e,).

and, correspondingly, we calculat& from Eq.(5). For each
point w;>w, we then recalculate the thickness of the space
charge region and the concentration from the equations

Wicorr =WotXj, (8
€1
Picorr = Ri- 8_* 9

The corrected profilg(w) is shown in Fig. 3. For com-
parison, the profile initially calculated according to E6),
without allowance for the change in to the right of the
heterojunction, is represented by the dashed line.

The corrected profile corresponds more accurately to the
real charge carrier distribution in an isotypic heterojunction
than the distribution obtained by “the usual methofEq.

(6)]. It should be noted that the new profile should be used to
compare with the results of modeling tkle-V characteris-
tics based on numerical solution of the Poisson equation.
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FIG. 2. Dependence of the “effective” dielectric constant on the thickness

of the depleted wide-band layer.
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Impact ionization luminescence of InGaN/AlGaN/GaN  p-n-heterostructures
A. N. Kovalev and F. I. Manyakhin

Moscow Institute of Steel and Alloys, 119899 Moscow, Russia

V. E. Kudryashov, A. N. Turkin, and A. E. Yunovich

Moscow State (M. V. Lomonosov) University, Department of Physics, 119899 Moscow, Russia
(Submitted May 22, 1997; accepted for publication May 28, 1997
Fiz. Tekh. Poluprovodr32, 63—-67(January 1998

The luminescence spectra of InGaN/AIGaN/Gphh heterostructures with reverse bias sufficient

for impact ionization are investigated. The injection luminescence of light-emitting diodes

with such structures was examined earlier. A strong electric field is present in the InGaN active
layer of the heterostructures, and for small reverse bias the tunneling component of the

current predominates. Avalanche breakdown commences at vokgge8—-10V, i.e.,~3Eg,

(Eq4 is the width of the band gagn the absence of lightly doped structures. The

luminescence spectra have a short-wavelength edge corresponding to the width of the GaN band
gap(3.40 eV} and maxima in the region 2.60—2.80 eV corresponding to the maxima of the
injection luminescence spectra in the active layer. The long-wavelength edge of the spectra in the
region 1.7-1.8 eV may be associated with deep recombination levels. Mechanisms of
recombination of the hot electron—hole plasma in the strong electric fields op-the
heterostructures are discussed. 1898 American Institute of Physid$$1063-782608)01701-3

1. INTRODUCTION J~exp|eV|/E;) (1)

Injection luminescence spectra of high-brightness blue ]
and green light-emitting diode@ ED’s) based on InGaN/ With parameters, that vary near the voltagéé=5-7Vin
AlGaN/GaN heterostructures were investigated in Refs. 1_5t_he_ range 0.8-0.9 eV. The variation of t_he _slopes_ in _th|s
It is of interest to investigate the luminescence of these strud€9ion is clearly seen on the semilogarithmic derivatives
tures under conditions of impact ionization with the aim of Ea=dV/d(In J) (see Fig. 1a The values of, were essen-
obtaining additional information about the mechanisms inially independent of temperature in the rarige 80—300 K.
fluencing the properties and efficiency of LED's. This part of thel—V characteristics is determined by the

Luminescence under conditions of ionization breakdowrfUnneling component of the current. Note that the variations
in GaN was first studied in the context ot-n and MIS  ©n the reverse-bias branches of theV characteristics of
diodes®~? It was shown that under conditions of reverse biasGaN dl;.)()dlels neafV|=5-6 V were also observed by other
the electrons tunnel from the metal into theegion of the ~ authors,”"“but were not given any importance.
structure and at a high enough voltage impact ionization and ~IMPact ionization commences at higher voltages,
avalanche breakdown enter into the picture. V|>8-10V, as can be concluded from the minimum of the

It follows from spectral and capacitance capacitance—voltageC~V) characteristics(corresponding
measurements® that a strong electric field is present in the t0 the maximum on the curve@?=f(V) plotted in Fig. 1b.
active layer of InGaN/AlGaN/GaN based blue LED's. Luminescence was detected at the threshold voltage

A heavily dopedp-region and a thin active layer distin- Yin=—11V. The spectra were recorded at currents
guish these LED’s from earlier structur¥S.In the present [9/<5MA, at which blue diodes do not cease to operate.
paper we describe the luminescence spectra of blue LED’s &adiative recombination served as an indication of genera-
breakdown and we analyze the electrical and luminescend#n of minority carriers as a result of impact ionization. The

properties of InGaN/AIGaN/GaN based structures with re_Iuminescence was visually nonuniform, which is attributable
verse bias. to the microplasma nature of the current.

Breakdown luminescence spectra for three LED’s are
shown in Fig. 2. Injection luminescence spectra are also
shown in this figure. The intensity of the breakdown lumi-

The luminescence spectra and electrical properties afiescence was 6—7 orders of magnitude lower than the injec-
LED’s based on InGaN/AlGaN/GaN structures with a thintion luminescence, as the scales of the ordinate axes show. A
InGaN active layer were described in Refs. 1 and 2. Wewide luminescence band is visible in the region 1.7-3.5 eV.
chose blue LED’s with known parameters of their injectionIn the high-energy region the edge of the spectrum corre-
luminescence spectra for measurenfehtThe reverse-bias sponds roughly to the room-temperature width of the band
current-voltage I(-V) characteristics of the blue diode gap in GaN,E;=3.4 eV.

2. EXPERIMENTAL RESULTS

(sample 3 are shown in Fig. 1a. The main part of theV The shoulder at 3.2 eV corresponds to the energy
characteristics can be approximated by two exponentials dt;—AE,, whereAE, is the ionization energy of the Mg
the type acceptors. The maxima in the region 2.6—2.8 eV correspond
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FIG. 1. a—Current—voltage characteristics of a blue LED
based on the heterostructure InGaN/AlGaN/Geldmple
3) with reverse bias, al=77 K (1) and 300 K(2), and
E;(V)=dV/d(InJ) at T=300 K (3). b—capacitance—
| voltage characteristic of a blue LED based on the hetero-
b structure InGaN/AlGaN/GaNsample 3 with reverse bias.
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to the maxima of the injection luminescence. The widetively). Analysis of the capacitance—voltage measurements
maxima at 2.2—2.3 eV correspond to the well-known “yel- indicates the presence of charged walls at the boundaries of
low band” in n-GaN, which is associated with donor— the active layer and the compensated regions. The charge
acceptor pairs and/or with double donor lev€ls. concentration in thep region near the heteroboundary is
The charge density distribution in the lightly doped (1-2)x10"® cm™2 (thickness 11 nm and 1x 10 cm™3
p-region of the structure was determined from measurementghickness 1.5 nmin the n region.
of the dynamic capacitandéhis method is described in Ref. The electric field in the InGaN active layer is large,
13). The capacitance—voltage characteristics in the coordi€=10" V/cm; the fields in the adjacent layers
nates 1C?=f(V) up to the breakdown have a more compli- Z=(2—-4)x 10° V/cm.

cated form than a linear dependence. 3.2. The tunneling component of the reverse current can
be described by the theory of current—voltage characteristics
3. DISCUSSION of abrupt, heavily dopedp-n-junctions in direct-band

semiconductors?
3.1. To describe the capacitance—voltage and current—

volta_lge characterlstlcs, it is necessary to.delvlse. a model of J~(V=V,)exd B(e|V|/2Ey)],
the investigated structures, the charge distribution, and the
electric fields. A model energy diagram for these structures
with reverse bias is shown in Fig. 3. The InGaN active layer

is located between two compensated regions roughly 10 nm
in length (from the sides of then and p regions, respec- mg, =mg my/(mg +my), @

B=(m/2)%%2m} 112 VHEYYeE),
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whereV, is the contact potential differencgy is the effec- separated by the electric field after a time
tive width of the band gap, and} andm} are the effective w/v;=10"1*-10"1* s (the thermal velocity of the electrons
masses. Substituting the parameterm; =0.22m, is v1=2x10" cm/9, and only a few electrons reach the
m; =0.54m,, and Eq=3.4eV, for V,=32eV and outer boundary of the space charge region and recombine
E;=0.8-0.9 eV we obtain the following estimate of the in the neutral region. If the radiative times are on the order of
electric field in the active regiorE=2x10" V/cm. 10"° s, then only a small fraction of the pair can radiatively
3.3. The threshold value of the impact ionization poten-recombine in the structure.
tial is related to the concentration of charged impurities in ~ The spectral maxima in the region 2.2—-2.3 eV, which are
the p-n junction by the empirical formufa associated with the radiative recombination of donor—

Vin=60(Eg/1.1)¥4N/106) ~34, )

Substituting the parameter value§;=3.4 eV and
V=115V, we obtainN=N,=1x10"® cm™3. This value A
is in agreement with the results of an analysis of the capaci- ho £
tance measurements and an estimate of the electric field
distribution®®

Impact ionization occurs because of electron tunneling
from the valence band of the region into the InGaN active ev=3E,
region with subsequent drift into the neighboring quasi-
neutral and charged-regions of the structure. In a strong
field they accelerate and acquire an energBE, sufficient f _—
for impact ionization. heo °

The impact ionization of the electrons can be assumed to \ F | 492 5404
be much larger than the impact ionization of the holes, 20
an>a,. To estimaten,, it is necessary to know the mean Q ]
free path of the electrons;, and the effective phonon energy
ko, taking into account the additional high-energy extrema
in the conduction band. The extremum betweenAtendM
points amounts to 5.5 eV, and at tlepoint, it is 5.6 eV 6 B (1+Z)X107V/cm c
(Ref. 16. It can be assumed that the variations of the
current—voltage characteristic slopes|¥4t=5-6V are as-
sociated with the probability that electrons reach the extrema
at thel” point with large effective masses, and that transitions (#=4)<10°V/em
to the indirect extrema are less probable. The problem of hot
electrons in GaN is still far from being solved.

3.4. The low efficiency of breakdown luminescence canF'G- 3 Moc_iel energy diagraia), distribution of eleptric F:harge@ (b) and
be explained by assuming that the electron—hole pairs af'ds“ (©) in InGaN/AlGaN/GaN-baseg-n heterojunctions.

>
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acceptor pairs and/or double donors, were observed earlier in  We wish to thank Dr. Sh. Nakamura for samples which
n-GaN(Refs. 12 and 1)7 This is evidence that a large part of he kindly provided for study at MSU. We also thank K. G.
the radiative recombination takes place because of electror®olin for help with this work.

that are created near theregion of the structure. This re-

combination is a consequence of some structural defectsts. Nakamura, M. Senoh, N. Iwasa, T. Yamada, and T. Mukai, Jpn.

strong electric fields and impact ionization are concentrated J- Appl. Phys34 Pt. 2 11332 (1995.
near the defects 2K. G. Zolina, V. E. Kudryashov, A. N. Turkin, A. E. Yunovich, and

. . . S. Nakamura, MRTS Int'l. J. Nitride Semicond. Res., 1/11; http:/
The shoulder at 3.2 eV may be associated with the opti- st mjj.mrs.org/1/11. P

cal transition to the Mg acceptor. Thus, some of the holes®A. N. Kovalev, V. E. Kudryashov, F. I. Manyachin, A. N. Turkin,

created by impact ionization can recombine with electrons in K. Zolina, A. E. Yunovich Abstracts of the 23rd International Symposium
the p region of the structure on Semiconductor CompoundSCS-23(St. Peterburg, Russia, 1996

Abstr. 03.P3.04. i

4K. G. Zolina, V. E. Kudryashov, A. N. Turkin, and A..Efunovich, Fiz.
Tekh. Poluprovodn31, 1055(1997 [Semiconductor81, 901(1997)].

4. CONCLUSIONS SA. E. Yunovich, A. N. Kovalev, V. E. Kudryashov, F. . Manyachin, A. N.

1. In blue LED’s based on InGaN/AIGaN/GgXn het- ;%g},\? ”,fé;fﬁ@?f%?%?@?am VIRS Fall Meetngioston, 1998
erostructures, breakdown luminescence has been observed @t |. pankove, E. A. Miller, and J. E. Berkeyheiser, J. Lurbir84 (1972;
reverse biasefeV|=11-12=3E,, which are sufficient for 6, 482(1973.

impact ionization, and the intensity is 6—7 orders of magni- ;- - Pankove and M. Lampert, Phys. Rev. L&, 361(1974.

tude | th the int itv of iniecti | . Th L. N. Mikhailov, Yu. K. Shalabutov, M. D. Shagalova, V. G. Sidorov, and
l! € 1ess than the Intensity ot injection ummescence_‘ € L. N. Vasilishchev, Fiz. Tekh. Poluprovodd, 1808(1975 [Sov. Phys.
high-energy edge of the spectra corresponds to the width of semicond9, 1189(1975].

the GaN band ga(B_4 eVv. V. A. Dmitriev, N. I. Kuznetsov, K. G. Irvine, and C. H. Carter, MRS

; _ Symposium Proceedinggol. 395, p.909 (1996.

2. In the Inc.;?]N active Isyer of InGaN/ﬁIGaN/?a{;‘ het 10R. P. Vaudo, I. D. Goepfert, T. D. Moustakas, D. M. Beyea, T. J. Frey,
ergstructures with reverse bias, a strong electric field, up t0 4ng k. meehan, J. Appl. Phy39, 2779(199.
10" V/cm is created, while the fields in the adjacent layerst'r. J. Molnar, R. Singh, and T. D. Moustakas, Appl. Phys. L&8t.268
reach (2—4X 10° V/cm. For reverse biases less than 10 V,12(1995- - o 6. Steud |

; ; D. M. Hoffmann, D. Kovalev, G. Steude, D. Volm, B. K. Meyer,
the tunnellng Cfompc.ment.Of the. currenj[ p.red(.)mmate.s and C. Xavier, T. Monteiro, E. Pereira, E. N. Mokhov, H. Amano, and
electron tunnellng gIVES. rise to |mpact ionization at biases I. Akasaki, MRS Symposium Proceedingl. 395, p.619 (1996.
=3Ey/e. The salient points of the current—voltage charac-*f. I. Manyakhin, Izmer. Tekhl1, 49 (1996.
teristics near 5—6 V are due to electron transitions to higher=‘G. E. PikusTheory of Semiconductor Deviciis Russiar) (Nauka, Mos-
; ; cow, 1965, p. 347.

lying extrema of the GaN conduction band,‘ . 153, M. Sze,Physics of Semiconductor Devic@&fliley, New York, 1969

3. The. low efficiency of breakdown luminescence is due [vol. 1, p. 111 of the Russian editic1984].
to separation of the electrons and holes by the strong electri€w. E. Carlos, J. A. Freitas, M. Azif Khan, D. T. Olson, and J. N. Kuznya,
fields. The wide band of the electroluminescence spectr@,Ehf-PRev- B“,\%R 157 §7|£|;2%9§?'199
(2.14-3.4 eV corresponds to recombination of charge carri- '~ " "¢ ull22, 51 (1997,

ers mainly at the outer boundaries of the space charge regiomanslated by Paul F. Schippnick
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Calculation of the Schottky barrier height at the early stage of formation of the
carbide )-(metallic submonolayer ) contact

S. Yu. Davydov, A. A. Lebedev, and S. K. Tikhonov

(silicon

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted June 5, 1997; accepted for publication June 24,)1997
Fiz. Tekh. Poluprovodr32, 68—71(January 1998

The position of the local and quasi-local states of metal at@ikali metals, group-Ill metals,

the copper groupadsorbed on the surface oHBSIC are calculated within the framework

of the extended Anderson—Halstane model of the semiconductor density of states. The results of
these calculations are compared with the experimental data on Schottky barriet998%

American Institute of Physic§S1063-7828)01801-§

The presence in SiC of a wide band gapwhose mag- sity of statesy. We call this model the “defect” model
nitude for different polytypes can vary from 2.4 e¥ype (DM). General properties of the DFM and Diposition of
3C) to 3.33 eV(type 2H),! makes this material very attrac- the local and quasilocal levels located in the region of the
tive in the design of high-temperature, high-frequency, andyap, and their occupancy as functions of the model param-
high-power microelectronic devicédt is therefore not sur- eter$ were investigated in Ref. 12, and the local states of
prising that in recent years interest in SiC—metal film con-atoms of alkali metals and metals of the Cu group and group
tacts has grown, both among experimentétsand Ill on a GaAs surface were calculated within the framework
theoreticiang:®~1* of the DFM. Comparison of the calculated results with ex-

Recently, in a study of the formation of the Schottky periment shows completely satisfactory agreement. In the
barrier at a metal-semiconductor contact, Davydqwo-  present paper we consider adsorption of the same atoms on
posed an approach based on a generalization of a model 8iC.
the density of states of a semiconducigrproposed by Hal- All expressions needed for calculation are given in Ref.
stane and Andersdri.The initial modet® is extraordinarily 12, so we do not repeat them here. Let us discuss only the

simple parameters of the model. We consider adsorption on the
p for |o|>A% 6H-SiC polytype. We assume the width of the band datp
p(w)= 0 for |w|<A2, (1) be equal to 3.06 eV and the electron affinityo be equal to

4.4 eV (Ref. 8. For the DM we takes/A=0.2 andy=p.
where p=const andw is the energy. Here and in what fol- The position of the energy level of the adsorbed atawcta-
lows, it is assumed that the zero energy coincides with théom) E, relative to the center of the gap is

center of the band gap. We call this model of the density of

states the “defect-free” moddDFM). If impurity states or E,=—1+(x+A/2), (2)
states on defects are present inside the gap, then the expres-

sion for p(w) must be changed accordingly. Thus, for ex-wherel is the ionization potential of the atom, whose values
ample, in Ref. 12 it was assumed that at the center of the gape take from Ref. 14. The half-width of the quasilevel of
there exists a band of defect states of widtiA with den-  adatoml’=pV2, whereV is the matrix element describing

TABLE I. Input parameters and results of calculations of the positions of the local states and their filling for the intrinsic semicomth8i@(BE-=0) in
relative units(A=1, §=0.2).

Na K Rb Cs Ag Au Cu Al Ga In
E.: 0.24 0.52 0.57 0.67 —-0.54 —1.08 —-0.59 —0.02 —0.02 0.05
I 0.39 0.29 0.22 0.19 0.62 0.69 0.79 1.06 1.46 0.82
w* 0.16 0.36 0.41 0.47 -0.29 —0.46 -0.28 -0.01 -0.01 0.02
DFM ny 0.08 0.04 0.03 0.02 0.15 0.23 0.17 0.14 0.17 0.12
N, 0.08 0.04 0.03 0.02 0.62 0.39 0.58 0.57 0.52 0.61
-} 0.11 0.10 0.10 0.10 0.34 0.47 0.34 0.18 0.19 0.16
of —0.09 —-0.10 —0.10 —-0.10 0.10 0.10 0.10 0 0 —-0.01
DM w3 0.23 0.23 0.43 0.48 0.10 0.10 0.10 0.18 0.18 0.18
Ny 0.06 0.04 0.03 0.03 0.15 0.25 0.18 0.16 0.19 0.13
n; 0.07 0.03 0.02 0.01 0.03 0.01 0.02 0.03 0.02 0.04
N, 0.21 0.07 0.05 0.04 0.53 0.38 0.50 0.37 0.36 0.34

RemarkDFM—defect-free model, DM—defect modél, andn, are the energy position and degree of filling of the level of the adsorbed(@omx , w7 ,
and w3 are the energies of the local levels; is the energy of the quasilocal level,=n,+n; in the DFM,n,=n,+n;+n; in the DM, wheren, andn;
are the contributions of the valence band and the defect manid, the contribution of the local states with energy in the DFM and with energw? in

the DM.
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FIG. 1. Position of the local levels of the adatorag, relative to the top of \
the valence band oft6-SiC, plotted as a function of the ionization potential \
I (E, is the top value of the valence bari, is the bottom value of the 0.2 \
conduction banyg calculated in the defect-free model. \4

w
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the interaction of the metal atom with the semicondu¢tor I.eV
1 4

details, see Ref. J2can be estimated by the expression:

FIG. 3. Position of the local levels of the adatoms;, , relative to the top
I'= —ta, (3) of the valence band, plotted as a function of the ionization potehfial
2 calculated in the defect modd;, is the bottom value of the defect band.

wheret, is the matrix element of the interaction of nearest
neighbors for atoms in the bulk of the semiconductor, WhichWhich it is evident thatdg, decreases with growth df
D .

asin Ref. .12’ we equ5alt6e to th_e corresponding universal HarUnfortunater, it is possible to directly compare the experi-
rison matrix element>® The input parameters and calcu-

lated | 4 in Table | i \ati . mental results with the calculation only for Cs, Ag, Au, and
aAte_l results are presented In Table | in relative unitSy| rqr these adatoms the dependedeg,(1) is also nearly
(A=1). linear (if we draw a straight line from Cs to Au, then the

. Let us first discuss the calculat_ed results for. t.he DI:M'point corresponding to Al is located just between the values
Figure 1 plots the results of calculation of the position of the

local levels of the adatom in the band gdpr convenience
the guantityw® is given in eV reckoned from the top of the £

valence band of B-SiC). It follows from this graph that the Jco- Cs
dependence ab* on the ionization potential of the adatom, ’ A
I, is linear except for Au, which is attributable to the very \
large value ol =9.23 eV for Au, which differs sharply from Rb*
the ionization potential of the previous element, z2s8r \
I ag=7.58 eV. Figure 2 plots the experimental values of the \
Schottky barrier heightbg, taken from Refs. 3-7, from 26 \
s |
° \
Al
20k o ° 24 |
) T ‘
~ | ° \
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FIG. 2. Height of the Schottky barriebg, for p—6H-SiC, plotted as a I,ev

function of the ionization potential of the adatomm,(according to the data
of Refs. 3—7 for adsorption on Si; results for Al and Ti, denoted by rhom-FIG. 4. Same as in Fig. 3, but for the energy lewdl; E;, is the top value
buses, correspond to an annealed system of the defect band.
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of ®g, for the annealed and unannealed syserst it is  the adatoms enter as donors. Calculation of the occupation

shallower than the calculated dependencdl). (Physical numbers of adatoms is of interest in connection with the

reasons for comparing the depth of the local levels of theoncentration dependences of the Schottky barrier height,

adatom in the band gap and the height of the Schottky barriewhich we intend to address in a future paper.

forming for small coatings are discussed in Refs. 12, 17-20 In conclusion, we note that the completely different ap-
The table also lists the occupation numbers of the adaproaches to the calculation of the Schottky barrier height

toms, n,, and separately the contribution tg, from the  which we used in Refs. 9 and 10 and in this paper, lead to

valence bandy, (for details, see Ref. 2The quantityn, is  qualitatively the same results.

equal tong+n4, wheren, is the contribution from théilled . . . .

local state, which for the case of an intrinsic semiconductor _ 1hiS work was carried out with partial support of the

(Fermi energyE=0) is nonzero for atoms of the group Cu, University of Arizona.

Al, and Ga (™ <0). In the remaining cases the local Sta.tes V. 1. Gavrilenko, A. M. Grekhov, D. V. Korbutyak, and V. G. Lito-

are located above the center of the gap and do not Conmbl"te\/chenko,Optical Properties of Semiconductors: Handbdak Russian

to n,. Note that we fix the position of the Fermi level at the (Naukova Dumka, Kiev, 1987

center of the gap only in the calculation of the occupation 2Prc‘)ceedin‘gs of the Fifth Conference on Silicon Carbide and Related Ma-

numbers. In the comparison of the calculated valuesbf t(%rrl?slzlfglrtﬁlg I méel'gz‘ie”mt al. [Inst. Phys. Conf. Ser., No. 137

with the results of the Schottky barrieg,) experimentit 33 r waldrop anpd R. N. Grant, Appl. Phys. Lei6, 557 (1990.

is assumed, as in Refs. 12, 17-20, that for certairy 4J. R. Waldrop, R. N. Grant, Y. C. Wang, and R. F. Davis, J. Appl. Phys.

small) coatings the Fermi level is stabilized in the region of _72 4757(1992.

5
energies corresponding to the energy of the local site 63' E' wg:g:gg ""J“dAgblNl'Dﬁ;ggt' 4/;'[:1%"(12@35' Lep, 2685(1993.

ning). V. van Elsbergen, T. U. Kampen, and W."ktth, J. Appl. Phys79, 316
Let us turn now to the results for the defect model, set- (1995.

. . . 8
ting 8/ A =0.2 (the ratio of the width of the defect band to the ~A- N. Andreev, A. A. Lebedev, and M. G. Rastegaeva, F. M. Snegov,
A. L. Syrkin, V. E. Chelnokov, and L. N. Shestopalov, Fiz. Tekh. Polu-

v_v|dth of the band gap Izesults of calf:ulqt|0ns of the posi- provodn. 29, 1828(1995 [Semiconductor®9, 955 (1995,

tions of the local levels] , are plotted in Figs. 3 and 4. Here °s. yu. Davydov and S. K. Tikhonov, Fiz. Tverd. Te3d, 2221 (1995
there are two branches of local states, lying above and beIO\l/g[F’hys. Solid Stat@7, 1212(1995]. _ _

the defect band. In the case of the defect model. as in theS' Yu. Davydov, A. A. Lebedev, and S. K. Tikhonov, Fiz. Tekh. Polupro-
. . ' vodn. 30, 597 (1996 [Semiconductor80, 640 (1996)].

foreg*omg case of the defect-free model, a falling dependenceyy \snch, inControl of Semiconductor Interfacesdited by 1. Ohdomari
of w7 A1) is observed. For the defect model “sticking” of et al. (Elsevier, Amsterdam, 1994p. 169.

the levels of a specific group of adatorfakali metals for ~ **S. Yu. Davydov, Fiz. Tekh. Poluprovod81, 1236 (1997 [Semiconduc-
the lower branch and metals of the Cu group for the que[?/tFo.rsﬁﬁ\'A.l 32?s(tlagn?;}wd P. W. Anderson, Phys. Rel 32553 (1976.
branch to the edge of the qefeCt band is CharaCte”St.'C- NOteHandhook of Physical Quantitieedited by I. S. Grigorev and E. Z.
however, that such “sticking” levels can be an artifact of Meilizov (Energoatomizdat, Moscow, 1991

theory, which arises as a result of the step-like approxima?W- A. Harrison, Electronic Structure and Properties of SolifRussian

. . . translatior (Mir, Moscow, 1983.
tion of the density of states of the semiconductor spectrun, Harrison. Phys. Rev. B7, 3592(1983.

(see Ref. 12 7\, Ménch, Europhys. Lett7, 275(1988.
In both the defect and defect-free cases the population dfw. Ménch, Rep. Prog. Phy&3, 221 (1990.

the adatoms of the alkali-metal adatoms is small, whereas fciﬁj E Ellepei_s anc(ij Vv\\// i. I:'arri;on, Jlsr:/ac. R3ci.4Te(;rénl%ts,lEatggls(198&
metals of group-Iil and the Cu group the occupation numbers * £+ Klepeis and W. A. Harrison, Phys. Rev4, 5810(1989.
n,=0.5. Consequently, for all the cases under consideratiormranslated by Paul F. Schippnick
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Photoelectric properties of n-CdS/p-InP heterojunctions
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The polarization method for studying photoactive absorption is used to investigate the
photoconversion processes in CdS/InP heterojunctions as a function of the orientation of the
indium phosphide substrate. The results of these investigations demonstrate the sensitivity of the
photoelectric processes to several factors, including the crystallographic orientation of the

p-type InP substrate and the optical quality of the CdS layer. The induced photopleochroism
coefficient of these heterojunctions increases proportionally to the square of the angle of
incidence P,~®2). Such CdS/InP heterojunctions can be employed as polarization-photosensitive
devices. ©1998 American Institute of Physid$$1063-78208)02001-§

The photosensitivity of heterojunction structures basedydrogen at a temperature in the range #2030 °C. The
on direct-gap semiconductor compounds, viz., indium phostime of the process usually did not exceed 60 min. It was
phide [E,~1.26 eV (Refs. 1 and P and cadmium sulfide established for identical technological parameters of the CdS
[Eq~2.53 eV(Refs. 3 and # have attracted the attention of growth process that changes in the orientation of the InP
researchers for a long time in regard to achieving highlyg,pstrates fron{100) to (111) reproducibly resulted in re-
efficient conversion of the energy of solar radiation into elecy,,ction of the thickness of the layers deposited. For example,

. _lo .
gr.l;:fal entetrgy"? fThe ?'r:arty C(t)mpougds InP alnd Cg? haVethe n-CdS layers on th€100 plane usually had a thickness
ifferent types of crystal structuréander normal conditions f 4-5 um after a deposition time of~30 min at

InP has a sphalerite structure, and CdS has a wurtzite

structuré*9 and exhibit a high degree of lattice mismatch ~700-750 °C, while the thickness of the layers deposited

Aa: 4.7% when the cubic modifications are joined, 13.950°" te(111A and (111)B planes did not exceed 0.5-m.

and 34.67% when a wurtzitic phase of CdS is joined to inpT his attests to a decrease in the deposition rate as a result of
in different crystallographic directions @300 K. Despite  alteration of only the crystallographic orientation of the sub-
the unfavorable matching conditions observed whetype  Strates, while the influence of their polarity on the thickness
CdS layers are deposited on single-crystal InP substrates, 0 the layers has not yet been mentioned in the literature. It
solar radiation conversion coefficient as high as 18% alonghould also be stressed that the outer plane of the CdS layers
with high radiation stability has been achieved in recenton InR111) substrates was highly perfect, while the surface
years in such heterojunctions on area6.5 cnt (Ref. 10. of the CdS layers on IMR00 substrates was generally rough
In this paper we present the results of the first experimentadnd was characterized by diffuse reflections.
studies of the photoelectric properties of heterojunctions ob-  After the n-CdS layers were deposited, the free surface
tained by depositingi-type CdS layers on differently ori- of the p-InP substrates was covered by a continuous layer of
ented indium phosphide substrates wtitype conduction.  ag \which played the role of an ohmic contact, by thermal
sputtering in a vacuum. A contact grid was deposited on the
EXPERIMENTAL METHOD outer plane of then-CdS layers by thermally sputtering in-
dium through a mask. Then tmeCdSp-InP structures were
mounted on a Fedorov stage, which permitted variation of
gwe spatial orientation of the photoreceptive layer of the het-
8rojunction relative to a beam of incident natural or linearly
polarized radiation to an angular accuracy no poorer than

Layers ofn-type CdS were deposited on single-crystal
p-InP substrates in the form of wafers oriented in (060
and(111) planes. In the latter case the layers were deposite
on plane A or B. This enabled us to subsequently evaluat
the role of the polarity of the sphalerite lattice the depo- ,
sition processes. The concentration of free holes in the zinc30'-
doped InP substrates was3x108—4x 10" cm 3 at The current-voltage characteristics, as well as the angu-
T=2300 K, while the regime used to deposit the CdS layerdar and spectral dependences of the relative photoconversion
provided an electron concentration10®—10'° cm 2 in  quantum efficiencyy, were investigated on the-CdSp-InP
them atT=300 K. The CdS layers were deposited by thestructures obtained with mean dimensions ofrith€dS pho-
vapor-phase method in a flow-through system with the use dbreceptive plane=5x5 mnt.
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FIG. 1. Stationary current-voltage) and load(b) characteristics ofi-CdSp-InP structures af =300 K as a function of the orientation of the InP substrate:
1— (100, 2 — (111) B, 3 — (111 A.

EXPERIMENTAL RESULTS AND DISCUSSION

1. The stationary and load current-voltage characteristic
for typical heterostructures obtained by depositmgdS
layers on different crystallographic planes of InP are shown

U>U, the current in the heterojunctions varies with the

\S/oltage according to the linear law

I—1 Uu-u
—R—o( —Uy),

in Fig. 1a, and their photoelectric parameters are presented in
Table I. Under a forward bias greater than the cutoff voltagavhereR, is the residual resistance. It can be seen from Table

TABLE |. Photoelectric properties af-CdSp-InP structures af =300 K.

Orientation ofp-InP (100 (111 A (111 B
dipp, MM 0.4 0.4 0.4
dcgs, um 4 1 1
Ro, Q 11 59 13
Ug, V 0.82 0.85 0.96
i, uA(U=1V) 0.5 26 5
isc, MA (L=20 mWicnt) 14 10 9
U, V (L=20 mWicnf) 0.74 0.8 0.75
B (L=20 mwicn¥) 0.83 0.62 0.75
S, mA/W 45 10 20
812, €V 1.09 0.93 1.2
Aoy, eV 1.5-1.85 1516 1.55-1.6
iBe./if. 1.2 1.3
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| that the minimum value oR; is provided whenn-CdS
layers are deposited on the AP0 plane. The residual re-
sistance was found to be dependent on the polarity of the
InP(111) plane and was greatest when tié)A orientation
was used. The values of the cutoff voltadg in these het-
erojunctions are in satisfactory agreement with the saturation
photovoltagels, and therefore can be taken as the values of
the contact potential differencgg in these heterojunctions.
No clear-cut relationship betweepg and the crystallo-
graphic orientation of the substrates was established. As fol-
lows from Table |, the maximum short-circuit curregt, fill
factor B8 of the load characteristig¥ig. 1), and current pho-
tosensitivity S; are attained when CdS layers are deposited
on the InP(100) plane. The minimum reverse currentis
ensured specifically in this deposition geometig. 1,
Table ). When we go over to the deposition of CdS on the
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region from the space-charge layer and ultimately in a drop
in . It also follows from Fig. 2 that the spectral photosen-
sitivity range for the heterojunctions investigated is deter-
mined only by the nature of the contacting semiconductors,
while the variation of the crystallographic orientation of the
InP substrates is manifested, perhaps, only in the spectral
contour of the photoconversion quantum efficiency at
hw>1.5 eV, at which the absorption of radiation is localized
in the vicinity of the heterojunction on the side of the CdS
layer. The earliest short-wavelength drop and the lowest
half-width of the (% w) spectra at half-maximuri;,~0.93
eV are obtained in the heterojunctiofsee Table )l with
(111) A substrates, while an increase in the short-wavelength
photosensitivity appears when we go over to substrates with
the (111) B and (100 orientations. This finding can be at-
tributed primarily to improvement of the heterojunction. The
broadest maximum photosensitivity randyé w,,, which ex-
tends from 1.5 to 1.9 e\kee Table)l, is characteristic of the
heterojunctions based on substrates with ¢h@0 orienta-
tion, attesting to the highest perfection of these structures. As
: can be seen from Fig. 2, when CdS layers are grown on InP
15 2.5 wafers with theg(111) orientation, preference should be given
hw,ev to the growth of CdS layers on InP with dangling bonds of
the phosphorus atoms on the surface to improve the photo-

Sensitivity in the spectral rangew>1.6 eV.

1.0

7,arb. units
[~
Oy

FIG. 2. Spectral dependence of the relative photoconversion quantum eff
ciency of n-CdSp-InP structures al =300 K. lllumination by natural ra-

diation on the CdS side. Crystallographic orientation of the substtate: 3 When the_ heteroj_un_ctions obtained were illuminated
(100, 2 — (111) B, 3— (111) A. Thickness of the CdS layeg,m: 1 — 4, by linearly polarized radiation along a normal to theCdS
2,3—1,0=0°. receptive plane, their short-circuit photocurrent was indepen-

dent of the spatial orientation of the electric vediopbf the
light wave; therefore, when the angle of incider@e=0°,
lthe polarization indicatrix of the photocurrentdegenerates
into a straight line(Fig. 3, curvel). As soon as the angle of

increase in the reverse currents, as well as the lowering of thgudeonce_ of the linearly polarized radiation differs from

fill factor and the current sensitivity, attest to deterioration of =0° (Fig. 3, curves a_nd3), a periodic dependence of the

the quality of the heterojunction with respect to photosensiphomcurr?nt_ on the a2|muthal_ang¢e betvvegnE and_ the

tivity processes. It should also be stressed that the depelmane of incidence(Pl) of thg linearly polarized radiation

dence of the photoelectric properties of the heterojunctionéppears and obeys the relation

on the p(_)l_arity of the InF111) plane di_scqver_ed in the case i,=iP cof ¢+iS sir? o,

of deposition on this plane can be an indication of the higher

chemical activity of thg111) A plane with dangling indium whereiP andi® are the photocurrents in tHg|PI andEL PI

bonds, which cause an increase in the residual resistance apdlarizations, respectively. The inequaliiy>i® is main-

lowering of the current photosensitivity of the heterojunc-tained the entire photosensitivity range of the heterojunctions

tions. with different crystallographic orientations of the InP sub-
2. The spectral dependences»ptalculated as the ratio strates; here the ratid®/i® increases with increasin@ at

of the short-circuit photocurrent to the number of incidents o= const(Fig. 3).

quanta of unpolarized radiation for typical heterojunctions  The lack of a dependence igf on the azimuthal angle

with various crystallographic orientations of the InP sub-for ®=0° allows us to draw the important conclusion that

strates are presented in Fig. 2. It is seen that the photosensire photoactive absorption in the heterojunctions obtained

tivity of these heterojunctions is observed in the range behere remains isotropic even when the crystallographic orien-

tween the gap WidthE'gnP and Egds. The appearance of the tation of the InP substrate is varied. Passage to oblique inci-

“window effect” reflects the formation of heterojunctions dence of the linearly polarized radiation gives rise to induced

that are sharp and fairly perfect with respect to photoconverphotopleochroisni!

sion processes. The long-wavelength photosensitivity limit is

virtually identical for all of them, since it is determined by

the beginning of the interband absorption in indium phos- Pipgis

phide athw>1.26 eV (Fig. 2). The short-wavelength limit

of # in the heterojunctions obtained is adjacenE@1S and in the heterojunctions obtained, which increases with the

is caused by localization of the photoexcitation region at theangle of incidence according toR~®2 law (Fig. 4). These

surface of then-CdS layer, which results in removal of this dependences are linearized\®,-versus® coordinates, are

InP (111) plane, there is an increase in the reverse curren
which is most pronounced for the INRP11A substrates. The

iP—is
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.p ) P andi3(®) are consistent with the Fresnel relations for the
h l" J" amplitude transmission coefficients of linearly polarized ra-
diation through the air—CdS interfat&More specifically, ©
201 decreases monotonically with increasifig while i? at first
v increases, then passes through a maximum near the pseudo-
78} Brewster reflection angle, and only then begins to decrease.
L For the heterojunctions with thel11) A and (111 B sub-
strate orientations there is a distinct maximum onitH®)
curves in the vicinity of® ~65° (Figs. 4a and 4h and the

2 photocurrent ratiae./if). reaches 1.2—1.8see Table)l at-
78 testing to a significant decrease in the losses due to reflection
in the E||PI orientation. This decrease was greatest in the
heterojunctions with substrates having thé1) B crystallo-
graphic orientation, pointing out again the higher optical

925 ) i Co

§ quality of the CdS layers grown specifically in this geometry.
S In the case of the heterojunctions with tfE00) sub-

's strate orientation, as is seen from Fig. 4c, the photocurrents

iP andi® maintained the dependence on the polarization ex-
pressed by the inequality>i® and displayed a monotonic
decrease a®>0°. Such a phenomenon was previously
noted in polarization studies of the photosensitivity of
GaP/Si structures and was attributed to deterioration of the
optical quality of the GaP layers.On this basis the charac-
ter of theiP(®) curves for the heterostructures on I(E0)
substrates can also be attributed to deterioration of the opti-
cal quality of the surface of the CdS layer when such a sub-
strate orientation is used. Therefore, polarization studies of
the photocurrent of CdS/InP heterojunctions can find appli-
cation as a new, quick, diagnostic test of the optical quality

%y

S

15

I T T S T W W I A W T N O O O N |

0 a0 780 of the receptive surface of finished photoconverters.
¢,deg 4. In the case of oblique incidence of the linearly polar-
ized radiation, they® and %° spectral contours maintain the
FIG. 3. Polarization indicatrices of the short-circuit photocurrent of an principal features of the photoactive absorption of such het-
n-CdShp-InP structure af =300 K as a function of the angle of incidence erojunctions when they are illuminated by unpolarized radia-

of linearly polarized radiation onto the CdS receptive pldhe=1.4 eV;

©, deg:1— 0,2 — 30,3 — 70. tion (Fig. 1. The transition fronE|[PI to EL Pl polarization

causes parallel descent of the entifecurve relative top® in

accordance with the polarization dependence of the ampli-
identical over the entire photosensitivity range of the heterotude transmission coefficients of a light wave through an
junctions, and do not display any sensitivity to changes in th&ir—CdS layer interface; here the relatigh> 7° is satisfied
orientation of the InP substrate. These findings are attributedver the entire sensitivity range &= const.
to the fact that under oblique incidence of the linearly polar-  The spectral dependences of the polarization difference
ized radiation the induced photopleochroism is determined the photoconversion quantum efficienayn= 7°— »*
mainly by the refractive index of the semiconductor on clearly display a window effect with respect to the polariza-
which the radiation impinges:*? In accordance with Ref. tion photosensitivity. In fact, as is seen in Fig. 5, in hetero-
12, the experimentdP,(®) curves given~2.5 for the het- junctions with different orientations of the InP substrate
erojunctions obtained here, which coincides with the knownA 70 in the range betweefiy” and EG". The observed
value of this parameter for Cd8 This allows us to assume differences in the spectral contour &f; can be attributed to
that the photoelectric anisotroffyof the heterojunctions in- features of the photogeneration and separation of nonequilib-
duced by oblique incidence of the linearly polarized radia-rium charge carriers in these heterojunctions. Variation of
tion does not depend on the orientation of the InP substratdhe substrate orientation then permits regulation of the spec-
and is determined entirely by the nature of the CdS layetral distribution of A%. For example, to ensure maximum
growing on the substrate. polarization quantum efficiency in the ranges>1.6 eV,

At the same time, as follows from Fig. 4, the photocur- preference should be given to the deposition of CdS layers

rent of the heterojunctions in linearly polarized radiation ex-on InP substrates with th@11) B orientation.
hibited an explicit dependence on the quality of the outer = The induced photopleochroism coefficient in CdS/InP
surface of the CdS layer, through which the radiation enterfieterojunctions is nearly constant in the entire photosensitiv-
these structures. For specularly smont2dS, which can be ity range(Fig. 5), in agreement with the conclusions in Refs.
grown reproducibly on InP substrates oriented in th&l) 11. In addition, as can be seen from Fig. 5, the valuB,ah
plane, the angular dependences of the photocuri@() the heterojunctions obtained is insensitive to changes in the
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FIG. 4. Dependence of the short-circuit photocurréftsl) andi® (2), the induced photopleochroism coefficieni(®) (3), and yP,(®) on the angle of
incidence of linearly polarized radiation onto the CdS receptive plame@dShp-InP structures af =300 K. Substrate orientation: a 211) B, b — (111)
A, ¢ — (100. Aw=1.33 eV.

orientation of the InP substrate. This allows us to concludestructure, and that in this sense it is a fundamental parameter
that the induced photopleochroism is determined in our casef the heterojunction.

only by the nature of the semiconductor through which the  Since the azimuthal photosensitividy is proportional to
linearly polarized radiation enters the active region of eachthe product of the polarization difference in the quantum
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FIG. 5. Spectral dependence of the polarization difference in the quantum efficiency and of the induced photopleochroism coeffiGeigpeinP
structures af =300 K. ® =75°. Crystallographic orientation of InR:— (100), 2 — (111) B, 3 — (111) A.
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The photovoltaic effect in heterocontacts of various types, viz., In/}|Igse/TIInS, and GaSe/

TIInS,, is investigated. The relative photoconversion quantum efficiency of these structures

is studied as a function of the energy of the incident photons and the polarization plane of linearly
polarized light. It follows from photosensitivity measurements that the photosensitive

structures obtained can be employed as broad-band and selective photosensors of optical radiation.
© 1998 American Institute of PhysidsS1063-782808)02101-3

Thallium indium disulfide, TlIing, is one of numerous based on the method of forming a contact with metals or
ternary compounds which forms layered crystals with asemiconductors of different atomic compositions, which is
monaoclinic structure under normal conditiofgpace group widely employed for new materials, especially in the stage in
Cgh at T=300 K) and which undergoes a sequence of first-which the methods to regulate their physical properties have
and second-order phase transitions as the temperature rist yet been determined. In the case of THn&s our first
lowered!—3Materials of this class have been classified on theénvestigations of the contact phenomena showed, a photosen-
basis of their fundamental properties as ferroelectric semisitive barrier is formed by bringing one of these wafers into
conductors and have been actively investigated to reveal thdirect optical contact with a cleavage plane of similar per-
features of the set of phase transitions that control electricdection on a layered InSe semiconductgr, €10° Q-cm
and optical processes in layered TI-Ill-\rystals3>~’ The  with n=10"-10" cm~®) having n-type conduction, as
study of the physical properties of these interesting objectsvell as by the thermal sputtering of pure indium in a
has heretofore been focused exclusively on homogeneowscuum. The design of the structures obtained, which exhibit
crystals which have a high resistivity € 10°— 102 Q-cm  a pronounced photovoltaic effect, and the geometry of their
at T=300 K) and which exhibit only hole conductio, illumination by unpolarized radiation, are presented in Figs.
which, of course, makes it possible to create photosensitivé—3, near the respective typical spectral dependences of the
structures on their basis. In this paper we report how thiselative photoconversion quantum efficienoy of these
problem was overcome in the case of ThnSngle crystals structures.
and examine the results of the first experimental investiga- 1. The photovoltaic effect observed in the surface-barrier
tions of the spectral photosensitivity dependences of sucl/TIInS, structures is characterized by positive polarity of
structures. the photovoltage on the semiconductor, which does not de-

The original material Tling was synthesized by fusing pend on the energy of the incident photons or localization of
stoichiometric quantities of TIS and InS placed in an evacuthe light probe on the surface of the structure. This circum-
ated quartz cell. Single crystals were obtained by directedtance allows us to assume that separation of the photogener-
crystallization of the Tling melt using a vertically oriented ated charge carriers occurs only in the active region of these
crucible. The crystallization rate; 1 mm/h, was determined structures appearing on the metal—-semiconductor interface.
by the rate of descent of the crucible, which had a conicaAs can be seen from Fig. 1, when the system is illuminated
bottom with an angle=30° to provide conditions for the on the side of the barrier contact, photosensitivity is ob-
nucleation of a single crystal. The TlipSingle crystals served in the broad spectral range from 1.5 to 3.5 eV. The
grown had a tetragonal structure with unit-cell parametersong-wavelength portion of the spectragi(zw) curves at
that correspond to the known values for this compolifitle  Aw<2.1 eV follows a Fowler lawp~ (A w—®)? and can
structures were fabricated from plane-parallel wafers with artherefore be attributed to photoemissidtig. 1). The barrier
area measuring:833 mm and a thickness equal to 0.1 mm, height® determined from these curves lies in the range 1.2—
which were prepared by splitting an ingot along a cleavagd.3 eV for different In/Tlin$ structures.
plane and had a uniform yellowish orange color. As a rule, At%Zw>2.35 eV a sharp exponential increase in the pho-
the cleavage planes had specularly smooth surfaces, whigbsensitivity occurs in the short-wavelength region of the
permitted their employment in the fabrication of structuresn(#w) spectra of the surface-barrier structures. A slope
without any additional treatment of the TlipSurface. s=d(In 7)/d(hw)~35 eV ! can be assigned to this increase.

The fabrication of the photosensitive structures wasAs is seen in Fig. 1, the exponential increase in the quantum
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2.9 of the band spectrum of TS This assumption is consis-
/M tent with the similarity of then(#w) curves for the In/
TIInS, structures(Fig. 1) and the photoconductivity spectra
of another compound of this class, TIGaRef. 4.

The voltaic photosensitivity of In/TlinSsurface-barrier
structures in the short-wavelength spectral rafige>2.43
eV at T=300 K is at the level of 100 V/W and can be
utilized in the development of broad-band photoconverters of
natural radiation that are not sensitive to radiation with a
photon energy below 2.3 eV.

Polarization studies of the photoconversion quantum ef-
ficiency of In/TIInS, surface-barrier structures during illumi-
nation along a normal to the—b plané by linearly polar-

. ized light show that there is virtually no natural
photopleochroisth in the entire photosensitivity range of

5 these structures. Therefore, the photoactive absorption ob-
0" served in these structures when they are illuminated along a
normal to the TlIng cleavage plane is isotropic, in agree-
ment with the results in Ref. 2.

2. Heterostructures fabricated by direct application on a

125 contact®*?from TIInS, and substances of different nature,
{ viz., InSe[Eg~1.23 eV (Ref. 13] and GaSg¢E;~2.0 eV
Y 7 (Ref. 13], exhibited, just as the In/TlinSstructures consid-
i . l )‘l(o,evl ered above, a photovoltaic effect, which predominated when
2 3 the structures were illuminated on the TlinSide. In these
hw,e¥ cases the ternary compound acted as a broad-band window.
Over the entire photosensitivity range of these diverse het-
FIG. 1. Spectral dependence pffor an In/TlInS, surface-barrier structure  erostructures, the semiconductor was positively charged, and
atT=300 K. the sign of the photovoltage did not depend on their illumi-
nation geometry or the photon energy, in agreement with the
genesis of their active region.
efficiency ends ab w~2.43 eV with the formation of a dis- In the case of a contact formed by GaSe and TJInS
tinct step, whose energy position agrees well with the |iterawaferS with very similar electrical resistivities, the photosen-
ture value of the gap width of TIInS It should be stressed Sitivity in the range between their gap widths turned out to be
that the energy position of the step is also reproduced quitgimilar and relatively weakly dependent on the photon en-
faithfully on the (% ) curves of all the In/Tlingstructures ~ ergy (Fig. 2, curvel). As the resistivity of GaSe decreases,
that we obtained and can, therefore, be associated with tHBe contribution of the narrow-band component to the pho-
appearance of interband optical transitions in THmBhich  tosensitivity begins to drogFig. 2, curve2), but the long-
can be classified as direct transitions, with consideration ovavelength and short-wavelength limits foy are main-
Ref. 8, on the basis of the high values obtained for the slopdgained, since they are determined by the fundamental
This hypothesis is also supported by the fact that illumina-absorption in the contacting phases. The long-wavelength in-
tion of surface-barrier structures on the side of the TJInS crease in#n, which is exponential and has a slope-38
wafer produced a sharp short-wavelength photosensitivitgV~*, corresponds to direct interband transitions in
limit with 57— 0 in the photosensitivity spectra &tv>2.38  GaSet®*3 while the short-wavelength drop is caused by re-
eV, which is caused by a rapid rise in the optical absorptiorduction of the optical transmission in the Tlh®afer as a
and an increase in the distance between the layer where thiesult of direct interband transitions, in agreement with the
nonequilibrium charge carriers are photogenerated and thesults of the investigations of the(% w) curves of the In/
active region by amounts exceeding the diffusion length ofTlInS, structures(Fig. 1). The n(# ) curves of the GaSe/
photoelectrons in the semiconductor. TIINS, heterostructures also reveal how the relative contribu-

The fact that the photosensitivity &tw>2.43 eV con- tion of the photoactive absorption associated with the
tinues to increase as long as the structures are illuminated antroduction of lattice defects increases as the resistivity of
the side of the barrier contagfig. 1) also permits drawing a GaSe decreases.
conclusion that the collection of charge carriers photogener- With the increase in the difference between the gap
ated on the semiconductor surface is highly efficient andwidths of the components of the heterostructures based on
therefore, that surface recombination plays the major roleTlInS,, the spectral photosensitivity range expands toward
This provides for broad-band photoconversion in In/THnS longer wavelengths in accordance with the decreagg;iof
barriers. It should also be stressed that the maximum on thine narrow-band component. In fact, the long-wavelength
n(fiw) curves in the vicinity ofi w~2.9 eV is reproduced in maximum of » at Aw=1.25 eV and the long-wavelength
all the structures investigated and probably reflects featurescrease in photosensitivity are now determined by the inter-
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FIG. 2. Spectral dependence of the relative photoconversion quantum effp5 5 Spectral dependence of for InSe/TlinS heterostructures at
ciency  of GaSe/TIIn$ heterostructures dt=300 K (pgages 1-Cm:1— T=300 K.

10°, 2 — 10'; pryns,= 10" Q- cm).

band transitions in InSgig. 3), while the energy position of  rule provides some basis to conclude that the direction of the
the short-wavelength limit for; remains the same as in the normal to the TIIng cleavage plane, as in layered binary
case of the GaSe/TlInSheterocontactFig. 2). For this rea- InSe and GaSe semiconductd?ss photoisotropic.

son, the total width of the spectral photosensitivity bahd Thus, the different types of heterocontacts obtained on
was found to be significantly higher for the InSe/Tlpni$et-  the basis of Tling can find application as photoconverters of

erostructure than for GaSe/TllpSsee Table )l In accor-  natural radiation, whose spectral contour is controlled by the
dance with the significantly lower resistivity of InSe in com- nature of the narrow-band component.

parison _ _ _ to In conclusion, we also point out that the problem solved
TlinS,, the active region of such structures is localizedherein of fabricating different types of photosensitive struc-
mainly in the wafer of the ternary compound. As a result oftures based on ternary TI-lll-Ylcompounds(in the ex-

this displacement, the contribution of the photoactive absorpample of Tlin$) opens up new possibilities for studying the

tion by thallium indium disulfide becomes decisi(féig. 3).  contribution of various structural phase transitions in photo-
As is seen from Table |, a comparable contribution of

the photoactive absorption, which can be measured in terms

of t.he ratio between t.he photoconver5|o_n emCIGnCIeS.at er-I1-'ABLE I. Photoelectric properties of structures based on TllaST =300

ergies near the gap widths of the contacting phagésy,, is

provided only by the GaSe/TlInSystem(see Table)l As is

seen from Table I, the highest values of the maximum voltaidieterocontact fho, Sy, S, s,
photosensitivity, i.e.S,~500 V/W athw~2.0-2.3 eV and component ev VW meV eVt g /p0
T=300 K, were also obtained for this system. In the case of, ~243 100 33

the InSe/Tling heterostructures, the photosensitivity bandinse 2.25 150 540 50
degenerates into a maximum near the gap width of BlInS 0.9
due to the strong difference between the doping levels of th&ase 2.0-2.3 500 360 38 17

contacting phases. . . aThe quantityn, / 7, is the ratio between the photoconversion efficiencies of
Natural photoplgochrmsm is not observed for any OT the the heterostructure components near the gap widths. Hemrresponds
heterocontacts obtained or for the In/Tlln§tructures. This  to TlinS,, and 7, corresponds to GaS@ eV) or InSe(1.25 e\).
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Temperature anomalies of the work function and relaxation of the surface conductivity
of n-type Si in the presence of structural defects

N. I. Bochkareva and A. V. Klochkov

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted 13 August 1996; accepted for publication 2 June)1997
Fiz. Tekh. Poluprovodr32, 82—88(January 1998

The temperature behavior of the high-frequency conductivity of surface electron channels in
Schottky diodes based on high-resistivipytype Si containing near-surface, oxidation-induced
stacking faults is studied. It is shown that the reversible temperature-induced changes in the
surface band bending and the work function of Si have a stepwise character in the temperature
range 86- 300 K. It is concluded that the surface concentration of free electrons increases

during cooling from 180 to 80 K at temperatures which are characteristic of the ordering of water
dipoles. These effects are associated with structuring of the water adsorbed on the,Si—SiO
interface and with the ordered orientation of the water dipoles on the surface in response to the loss
of their rotational mobility. ©1998 American Institute of Physid$1063-78208)02201-1

Temperature anomalies of the surface potential and theents of the valve photo-emf and the rf conductivity of sur-
surface conductivity have previously been observed in thdace electron channels through the space-charge region of
temperature range 80160 K1~1° These anomalies indicate Schottky barriers om-type Si.
that the surface concentration of free electrons tends to in-
crease as the temperature is lowered. Maxima have been di§ay\ip| ES AND EXPERIMENTAL METHOD
covered at 90 K on plots of the temperature dependence of
the conductivity in electron surface channels in Ge ant5i, Most of the investigations were performed prtype Si
and minima have been discovered for surface hole channef®ntaining surface oxidation-induced stacking faults
in Ge® These effects have been attributed to the adsorptiofOSF'S. It is known that the activity of OSF's is due to
of oxygen or water vapor,restructuring of the surface, dislocations tha'F bound the stacking faults. The penetration
structural change$,and elastic stresses on the Si—gi0 depth of OSF's into the bulk of a crystal can be made small
interface® Low-temperature anomalies of the rf conductivity COmMPared with the width of the space-charge region in order
of surface electron leakage channels were observed in Ref® Tulé out the possibility of charge exchange between the
4 and 9 inp—n junctions and Schottky barriers in Ge. In the deep levels of dislocations during measurements of the high-

presence of growth dislocations or microdefects, theS(IJ.requency conductivity and to avoid unequivocal interpreta-

anomalies had the form of sharp maxima or steps on plots OtLons of the measurement results. This specified the choice of

the temperature dependence of the conductivity of the chaﬁ- e's'galrtlng material, viz., dislocation-freetype Si with a

nels. It is known that the adsorption of water is accompanieéeS'StMtY equalto 2 K- cm. . -

by surface downward band bending and the formation of In Fhls work we used Si Wafers W'th OSF's introduced

enriched layers on-type Ge and inversion layers gntype acpqr(_jlng o the r_nethod plescnbed in Refs. 12 and .13 by
oxidizing wafers with a “mildly” damaged100) surface in

Ge, .W'th which th? formation of elgctron leakage chanpels Indry oxygen at 1050 °C for 1 h. Oxidation-induced stacking
barrier structures is usually associatdtlhas been theorized

) : faults with a length of~3 um, which lie in(112) planes and
that reversible low-temperature changes in the surface CONre bounded by Frank dislocations with a Burgers vector

ductivity of Ge are caused by the structural disorder of theO:(1/3)[111]’ were located on the damaged surface at a
adsorped water and can _take place in other sem|c0nd_uct<arepthd<l wm.® After removal of the oxide layer in HF,
materialst It would be of interest to carry out such studies Au-n-Si(OSP Schottky barriers were created on this sur-
on Si for the purpose of ascertaining the character and natugg e by sputter-depositing a semitransparent layer of Au with
of the temperature anomalies in the surface conductivity. Thg giameter of 3 mm(Fig. 1). We note that in the Au—
interest in such research is also due to the manifestations @fsjOSP test samples the width of the space-charge region
these effects in the high-frequency and pulsed characteristiqgy) exceeds the penetration depth of the OSF’s already in
of barrier structures. Their study can provide informationthe absence of a reverse voltage. For example, when the
regarding the mechanism of the influence of the surface oReight of the surface barrigr=0.1-0.4 eV,w=7—15 um,
the characteristics of device structures, as well as a key faind w>d. Ohmic contacts were created by chemically de-
elucidating the mechanism of the influence of adsorbed wapositing Ni.
ter on the surface properties of Si. To test the influence of adsorbed water on the work
The present research was devoted to an experiment@linction at low temperature, we measured the valve photo-
study of the features of the temperature behavior of the worlemf in Au-n-Si(OSPH samples, as well as in Am-Si and
function and the surface conductivity nftype Si and eluci- Au—por-Si/n-Si samples, which were obtained by chemi-
dation of the factors causing these features using measureally depositing a semitransparent layer of Au on a surface of
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Au Figure 2 presents the temperature dependence of the ca-

L ///// 77/ /7 /7 7777/, cmvaiiad 8 _

%—”Mﬁm‘—;’%f, pacitanceC(T), the rf conductivityG(T), and the static con-

n-S§i--—-————= —t 3 ductivity G(T) of a Au—n-Si(OSPH diode. The plots of
Ni C(T), G(T), and G(T) are reversible and have inflection

points near the same temperatures. The plot&¢f) for
small reverse voltaggsurves3 and4) have a minimum near

180 K. We note thatG=G at relatively large voltages

(U=8 V) (curves5 and6), but G>G at small voltages.
Typical relaxation spectra of the transient capacitance

-

I: N :T; and the transient conductivity observed in AuSi(OSP are
R = +- .o N shown in Fig. 3. The capacitance spectrum contains five
e'. ,é:’ +- T~= £, peaks at temperaturdg,,,, Which we have designated,
. . e . £ A,, B, C, andD. Two shoulders, which are denoted By
-1 F and B,, are also noted on the low-temperature slope of
. 1 /. peakB.
+ Va = g (¢ 95) Figure 4 presents the corresponding Arrhenius plots for

_ _ _ . the capacitance relaxation timein log ==f(1/T) coordi-

FIG. 1. Schematic repr_esentaﬂon of a AuSi(OSPH ba_rrler structure and nates. The activation energie:sE determined from them,
model of a surface barrier in the presence of water dipdles. OSF,2 — . . . .
native oxide film,3 — space-charge region. The dashed line in the bandWhich Char‘?‘Cte”Ze the pegks of the spectrum, are “_Ste(_j n
diagram shows the lowering of the Schottky barrier on the periphery of alable I, which, for comparison, also presents the activation
Au-Si contact under the influence of adsorbed water, which results in th%nergiesEa Characterizing the most distinct peaks that were
appearance of surface leakage in Si. Hers the electron affinity. previously observed by various investigators in dislocation
Si containing OSF¥ and were combined into grougs B,
n-Si (with a resistivityp=2 - cm) or on a layer of porous C, andD in Ref. 17. A comparison of the results shows that
silicon (por-Si) deposited on an-type Si substrate, respec peaksA,, B, C, andD in our spectra are comparable to the
tivel ItF\)Nas ex e(F:)ted that the inf)I/lfence of the ad'sor tFi)on Otnvreviously observed peaks—D, which were associated

Y- P P ith charge exchange between the deep levels of disloca-

z:vr?rtlzrngen dt\?vi::gi(;\%t?kanga?ﬁgg;%Q?/g:tesdl i\gZUISe%is St(i)qns and point defects that decorate dislocations. In Ref. 12
lutions of HF* In additign por-Si with its developgd po- beaksA =D were observed on the Schottky barriers in epi-

. - i i i =2x10%
rous surface is known as a strong adsorbent containing mltffjl)(laI layers of SF) (with a doping levelNy=2x 10"

_3 .. y . _
cropores with diameters-90 A. Adsorbed water can be cm ) containing OSF's measuring 38 s whose penetra
resent in the form of a particular phase component in poregon depth .d<0'9 pm) exceeded the width of the space-
P harge regiond>w). As we have already notety>d in

of such diameter. For example, neutron diffraction reve_ale he high-resistivity samples of An-SOSB investigated
the presence of supercooled water at a temperature in th

angeT 215213  and g ofhoagona k.o e 7 s f v volege Wher e e
bic ice (I.), as well as disordered solid water,Tat 243 K in 9 9 ’ 9 P

SiO, microscopic voids with a mean void diameter of 50 A charge region in the bulk of the crystal passed through a
(Ref. 15 or 90 A (Ref. 16 region where there were no OSF’s. Thus, the observed relax-

The rf conductivity of the Schottky diodes was measurecgt'on of the capacitance is not associated with charge transfer
etween deep levels.

[ lex-conductivity brid d aBCI-280 b . S , Lo
using & complex-conduciviy oridge and a oxcar This conclusion is also confirmed by the similarity be-

integrator. The relaxation of the rf conductivity and the ca- . : .
ween the transient capacitance spectra and the transient con-

pacitance was investigated by deep-level transient spectro fivit ¢ h K h terized by th
copy (DLTS). The transient capacitance or conductivity was uctivity spectra, whose peaks are characterized by the€ same
activation energy value@-ig. 3, curvesl and2).

measured with time delayts andt, of the gating pulse fol-
ye z gating p The temperature dependences of the valve photo-emf

lowing switching of the reverse voltagdél;—U,, where U(T) (Fi d with unif iluminati f
U,>U,>0. The temperature curves of the transient capaci- o T) .( ig. 5 were measured W't, uniform illumination o
the entire area and with illumination of only the central re-

tanceAC(T), whereAC=C(t,) — C(t;), and of the conduc- " £t le b ) q .
tivity AG(T), where AG=3G(t,)—G(t;) (the relaxation 9'°" o' 1€ SAMPie by an incandescent lamp.
: - The Au-n-Si(OSPH samples exhibit a nonlinear depen-
spectra, as well as the other experimental characteristics . . S .
tence ofU,(T) under uniform illumination(Fig. 5, curve
were recorded on an H307X—Y recorder. i . o )
1); the nonlinearity is stronger at the low- and high-
temperature edges. When only the central region is illumi-
EXPERIMENTAL RESULTS nated, the slope of the plot & ,(T) decreasegcurve 2).
The value of the leakage current in the Schottky diodesThe plots of Uo(T) for the Au-n-Si (curves 3-4) and
investigated at 300 K antd=1 V was 10° to 107> A. Au-por-Si (curve 5) samples take on a bell-shaped form
Upon cooling a decrease in the leakage current was observéith @ maximum in the range 180200 K.
in most of the diodes, and an increase was observed in some We note that inflection points are observed on the
of them. UodT), C(T), G(T), andG(T) curves at the same tempera-
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FIG. 2. Temperature dependence of the capacitéh@®, the high-frequency conductivit{3—5), and the static conductivit§6) of Au—n-Si(OSH diodes.U,
V:1,3—0.3;4—4; 2,5 6 — 8. f=160 kHz. The values of 5 for the peaks of the capacitance spectrum presented in Fig. 3 are marked. The inset
illustrates one of the possible configurations of a surface leakage channel on an open suraglectron-enriched layet| — space-charge region of a
near-surface barrier.

D
- ¥
tures as the peaks in the spectra. This indicates that the tem-
perature behavior of the electrical characteristics investigated
has basically one cause. 1.0

DISCUSSION

Temperature behavior of the valve photo-emf and the
work function.In the case of a high density of surface states,
the Fermi level on the surfac&(,) is pinned, and the work
function (®) does not depend on the position of the Fermi
level in the bulk €;) or, consequently, on the temperattfe.
The surface band bending increases almost linearly with de-
creasing temperature  (when dE;/dT=const): /
¢(T)=E;s—E{(T). Under intense illumination the valve Pl v . RN
photo-emf approximates/q (q is the charge of the elec- 00 150 200 250 300
tron), and a linear temperature dependence of the photo-emf T,k
can be expected. FIG. 3. Relaxation spectra of the transient capacitdtit@nd the conduc-

The observed features of the temperature dependence mty (2) of Au-n-Si(OSP diodes. U;—~U,, V: 1 — (0—8), 2 —
the valve photo-emf indicate the presence of conducting4a—8).t,=2 ms,t,=10 ms.f=160 kHz.

G
= 0.5)
W
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2 ¢ B8 A, height of the surface barried®,/dT>dE;/dT and, ac-
cordingly, des/dT>0) and an increase in the surface elec-
tron concentratiomg(T) in the channel.

It follows from Fig. 5 that the Schottky barriers have
leakage channels, and that the surface band bending and the

work function undergo stepwise variation with the tempera-
ture at their sites. For example, when the AuSi(OSH
samples are cooled from 300 to 80 K and uniformly
illuminated, the increase in the photo-emf amounts to
AU,.=0.26 V and is close t&A\E/q=0.3 V. However, the
(ST O T T T U TR S plot of U,(T) is nonlinear and has inflection points, and
4 6., 8, 70 12 when the periphery of the barrier is darkened, its slope de-
0 /7, K creases, pointing out a nonmonotonic decreasé Jmluring
cooling. It follows from Fig. 5 that in the Aur-Si and Au—
FIS_. OAS. A(Ij"rhgniusﬂflots for thed_capaci'[alincef trﬁlaxaltiont_time oftAu— por-Si samples the photo-emf dropsTat: 180 K due to the
indicated, and he actation energies are Isied n Tale | - onmonotonic decrease ih. |
The increase in the photo-emf observed in all the
samples as the temperature is lowered from 280 to 200 K
channels in the space-charge region of the Schottky barrieindicates an increase i®s. For example, in the Aur-Si

In fact, if there are no leakage channels, samples AU,.=0.20-0.25 V, and &, varies in the

SN range 0.10-0.15 eV when the shift in the Fermi level,
d, AE;=0.1 eV, is taken into account.

4Jsc Complex rf conductivity and relaxation spectfihe cor-

wherev is the electron thermal velocity\4 is the donor respondence observed between the temperature dependence

concentration,). is the short-circuit photocurrent, ar@lis  of the rf conductivity G(T) and the capacitanc€(T) of

the area of the barrier. When the illuminated ar8g,, is  Au-n-Si(OSH diodes(Fig. 2) is evidence that the ac chan-

diminished (here Jsc~ Sy, an increase in the slope of the nel conductivity has not only an active component, but also a

UodT) curve by k/q)[In(SS,w] should be observed. reactive component.

However, if there are leakage channels through the Let us consider the structure of a leakage chaiFig.
space-charge region, for example, on the periphery of th@). The potential “well” in a Schottky barrier is the source
barrier, on the open surfa¢Eig. 2), the photo-emf decreases of the leakage channel, the barrier is the gate, and the neutral
as the channel conductivit increases. Since the internal region of Si beyond the edge of the space-charge region is
resistance of a Schottky barrieR, [R,=exp(—Uy/kT)],  the drain. This structure is similar to the structure of a uni-
increases rapidly with decreasiftdy,, the character of the polar drift transistor with a vertical-channel and a Schottky
temperature behavior oG(T) can be seen more clearly gate short-circuited to the source. According to Refs. 19-21,
when the periphery of the barrier is blackened algis  the conductivity of such a conducting channel of nonuniform
diminished. The slope of the plot df,(T) is then deter- width increases as the reverse voltage rises as a result of the
mined by the temperature variation of the surface band bendverlap of the channel by the space-charge region and the
ing (¢s) in the channel. As the temperature is lowered, thelowering of the barrier by the longitudinal electric field. The
slope of the plotU,(T) increases if in the region of the dominance of one of these processes specifies the character
channel the surface Fermi level moves away from the conef the dependence of the channel current on the voltage, i.e.,
duction band, and the work function®() increases whether itis sublineafa current-voltage characteristic of the
(d®4/dT<0), whereas ifd®,/dT>0, the surface Fermi pentode typeor superlineafa current-voltage characteristic
level approaches the conduction band, and the work functioof the triode typé
decreases or changes sign. The necessary conditions for a The portions of the channel near the source and the drain
decrease inJ,; during cooling include a decrease in the provide for internal feedback in the channel and the transient
processes associated with recharging of the transfer capaci-
_ o tanceC, of the channel, which are slow compared with the
TABLE |. Comparlson of Fhe parameters of the_ relaxation time ConStantMaxwell relaxation. The instantaneoR<E relaxation time of
7= 19 eXp(AE/KT) obtained in the present work with data from Ref. 17. ’ .

the channel isr¢=C,/g, and rs>12r,(L/a)?, wherer, is

Ay

207"}

qUod T)=¢(T)—kT In

Spectral the dielectric relaxation timey=g(¢,U) is the transconduc-
peaks Tmaxs K AE, eV 7o, S Ea, eV (Ref. 17 tance, anda=a(¢,U) and L=L(¢,U) are the effective

A 03 022 1053 width and length of the chann@.

A, 125 0.22 %1071 0.18-0.19 The jump in the channel current following a pulsed in-

B 185 0.21 5¢10°° 0.27-0.29 crease in the reverse voltage is accompanied by decay, which
21 ”133 slows with the passage of time. This is attributed to the
c2 296 0.43 1013 0.37-0.52 ohmic voltage drop across the region near the source and the
D 273 0.54 108 0.54—0.68 corresponding narrowing of the channel near the source,

which causes a further increase in the voltage drop and nar-
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FIG. 5. Temperature dependence of the photo4ggfof Au—n-Si(OSP (1, 2), Au—n-Si (3, 4), and Au-por-Si (5) diodes and variation of the work function
A® of Cu in the HO/Cu systeni6) from Ref. 24.1, 3, 5 — uniform illumination;2, 4 — illumination by a spot with a diameter of 2 mm. The valued g,
for the peaks of the capacitance spectrum presented in Fig. 3 are marked. Inset — diagram of the experiment.

rowing of the channeland an increase in). All these  time . At small values ofU the ratio G/G amounts to
factors lead to a relatively slow decrease in the channel 10-5x10°, depending on the temperature. Hence, it fol-
conductivity?* lows that after the voltage is switched to a higher level, the

The modulation of the channel conductivity withy  decrease in the current from its valuetatl us (the fre-
leads to a phase shift between the voltage and the channgliency f=160 kHz, and 1/2f=1 ws) to the stationary
current. As a result, the rf channel conductivity has bothyalue amounts te- 10— 1C°. A decrease in the current and,
active and reactive components. In capacitance measurgccordingly, in the conductivity and the ratia/L by
ments the reactive channel current is summed in the externab— 10 corresponds to an increase in~(L/a)? to
circuit with the bias current through the barrier capacitanceg.1— 10? ms.
This also influences the value of the measured capacitance |et us consider the influence of the drain region on the
and its temperature dependence. character of the transient process in a channel. Since the field

It follows from Figs. 2 and 5 that at voltages which are on the space-charge region of the Schottky barrier decreases
small in order of magnitude the rf conductivity of the |inearly with the distancex from the barrier, i.e., since
Au-n-Si(OSH diodes is close to the static conductivity of a E, (x)~(1—x/w), after an instantaneous increaselnthe
leakage channel in the Aum-Si diodes, and their tempera- channel should expand toward the drain during recharging of
ture dependences are also similar. This confirms that thghe transfer capacitance, relaxing toward a stationary distri-
temperature dependence of the rf conductivity reflectputiona(x)~(1—x/w)~1. As a result, the decay of the cur-
temperature-induced changes in the conductivity of thgent and the decrease in the conductivity following the initial
source region. Since the conductivity of this region is deterjump in the current give way to a rise in the current and an
mined by the surface electron concentratin the tempera-  increase in the conductivity. According to Ref. 21, when the
ture behavior ofG(T) at smallU reflects the temperature voltage incrementAU is small, the transconductance
behavior ofng(T) and attests to the nonmonotonic variationg~AU[wg/w(U)], wherewg=qps/q2nS (e is the dielectric
of ng with the temperature. constan), and thenrs=C./g~ng. Also, if ng~expAE/KT),

Let us estimate the characteristic scale of the relaxatiothen 7.~ expAE/KT) and increases with increasimg. This
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can also account for the temperature correspondence of tliee adsorbed water and the formation of tiny amorphous

behavior ofG(T) and the peaks in the relaxation spectrum. clusters or water monomers. A large fraction of the water
Influence of adsorbed water on the temperature dependiDOleS maintain their rotational mObl“ty down to 90 K and

dence of the work functiomccording to the theories that neutralize surface states only after cooling to lower tempera-

have been deviséd:*?2the pinning of the Fermi level on the tures.

surface ofn-type Si is effected by acceptor states of the  According to this model, the activation energies

dangling bonds of three-coordinated Si atoms. When thes@ E=0.22, 0.43, and 0.54 eV determined from the Arrhenius

surface states are filled by electrons, a surface barrier formglots of 7(T) =7, exp(AE/KT) can be assigned to the ener-

Dangling Si bonds are also the dominant sites for the adsories for the cleavage of one, two, and three hydrogen bonds.

tion of water. The attachment of water molecules to dangling

Si bonds results in their passivation, which is accompanied ONCLUSIONS

by a decrease in the height of the surface barrier. It is also

An analysis of the results obtained in this work provides
assumed that adsorbed water can produce a donor effect,. ) .
evidence that the temperature-induced changes in the surface

which is also a cause of the formation of electron Ieakag% . . :
. ) and bending on a real-type Si surface have a stepwise
channels in barrier structures. Molecules of adsorbed water

. : character, which corresponds to a nonmonotonic decrease in
and their fragmentgH and OH radicalscan form hydrogen ; U .
. ) . . . the work function of Si during cooling from 300 to 80 K and
bonds with neighboring water molecules and with dangling_ . ; .
. an increase in the surface concentration of free electrons at
bonds of oxygen atoms from the local environm&nt.

) . . temperatures which are characteristic of water groupings.
dataéljzsrne?/z:lz t?w;:r]s?e;(i\?itsjletscr?:;zlgs?n?22 ;Bff;gerSL:;er;rhis results in the formation of surface electron leakage
. channels, which are manifested in the high-frequency and
tial are observed at 90, 130, 185, 220, and 273 K, as well a 9 g y

; - dSulsed characteristics of the diodes investigated.
at .15.3 anc_j 173 K, which are characteristic of water_ an It is postulated that these effects are associated with the
coincide with the temperatures for the loss of the rotational

mobility of water dipoles in buil and two-dimensionat structuring of water adsorbed at the Si—gilDterface and

h f wat I as in clust t water adsorbed orientation of the water dipoles by the surface when their
phases of water, as well as in clusters of water adsorbed i .0 mobility is lost.

dS,'OZI VO',dS’ and thfe telmpelratur;es Oftthlﬁ oader;g%gmoihwater We thank D. V. Tarkhin for then-type Si crystals with
IPOES IN groups of molecuies of crystaflized watelh the © - qgpg provided for this research.
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Commensurate and incommensurate indium phases on a (111)A InAs surface
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Adsorption phases of indium on(@11)A InAs surface are investigated. Three phases are
detected: (X2),, (1X1), and the (0.7%X0.77) incommensurate phase. The (XD77)
incommensurate phase is modeled as a densely patkdglayer of In (fcc) crystal

situated in epitaxial relation to the InAs substrat&i0),,[(110),,s. Reasons for the realization

of the fcc crystal structure are analyzed. It is shown that the incommensurate phase is

spatially modulated by the periodic potential of the substrate. A comparison of our data on indium
adsorption ontd111) InAs with the data in the literature on indium adsorption ofitd1)

Si, Ge reveals the importance of relaxation of the elastic strains in the formation of two-
dimension adsorption-induced superstructures.1998 American Institute of Physics.
[S1063-782@07)00512-7

A study of the interaction of metal atoms with a super-surate phase of Pb dfi11) Si was observed in Ref. 3, where
conductor surface would be of great scientific interest andthe closest distance between the Pb adatoms was 3.35 A. Itis
besides, such studies are driven by technological requiresurprising that the closest distance between the Si atoms in
ments. the (111 plane is 3.84 A, and for crystalline Pb it is 3.50 A,

Adsorption of metal atoms induces on the surface of éut the densely packed P33 xXv3)R30°(8) phase is real-
semiconductor ordered two-dimensional structures. Thesized, in which the distance between the Pb atoms is 3.35 A.
structures can be commensurate, incommensurate, or exist in  Adsorption of metal atoms on t&11) surface of 1lI-V
various epitaxial relations to the substrate lattice. The widerystals has received significantly less attention. The main
spectrum of arising surface reconstructions not only makeseconstruction of an atomically clegd11)A face of these
adsorption systems extremely attractive for research in therystals is the (X2), vacancy structur& Saturation of
physics and chemistry of surface phase transitions, but alstangling bonds(i.e., repulsion of the dangling-bond elec-
highlights the unique complexity of the interaction in the tronic states from the band gap: empty orbitals into the con-
adsorbate—substrate system. duction band and filled orbitals into the valence baisdhlso

At present, the most widely used phase is thea motive force of reconstruction here. In InAs, of the four In
(v3%x 3)R30° phase, arising in the adsorption both of atoms in the (X 2) unit cell one is removed leaving a va-
trivalent metals(Al, Ga, In) and a number of other metals cancy and three dangling As bonds in the second layer.
(Pb, Ag, Au, Bi, etc) on (111 surfaces of Si and Ge Transfer of three electrons from the three dangling bonds of
crystalst~® the cations to the three dangling bonds of the anions with

It is well known that the reason for reconstruction of subsequent relaxation of the atoms isf7-hybridization of
ideal (111) faces in Si and Ge is saturation of dangling bondsthe cation ands?p3-hybridization of the anion leads to a
by intrinsic adatoms and dimers in Si, and adatoms in Gestable (2<2), reconstruction. As a result, tH@11)A face
For example, in the (¥ 7) superlattice in Si the density of becomes similar to the relaxeéd10) facel® Theoretical es-
dangling bonds is is 2.58 times smaller than in the ideatimates indicate that oril11))A GaAs the formation of a
(1X 1) unreconstructed surface. Adatoms in Si and Ge areation vacancy is exotherntal(it may be surmised that this
distributed over ther, sites and form (X 2) subcells in is also true for InA§ i.e., they confirm the high stability of
(7X7) and (2x8) reconstructions, respectively.During  this reconstruction. The static phase diagi@ne diagram in
adsorption adatoms are replaced by metal atoms. Howevethe absence of epitaxial growthwhich we determined from
instead of a (X 2) reconstruction, a3 Xv3)R30°(a) re- RHEED data for(111DA InAs, is similar to the phase dia-
construction is realized, which leads to complete saturatiogram of (11)A GaAs (Ref. 13. In the temperature region
of the dangling bonds by the metal atoms at the minimun200—550 °C and the Agressure region from 16 Torr to
filling density §=1/3. 5x10 ® Torr there exists only one reconstruction: the

As the adatom density is increased, the densely packe(® X 2), vacancy reconstruction. TH&11)A face is incom-
(V3xXV3)R30°(B) phases are formelf >’ The interaction mensurate to the arsenic molecules {As,). We have not
of the adatoms in the adsorbed layer becomes important arabserved any adsorption phases of arsenic. On the other
conditions arise for the realization of incommensuratehand, for the(111)B face various phases of arsenic exist.
phases. For Pb of11]) Si, as the filling density is increased On the (2x 2), reconstructed surface there are no intrin-
from 1 to 1.5 to 2 monolayers, incommensurate phases arisac adatoms; therefore, adsorption of metal atoms onto this
with the distance between the adatoms equal to 3.46, 3.48ce, in contrast to adsorption onto Si or Ge, has a different
3.41 A respectively.A still more “compressed” incommen- character. Here reasons for the formation of the
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(vV3Xv3)R30° phase are absent. Taking into account the
chemical inertness of thél1)A surface with (2<2), re-
construction, at low temperatures of metal-atom deposition
onto the surface one can expect disordered adsorption
whereas at relatively high temperatures they will form three-
dimensional clusters or droplets. For example, In condenses
into three-dimensional islands of110) GaAs already at
room temperature, starting frordi=0.2 monolayet? Our
data, however, on In adsorption onto InAL1)A present a
more complicated picture: along with the formation of three-
dimensional indium islands, two-dimensional ordered phases
are also formed(the (2X2), commensurate adsorption
phase and the (0.%0.77) incommensurate, densely packed
phase.

EXPERIMENT FIG. 1. RHEED pattern of the initia{111)A InAs surface with (22),
) ) ) _ reconstruction, azimutfl12]. E,=11 keV.
Surface-phase studies were carried out in a Riber

molecular-beam epitaxy system with residual pressure

102 Torr equipped for reflection high-energy electron dif-

fraction (RHEED, 7—15 keV). The RHEED patterns were tron moves along the §ur_fa_ce, but glong the normal_to the
analyzed with the aid of a “Photon—micro” video system. surface(transverse motionit is found in one of the station-
The procedure of chemical preparation of the samples befor@Y States(a surface or bulk Bloch stateof the one-
loading them into the chamber is described in previouglimensional, laterally averaged scattering poteﬁﬁ_al.
papers®16 The indium flux was calibrated by the standard Let us consider adsorption of indium onto this surface.

oscillation technique for homo-epitaxial growth of InAs IN order to obtain the (&2), adsorption phase, we also
(00). Complete filing (@=1) corresponded to deposited approximately 10 monolayers of indium onto the

6.3x 101 atoms/crf, which is equal to the number of in- (2x2), surface at a temperature ©f 300—350 °C. At this

dium surface atoms on an ideal unreconstructed IHA9)A temperature indium forms liquid three-dimensional clusters

face. The surface temperature was determined with the hef the surface, but the RHEED pattern does not change. The
of a calibrated W—W/Re thermocouple. sample must then be cooled to room temperature and kept at

this temperature for not less than three hours. During this
time the background resonance parabolas gradually disap-
pear, and as a result diffuse background scattering increases
To obtain one or another adsorption phase, the followingand pattern contrast decreases. The ordiffapnresonant
cycle is commonly used: deposit a certain quantity of atomsattern with fractional point reflections arranged around the
onto the surface, anneal the sample at high temperaturelsaue circle appears. The characteristic dimensions of the
cool to room temperature. Phase diagrams for adsorptiophase domains and terrace widths do not change. The dif-
systems, as a rule, give only a qualitative picture of the nafraction pattern of this new phadghe (2x2), phasg is
ture of the phase transformations. Many surface phases shown in Fig. 2. The kinetics of formation of the X2),
fact are metastable. To achieve true thermodynamic equilibpphase can be easily followed from “quenching” of the reso-
rium usually requires prolonged annealing at some temperazance paraboléig. 3). This “quenching” demonstrates the
ture. modification of the spectrum of states of the transverse mo-
To obtain indium adsorption phases, we started with thdion of the electron caused by the change in the surface
(2%x2), reconstruction and the three-dimensional indiumcomposition accompanying the phase transition
clusters coexisting with it on the surface. It should be noted2x2),—(2X2),. We observed a similar quenching of
that in the process of thermal cleaning of the surface irmresonances during cesium adsorption taLA)A InAs sur-
vacuum and preparation of the X2), reconstruction, for- face with (2x 2), reconstructiot® The (2x2), phase can-
mation of indium clusters is unavoidable due to decomposinot be obtained by direct deposition of indium onto the sur-
tion of two-to-three surface layers damaged by chemical proface at room temperature. In our experiments a well-
cessing. controlled indium flux deposited not less than 0.1 monolayer
Let us briefly characterize diffraction from such a sur- per second whereas formation of theX2), phase took
face. On an atomically smootti1D)A InAs surface with 3—3.5 h, i.e., the process of phase formation is limited by
(2% 2), reconstruction, resonant scattering shows up clearlkinetic factors.
in the diffraction pattern$>!® As indicators of such scatter- The densely packed, incommensurate (&0777)
ing we may cite the resonance parabolas appearing in thghase is obtained by annealing a sample with th& 22,
background intensity, the high contrast of the pattern, and thadsorption phase at a temperature of 250—300Fig. 4).
abrupt increase of the intensity of the mirror reflection undefThe transition from the (&2), phase to the incommensu-
resonant conditions of excitation. In Fig. 1 the resonanceate (0.7 0.77) phase proceeds via the intermediate com-
parabolas are plainly visible. In resonant scattering, the eleanensurate (X 1) phase. The intermediate phase can also be

RESULTS

79 Semiconductors 32 (1), January 1998 Galitsyn et al. 79



FIG. 2. RHEED pattern of the (22),. E,=10a adsorption phase)—aazimuth[l_lz], b)—azimuth[110].

obtained by depositing indium on the vacancy phase from aphases. As an example, it is observed during the transition

external source up to complete filling€ 1) in the tempera-

(VIXV3)R30°(a)— (1X 1)— (V3XV3)R30°(8)

of Pb

ture range from room temperature down to 200 °C. Duringphases or{111) Si and Ge surfaces>®

such deposition the (1/20) reflection disappears. In our opin-

The fundamental reflections of the two-dimensional

ion, the formation of the (X 1) adsorption phase is con- (0.77x0.77) phase, i.e., thel0) and (10) reflections, show
nected with the annihilation reaction of the In cation vacancy,n near the possible location of the (4/30) an_ds()ﬁ) col-

with the In adatom. This reaction leads to reverse rehybrid

umns for diffraction from(111)A InAs; however, exact mea-

ization of the bonds of the surface atoms so that they revel,;ements give

to sp’-hybridization. On each indium surface atom there

again appears a half-filled dangling bond. Of course, such a P=(10)nas/(10);,=0.77+0.01,
indium adatoms, supplied either from surface clusters or byncommensurate phase. Besides the fundamental reflections,
an external source. At the given temperature the density qf, this phase satellite reflections with scattering vectors

the lattice gagmobile In adatomsis governed by equilib-
rium with the condensed phag clusters.
Note also that the intermediate X11) phase, as a rule,

0t= 9%~ Ya>
are distinctly observed, whegg, is the two-dimensional in-

arises when preparing densely packed phases from less deng&se lattice vector of the adsorbed In laygy,is the two-

S
L3

Intensity, arb. units

=

FIG. 3. “Quenching” of the phonon resonance parabola during the transi

dimensional inverse lattice vector of the InAs substrate.

At around 350 °C the densely packed layer of In atoms
melts, drops of liquid indium are formed, and the stable va-
cancy phase (2 2), appears, with a clearly manifested reso-
nance. Note that the melting temperature of this phase is
significantly higher than the melting temperature of crystal-
line indium (T,,=157 °C). On the other hand, the tempera-
ture of incongruent decomposition of tlig@11A InAs sur-
face is around 520 °C. This implies a strong interaction
between the adsorbate and the substrate.

By cooling the sample once again to room temperature
and holding it at this temperature for 3 h, it is possible to
regain the (% 2), phase and reproduce all the phase transi-
tions.

DISCUSSION

The adsorption phas€2x2),. The phase transition
(2x2),—(2X%2), takes place at low temperatures and, con-
sequently, the density of the lattice gas, i.e., of the mobile
indium atoms on the surface is not large. On the other hand,

tion (2x2),—(2x2),. The intensity of the parabola was measured at its N0ting that the (X 1) intermediate phase is formed from the

intersection with the (13)as column in the[112] azimuth.T=25 °C.
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FIG. 4. 8 RHEED pattern of the (0.770.77) phase, azimutf110]. b) profiles of the intensity of the reflections in th&10] azimuth. The profiles were
measured parallel to the projection of the edge of the sample on the diffractometer screen; reflections of ¥@.70)7@hase and the fundamental InAs
reflections are denoted (1Q)rnd (10),4s, respectively.

of the (2x 2), adsorption phase the interval of filling densi- these azimuths we should habe-2.96 A/3.71 A=0.8. Ex-

ties 6<1, i.e., it is not densely packed. The stability of the Perimentally, however, we do not observe a differenc®in
(2% 2), phase is low: an irreversible phase transition to thefor any of the azimuths. For all of the azimuths
(1x1) phase occurs already &t=90 °C. Hence it folows P=0.77£0.01. Consequently, the incommensurate phase
that in the transition (X2),—(2%2), the In adatoms, as represents thel1l) plane of the face-centered cubic crystal
they diffuse over the surface, attach themselves near vacandy (fcc). In order to “obtain the transition”
sites, “decorating” the vacancy phase; however, annihila{111)In(fct)—(111)In(fcc) it is necessary to stretch the
tion of the vacancy by the adatom and rehybridization ofbonds in thg110] direction from 3.25 to 3.29 AA and com-
bonds does not take place. press them in th€112] direction(normal to thg110] direc-
Note that for indium or(111) surfaces with filling den- tion) from 3.38 to 3.29 A(see Fig. 5. However, in this
sities #<<0.5 the superstructure §22) is more characteristic process the largest distance between the rows of atoms, equal
than (/3 v3)R30°. For example, it is well known that in- to 2.85 A and characteristic for Irf§t), is preserved.
dium on (111) Ge with #<0.5 forms structures with large It is interesting to compare our data with the data on
periods of the typenx 2v3, wherem=13,12,11,1GRef. 8.  indium adsorption ori111) Ge of Ref. 8. The authors of this
These structures consist of severak(2) subcells with an-  paper identified the diffraction reflections produced by in-
tiphase boundariegboundaries 180° out of phasdn es-  dium adsorption with>1 as reflections from theé111)
sence, indium adsorption here also decorates the8)2 plane of the In {ct) crystal. However, they did not provide
reCOﬂStrUCtiOﬁs. We think that in the given system the ap- any proofs of tetragona| distortion of tl’(é_ll) In p|ane_
pearance of antiphase boundaries is a consequence of partighm the diffraction patterns presented in Ref. 8, it is pos-
relaxation of elastic strains in germanium created by adsorpsiple to determine the ratic®=(10)go/(10),,. We find
tion of indium. In InAs the elastic constants are significantlyp — 9 g2+ 0.01. This value corresponds exactly to the ratio
smaller than in germaniurtRef. 10. There are no factors 3 29 A/4.00 A=0.82, where 3.29 A is the interatomic dis-
contributing to the formation of antiphase boundaries sinc§;nce for the(111) In (fcc) plane as determined by Gsee
no relaxation of elastic energy is gained here. Therefore thgig_ 5): 4.00 A the interatomic distance in tha11) Ge
simple adsorption phase ¥2), is realized. plane. Most probably, the authors of Ref. 8 observed the
The incommensurate pha8.77x0.77). As we have (114 | (fcc) plane. Precisely for this reason they were able
already noted, for the reflections of this phase we have to conclude that this plane is found in epitaxial relation with
P=(10InAs/(10)In=(11)InAs/(11)In=0.77+0.01 the (111) Ge plane, and the azimuths—in the relation

this coincides exactly with the ratio 2.85 A/3.7:8.77, (1104|110 (Ref. 8. If tetragonal distortion were present,
where 3.71 A is the distance between the rows of atoms ithen parallel arrangement of all the azimuths would be im-
the (111) InAs plane arrayed along equivalent azimuthspossible.

(110;; 2.85 A is the distance between the rows of atoms in It is well known that tetragonal distortion of indium
the (111) plane of the tetragonal crystal Irfct), arrayed crystal is a consequence of instability of thec structure to
along the four azimuthg101], [101], [011], and[011]. Due  splitting of the set of inverse vecto{602 (Ref. 18. In the

to tetragonal distortion of the indium crystat/a=1.076) In (fcc) structure the inverse vectagdrom the se{002 are

the distance between the rows of atoms arrayed along thecated close to the poirf,, where the Fourier transform of
two other azimuth$110] and[110] is equal to 2.96 A. For the pseudopotential of the indium atom as a function of the
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a Assuming linear dependence of the displacement on the sub-
(10 In(fet) (1D In(fec) (1114 InAs strate potential, we have

54
VARV,

[o11]

U= U %R, 2
9s

The scattering amplitude for scattering through the vegtor
is defined in the usual way:

A(q)=2 e—iq(Rj+uj>:2 Fje_iqRJ(1—iqu+ o)
j J

=NF(q) ; 8(0— )

—igE ; qQU8(a—(ga—8s)) |, ©

whereN is the number of indium adatoms taking part in the
scattering,F(q) is the scattering amplitude of the adatom,

@ 8(x) is the Dirac delta functiong, is the component of the
@ @ @ @ @ scattering vector parallel to the surface.

The first term of expressiof8) defines the principal dif-

FIG. 5 3 Diagram of the structural transiton fraction reflections of the incommensurate (O<Q.77)
(111)In(fct)—(111)In(fcc). b) Structural model of the (0.270.77)  phase. The second term represents the satellite reflections
phase on d111A InAs surface. appearing forg, =g, — gs.
According to the diffraction data, the incommensurate

(0.77x0.77) phase is found in the following epitaxial rela-
inverse vectorq passes through 0, i.eV(gy)=0. It was tion with the (11)A surface:(110,[(110pas. If we de-
shown in Ref. 18 that a diminution of the energy band struccrease the shortest distance between indium atoms in this
ture of the In fcc) crystal takes place if some of t{602  phase by 2.4%, then the commensurate, densely packed
inverse vectors decrease somewhat and the others increa$8x 3) indium phase will appear. On the other hand, in the
i.e. the vectorg “withdraw” from the point qo. This then  epitaxial relation(110),[(112),as to obtain the commensu-
leads to a tetragonal distortion of the indium crystal struc+ate phase (3 X 2v3) it would be necessary to lengthen the
ture. We, however, are dealing here with the two-In—In bonds inthe (0.7%0.77) phase by 11.3%. Therefore,
dimensional111) In plane, for which the set of inverse vec- the incommensurability is less for the epitaxial relation
tors {002 is absent; consequently, possible reasons fof110,,|[(110)nas and a greater relaxation of elastic energy is
tetragonal distortion are also absent. realized here.

As noted above, besides the main reflections of the Some relaxation of incommensurate elastic energy could
(0.77x0.77) phase we also observe a number of other rebe achieved if the densely packed phase (8.0.77) were
flections(satellite reflectionsin the diffraction pattern. It is realized by domains tilted relative to the substrate by small
natural to explain the satellite reflectiofss in the case of anglesa satisfying the following relations:
the melting temperature of the phage terms of a substan-
tial interaction between the incommensurate indium phase
and. t.he substrate lattice. Under this assumption, the atomic  sin ¢=v3n,/2(n?+n2+n;n,)?,
positions of both of the lattices will be modulated by the
periodicity of the other. Since the substrate is more rigid tharyhereb; andb, are the vectors of the unit cell of the adsor-

the layer of adsorbate, it is mainly the atomic positions of thedate,a; and a, are the vectors of the unit cell of the sub-
adsorbate that will be modulated. strate, andn, ny, andn, are integers. In fact, such a tilting

If we denote the position of thgth indium adatom as of the domains is equivalent to transformation of the incom-
R;, in the absence of an interaction the position of jtte mensurate phase i_nto the long-period commensurate struc-
atom will be ture. For example, in our case for=30, n;=23,n,=1 we
have «=2.1°, and form=17, n;=13, n,=1 we have
Rj+Uj, a=4°, etc. However, we have not observed any domains
whereU; is the small displacement of the adatom when actedilted by small angles in our experiments. On the other hand,
upon by the periodic potential of the substrate. Expandingvhen indium is adsorbedd>0.6) on (111 Si and Ge the
the periodic potential in the inverse vectags of the sub- series of commensurate phase§3(X /31)R+9° and

mb]_: n1a1+ nzaz,

strate gives (\/61x 61)R30°+4° is formed’® Here again, as we be-
lieve, substantial differences in the elastic constants of InAs
Vs(r)zz VgéQS'. (1) and Si, Ge are manifested. In systems with strong bonds
9s relaxation of the elastic strains upon adsorption of indium
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leads to the creation of long-period domain superstructuret-mail: marah@isp.nse.ru

either with antiphase boundaries or with tilting of the do-

mains by small angles. . _ _ _
To summarize, we have detected for the first time and géfggg,(igggang, F. Xiong, S. Theiss, and J. Golovchenko, Surf. Sci.
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LOW-DIMENSIONAL SYSTEMS

Formation of InAs quantum dots in a GaAs matrix during growth on misoriented
substrates
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The formation of InAs quantum dots grown by submonolayer migration-enhanced molecular-
beam epitaxy on GaA%00) surfaces with various misorientation angles and directions

is investigated. It is shown for the deposition of 2 monolay®tk ) of InAs that increasing the
misorientation angle above 3° along 0], [011], and[011] directions leads to the

formation of several groups of quantum dots differing in geometric dimensions and electronic
structure. ©1998 American Institute of PhysidsS1063-782608)02401-9

1. INTRODUCTION are determined by the misorientation angle and direction, as
well as by the quantity of InAs deposited.

Great importance has recently been attached in semicon-
ductor physics to structures with quantum d@@D’s), i.e.,
objects having bounds in all three spatial directions. Th
most widely used method to obtain such objects utilizes the The growth experiments were performed on a Riber-32
influence of the spontaneous transformation of a stressegglecular-beam epitaxy system on vicinal substrates of
(In, GalAs layer on an(Al, Ga)As surface into an array of semi-insulating GaA400 with different misorientation
homogeneous islands® The use of these QD's as the active angles and directions. Several samples with different misori-
region of semiconductor injection lasers permitted the creentation angles and directions were simultaneously pasted
ation of lasers with high-temperature stability and a lowonto a molybdenum sample holder using indium. The growth
threshold current density and the generation of laser outpirocesses were carried out with constant rotation of the
with a power of the orderfol W in a cwregime at room sample holder for the purpose of reducing the influence of
temperaturé=® Improvement of the characteristics of QD nonuniformity of the molecular flows and the temperature
lasers calls for reduction of the size dispersion of the QD’sfield of the holder heating element. After removal of the
which would lead to narrowing of the photoluminescencepxide layer in the growth chamber in a stream of As, a GaAs
(PL) line. There are several techniques to controllably influ-buffer layer with a thickness of 300 nm was grown at a
ence the dimensions of QD’s, viz., the formation of equilib- substrate temperatue,=630°C. In our case this tempera-
rium QD’s,” the vertically self-organized growth of QD%,  ture corresponds to the point of theX2) to (3x 1) surface
and the deposition of QD’s on misoriented surfates? reconstruction transition and was selected on the basis of

In the present work we investigated the optical properconsiderations for improving the electrical and optical pa-
ties of InAs quantum dots deposited on a GEAS) surface  rameters of the layerd.After the buffer layer, a superlattice
misoriented along different crystallographic directions. Mis-consisting of five GaAs/AlGa,-As (2 nm/2 nnm) pairs of
orientation of the surface leads to the appearance of terracdayers was grown for the purpose of eliminating the possibil-
whose dimensions depend on the misorientation angle. Thigy of the diffusion of nonequilibrium carriers into the semi-
appearance of such terraces has an influence on the enerdeisulating substrate with a high concentration of deep-level
ics of the surface, which can ensure better orientational orimpurities(Cr). Next, a GaAs layer with a thickness of 7 nm
dering of the QD’s™® In addition, the degree and direction of was grown, and the temperature of the sample in the stream
misorientation strongly influence the lateral dimensions ofof As was lowered td =470 °C[the point of the (2 4) to
the QD’s formed->** Our investigations demonstrate the ex- (2 2) surface reconstruction transitibriThe active layer
istence of several metastable groups of QD’s of different sizeavas grown in a submonolayer migration-enhanced epitaxy
following the deposition of an InAs layer on a misoriented regimé? involving the cyclic deposition of Iifin the absence
GaAs surface. The formation and dimensions of such QD’®f a stream of Asin the amount needed for the deposition of

@' EXPERIMENT
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. . FIG. 2. Photoluminescence spectra of a sample with 2 ML of InAs depos-
0.5 ML of InAs followed by holding for 2-30 s in a stream  jteq on a substrate misoriented by 5° relative to [a0] direction for

of As. The total nominal thickness of the InAs layer various intensities of the exciting light,.
amounted to 2 or 3 Ml(four or six deposition cyclgsAfter
completion of the procedure for growing the active layer, a

layer of GaAs with a thickness of 7 nm was grown at theseen from this figure, the spectra of the samples grown on
same temperature. Then, the temperaflife 630 °C was gure, P pies g

established, and a layer of GaAs with a thickness of 7 nnpubstrates with misorientation along tf@10], [011], and
was grown. Afterwards a superlattice consisting of fivel011l directions(below referred to as samples P330], 2-5
GaAs/Al, 5Ga, -As (2 nm/2 nm pairs of layers was grown [011], and 2-&)11]) are different. Misorientation along the
for the purpose of eliminating the possibility of recombina-[010] and[011] directions results in the appearance of three
tion. During the growth of the superlattices, the surface ofPL lines, which are designated in Fig. 1@®,, QD,, and
the sample was held in a stream of As for 20 s after eaclQD;. Under these conditions the spectrum of sample
GaAs layer. The As pressure in the growth chamber wag-5011] displays only a single lin€ D, whose position co-
maintained constant at thex4l0™® Torr level in all the ex- incides with the band in the PL spectrum of sample 2-0. A
periments. The values of the precalibrated flows of Ga, Aldecrease in the intensity of the exciting light Bt14 K
and In were established such that the growth rates of GaAswhen the heat-induced release of the carriers from the local-
AlGaAs, and InAs were equal to 0.5, 0.68, and 0.1 ML. Theized states is basically suppresgedes not cause a signifi-
growth rates were measured using a system for observingant change in the form of the PL spectrum of sample
oscillations of a reflection high-energy electron diffraction 2-5010] (Fig. 2). This is evidence that line®D,, QD,, and
(RHEED) specular reflectiof? with a primary beam energy QD; are associated with recombination through different ob-
equal to 10 keV. jects.

The photoluminescence was excited by af Aaser and An increase in the effective thickness of the InAs depos-
detected by a cooled photomultiplier. The PL investigationsted to 3 ML causes lin€ D3 to become dominant in the PL
were performed in a closed-cycle liquid-helium temperaturespectrum(Fig. 3). Its position(at 1.24 eV nearly coincides
cryostat. with the position of lineQ D in the spectrum of the samples
with 2 ML of InAs. We assume that bar@D; is caused by
recombination through the equilibrium quantum dots for
migration-enhanced epitaXyAt the same time, in the spec-

Figure 1 presents the PL spectra of structures containingum of structure 3-Gthe lower curve in Fig. B which was
an InAs layer with a thickness of 2 ML grown on an exactly grown on an exactly oriented substrate, b&id; is weakly
oriented(100 substrateg'sample 2-Q and substrates misori- expressed, and short-wavelength 1i@®, which is associ-
ented by 5° along various crystallographic directions. As isated with QD dots of small size, is the principal band. Thus,

3. RESULTS AND DISCUSSION
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——T T T sponding temperature change in the GaAs gap width is

QD 3 ML, 50 seen from this figure, bar@&is dominant in the spectra of
3 _ samples 2-10] and 2-5011] at low temperature. Raising
l T=80K the temperature to about 70 K results in a drop in the inten-

sity of this band, and ban@D, becomes the principal line

in the spectrum. A further increase in the temperature causes
[001] line QD3 to become dominant. All the lines exhibit a long-

wavelength shift of the maximum with increasing tempera-

ture, which is typical of PL caused by QD’s. Lir@D; is

010] also dominant in the spectrum of sample [PEL] at low
temperatures. Increasing the temperature to about 100 K re-

sults in the predominance of bar@D, in the spectrum.

Band QD5 is absent from the spectrum of this structure.

Thus, the results obtained provide evidence that equilibrium

QD QD’s did not form in sample 2{811] under these condi-

[011] tions.

The positions of the maxima of line®D,;, QD,, and

QDjs for the structures investigated are listed in Table I. As
we see, the positions of ban¥D; and QD, for samples
Qo 2-5010] and 2-$011] coincide. At the same time, lin@ D4

in the spectrum of structure Z&Eis shifted to a shorter

PL intensity, arb. units
'8 r—
%EF

10 * 1 '1 . 1 l2 . 1 l3 ] 1 l4 . 15 . 16 wavelength by about 30 meV in comparison to the same line
) : ) ) ’ ) ) in the spectrum of structure ZGBL0], attesting to a decrease
Photon energy, eV in the dimensions of the QD’s causing this line in sample 2-5

[011]. Sample 2-f011] displays a short-wavelength shift of
FIG. 3. Photoluminescence spectra for structures with 3 ML of InAs depos]ine QD, and a long-wavelength shift of bar@D,, which
ited on a substrate misoriented by 5° along the crystallographic directions 2 . . . b ,
indicated in the figure. also attest to changes in the dimensions of the QD’s when
they form on a GaAs surface of this orientation.

To investigate the nature of the appearance of Q&5
misorientation leads to an increase in the probability of equiandQD, we studied the photoluminescence excitation spec-
librium QD’s, in agreement with the data obtained usingtra and the variation of the shape of the PL spectrum as the
scanning tunneling microscopy in Ref. 12. Figure 4 showsenergy of the exciting line is varie@Fig. 5 for sample
the PL spectra of structures 2080], 2-§011], and 2-§5010]. As is seen from the excitation spectrum of line
2-5011] measured at a different temperatuithe short- QD,, when the excitation energy closely approximates the
wavelength shift of each curve is specified by the correrecording energy, a significant drop in the PL intensity oc-
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FIG. 4. Photoluminescence spectra of structures with 2 ML of InAs deposited on a substrate misoriented by 5° relative to various direcfi@t@; &8 —
—[011], c —[011]. The measurement temperature is indicated near the curves.
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TABLE I.

Misorientation Terrace Misorientation Position of lines in spectra

angle, deg length, A direction QD,, meV QD,, meV QDg3, meV

3 60 [010] - 1.32 -

5 35 [010] 1375+5 13005 1220+5
[o11] 1373+5 130010 12505
(011 1355+5 13255 -

7 23 [010] 1376+5 1292+5 1261+5

curs. Such PL behavior is typical of QD’s and is due to thein the QD’s with which bandQD, is associated is smaller
S-type density of states in QD’s. Photoluminescence appeatthan the energy of an LO phonon in InAs, it can lead to
when the energy of the exciting light is in resonance withslower carrier trapping in such QD’s when electron-hole
excited states in the QD’s. In addition, this points out thepairs are excited by light with an energy greater than the
absence of the transfer of nonequilibrium carriers betweetaAs band width. Upon resonant excitation electron-hole
QD’s at low temperature. The excitation spectrum of bancpairs are generated directly in excited states of the QD's.
QD contains a maximum, which shifts in response to varia-This also causes a change in the intensity of [@B,.
tion of the recording energy in such a manner that the energy  To study the influence of misorientation on the PL we
difference between the position of that maximum and thealso investigated structures with different misorientation
recording energy remains constant. It amounts to about 3fngles, i.e., with different terrace lengths. The spectrum of
meV, which corresponds to the energy of an LO phonon inthe sample with 2 ML of InAs and 3° misorientatiéGgample
InAs. Moreover, decreasing the energy of the exciting light2-3010]) contains only one line, which is shifted by about
to values that are smaller than the gap width of GaAs causegy meV to a longer wavelength relative to the band of the
line QD, to become dominant in the spectrum. Such PLQD's in the sample grown on an exactly oriented substrate
behavior is probably stipulated by the phonon mechanism ofFig. 6). Increasing the misorientation angle to 5° along the
carrier trapping in QD’s. If the binding energy of an electron [010] and[Oﬁdirections, as we have already shown above,
results in splitting of the PL line into three bands. A further
increase in the misorientation angle to ample 2-f010])
’ . ! ) does not cause any change in the spectral positions of lines
2ML, 5° [010] QD, andQD, (Fig. 7). Thus, the dimloensionsp of the QD’s,
':T =15 K with which these bands are associated, apparently remained
nearly constant. At the same time, a considerable shift of line
,»}'" QD5 toward higher photon energies is observed. A similar
1

short-wavelength shift in response to an increase in the de-
gree of misorientation was observed for the PL lines in the
spectra of the samples with 2 ML of InAs misoriented along

the [011] direction and for the samples with 3 ML of InAs

P9 misoriented along th¢011] and[010] directions. Table |

&
b

presents the positions of the maxima of li@B,, QD,, and

QDj; for structures with various degrees of misorientation
and values of the terrace length It is seen from this table

that as soon as the terrace length becomes less than 60 A, the
é PL lines split into three bands in the case of misorientation

“ along the[010] direction. This can be attributed to the fact

! that the terrace length becomes smaller than the length of the
'; base of the QD’s. Increasing the degree of misorientation

E leads to a considerable shift of ba@dD5 to a shorter wave-
)

PL intensity, arb.units
>,
O

length, which is apparently attributable to alteration of the
. geometric dimensions of the QD’s with which this line is
* ' * associated.
1.2 1.3 1.4 1.5 1.6 Thus, it has been shown that increasing the misorienta-
Photon energy, eV tion angle leads to alteration of the dimensions of the QD’s
obtained. Misorientation along tH@10] and [011] direc-
FIG. 5. Photolumir;:scence excitfation slpewaperfcurve)_sand pk?orolrt:- tions has the strongest influence. When 2 ML of InAs are
T Y 191 deposited on a GaAs surface misoriented along these dirc-
and2 coincide with the maxima of line@ D, andQD,, respectively. tions, groups of QD’s of different size form. However, the
formation of QD’s of identical size can be controlled by
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FIG. 6. Photoluminescence spectra of structures with different thicknesses of the InAs layer in monolayarutish — 3. Theneasurement temperature,
direction, and misorientation angle are indicated in the figures.

selecting the misorientation angle and direction. Since théor their assistance in performing the experiments on grow-
QD'’s formed in the case of the deposition of 2 ML of InAs ing the structures.
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Exciton polaritons in long-period quantum-well structures
M. R. Vladimirova, E. L. Ivchenko, and A. V. Kavokin

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted 29 May 1997; accepted for publication 3 June 1997
Fiz. Tekh. Poluprovodr32, 101-107(January 1998

The distribution of the normal frequencies in the complex plane for the exciton polaritons in a
finite periodic quantum-well structure is analyzed by matrix-theory methods. Relations
governing the sums of the normal frequencies for polariton modes that are even and odd relative
to the center of the structure are derived. It is shown in an anti-Bragg structure, whose

period equals a quarter of the optical wavelength at the excitonic resonance fregygribpat

the sets of the natural frequencies corresponding to even and odd solutions transform into

one another upon reflection relative to the vertical lisve . Approximate analytical expressions
are found for the natural frequencies of the “long-lived” and “short-lived” polariton

modes. The relation between the shape of the optical reflection spectrum and the set of natural
frequencies of the system is elucidated. 1©®98 American Institute of Physics.
[S1063-782628)02501-0

The exciton-photon interaction in bulk crystals is knownin the case under consideration an exciton can recombine
to lead to the formation of mixed excitations of exciton po-with the emission of a photork(,k,,*k,). However, the
laritons, which propagate to infinite distances without damp+adiative recombination rate and the frequency of the light
ing when the interaction of the exciton with phonons andemitted depend on the re-reflection and interference of light
static defects is ignored. The picture of the formation of ex-in the multilayer structure. In terms of quantum electrody-
citon polaritons in infinite periodic quantum-well structures namics, the excitons in different quantum wells are coupled
or superlattices differs in details, but as in homogeneous maby the electromagnetic field. As in a system Mfcoupled
terials, the term radiative damping is not introduced. ThependulumsN natural frequencies generally appear in a sys-
concept of an exciton polariton undergoes significantem of N quantum wells. Since the possibility of radiative
changes in a structure with a single quantum well. An exci+ecombination of an exciton is maintained, these frequencies
ton excited in an ideal quantum well in a state with a two-are complex.
dimensional wave vector kj=(ky,k,) such that The optical properties of finite, long-period structures
kj<(wo/c)n, can annihilate with the emission of light into a with identical quantum wells were considered in Ref. 1 and
barrier (g is the resonant frequency of the excitanis the  in a group of papefs’ appearing thereafter. The case of a
speed of light in a vacuum, am, is the refractive index in  resonant Bragg structure with a periat= m(wony/c) ™t
the barrier material The frequency of a quasi-two- was analyzed in detail in Ref. 1. It was shown in this case
dimensional exciton is renormalized slightly when the inter-that the spectrum of the natural frequencigss highly de-
action with photons is taken into account, and thus the maienerate: the natural frequencies fér-1 modes coincide
result reduces to the appearance of radiative damping in th&nd are equal ta,—il’, wherel is the nonradiative damp-
exciton. It is noteworthy that, unlike the radiative damping ofing; i.e., these modes are radiation-inactive, and the fre-
excited levels of isolated atoms, to which the emission ofduency for one mode equalsy—i(NI'o+1I'), wherel'; is
light in a broad solid angle contributes, the radiation of anthe radiative damping of an exciton in a single well, i.e., such
exciton in a quantum well at a frequenayconsists of two an exciton has a radiative lifetime that I times smaller
light waves with the wave vectos= (k,,k,,*k,), where than in a single quantum well. The real and imaginary parts
kZ:[(w/C)an_ki_ki]UZ’ since the components of the ©Of the natural frequencies were calculated in Ref. 7 as a
wave vector remain unchanged in the plane of the interfacdunction of the period of a CdTe/CdZnTe structure contain-
An exciton with k;>(wo/c)n, induces an electromagnetic N9 _10 quantum wells. The characterlstl_c soll_Jtl_ons of the
field in barriers, whose amplitude decreases with increasin§xciton-polariton problem in a structure with a finite number
distance into the bulk of the right-hand or left-hand barrier.Of equidistant quantum wells were analyzed in that paper
The inverse influence of this field on the exciton leads tofom the standpoint of parity. In addition, the laws governing
renormalization of the resonant frequency, but does not créhe relative arrangement of the natural frequencies of exciton
ate a new recombination channel. In this paper we examinBolaritons on the complex plane were investigated, and ap-
the radiative properties of an exciton in a finite periodicProximate analytical expressions for the frequencies of long-
quantum-well structure, where excitons in neighboring wellsived and short-lived modes were derived.
are isolated from one another sufficiently well so that the
tunneling effects can be ignored. Such structures have bedgguation for the natural frequencies in the transfer-matrix
studied extensively by experimental methods and can b&rmalism
characterized as an intermediate case between a single quan- In the transfer-matrix formalism the dielectric polariza-
tum well and an infinite superlattice. Just as in a single welltion is eliminated from the wave equation using the material
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relation, and the relation between the electric field ampli-The reflection and transmission coefficients are defined in
tudes for the incident wave and the transmitted wave is esplanes shifted byd/2 to the left from the center of the ex-
tablished. Let us consider a structure consistindNoéqui-  treme left-hand well and bg/2 to the right from the center
distant quantum wells arranged at a distancérom one  of the extreme right-hand well, respectively.

another. The transfer matrix through a layer of thicknéss It follows! from the symmetry of the system that its in-
with a quantum well in the middle can be written in the trinsic excitations are either even or odd relative to the center
form*8 of the structure=0. In particular, the dielectric polarization
: P (or the electric fielcE) of a normal excitation satisfies one
1 (tP=r?ekd r of the following conditions: P(—2z)==*=P(z) or
T=1 —r g ikd |, (1)  E(—2)==*E(2). The natural frequencies for the even solu-
tions are poles of the sumy(w)+ty(w), and those for the

odd solutions are poles of the differencg(w)—ty(w).
Hence it follows that the numerator of the fractiog=ty
should vanish for the even and odd solutions, respectively,
iT, and the conditions

= - =1+r.
M= e i(ltTy ' 1Ff @ Upn_1(G)=*(t/r) @
Here and below, the difference betwesf and the back- aré imposed on these_solutions. We note that among khe 2
ground dielectric constant of the well material is disregarded©0ts of the two equation&) only half are natural frequen-

and normal incidence of light onto the structure is consid-CieS Of the heterostructure and satisfy E5).

ered. The eigenvalues of this matrix can be represented in the Eduations(5) and(7) enable us to establish the relations
form® \ . =e* %, and the eigenvectors can be represented aketween the natural frequencies for two structures with the

same value oN and with periodgl,; andd, that satisfy the

wherer andt are, respectively, the reflection and transmis-
sion coefficients at the center of the well

1 r condition
C:=la.| ai:e—ikd_te:iQd' ) k(d,+dy)=. (8
The  obvious  equalites  cdshb=-—coskd; and
The quantityQ has the meaning of the wave vector of light sinkd,=sinkd, lead to the identity
at the frequency in an infinite periodic structure and satis- G* (w,d;) = — G(2wy— w*,d,). Comparing Eqs(5) for the
fies the dispersion relatidn two structures and taking into account the relations
r t* (w) =t(2wg— 0*), exp(—ikd;)=—exp(kd,),
c0sQd=G(w), G(w)=coskd—sinkd——>——.  Un(=X)=(=1)"Un(x), and Uy (x)=Ux(x*), we conclude
wo—w—il that the sets of natural frequencigs;(d;)} and{w;(d,)}
(4) can be reduced to the relation
For a structure containing a finite numbhr of quantum wj(dy) =2wg— 0 (dy). 9

wells, the spectrum of natural frequencies is found from th%N denote th wral f ies for th 4 odd
homogeneous boundary conditions, which signify the ab- € deno e(ﬂt(adr)]a u:ja (r,e)((q;)encfs (.)r., eleven 372 fo SO
andw;, , Wherei,i’=1, ... or

sence of an external wave impinging on the structure fronjutions asw; ™ b
the left or the right and which are equivalent to the relation€Ven N and i=1,...,N+1)/2, i"=1,...,(N=1)/2 for
a,dNQ—g ¢ INQd After substituting the expressiof8) odd N. Using Egs.(7), we rewrite relationg9) in terms of
for the coefficients.. into this relation and performing sev- the e€ven and odd solutions
eral additional transformations, we obtain a transcendental 2wo— ! P*(dy) if N is odd,
equation for findingN complex natural frequencies of the (£)(d,) = ()% ) . (10)
system wj "\t 2wp—w;*(dy) if N is even.

Un-1(G) An anti-Bragg structure withd= 7/2 is a special case. Sub-
- Uy_2(G)’ ) stituting the valuesl; = d,= 7/2k into (10), we find for such

1 a structure that the sets of the frequenaié$’ andw;”) for

where the Uy(x)=(1-x%)""*sif(n+1)arccosx] are oddN are distributed separately on the complex plane sym-
Chebyshev polynomials of the second kind of degrésee,  metrically relative to the vertical straight line=w,, and
for example, Ref. 1 and the argumer@ is defined accord-  ha; the set ofw!,”) for evenN is obtained from the set of

ing to (4). o{™) as a result of reflection relative to the straight line

N The amplitude optical reflection and transmission coef-w:wO. We note that Eqg9) and(10) were derived without
ficients for a system oN quantum wells enclosed between consideration of the dispersion of the wave vector

homogeneous unbounded barriers are expressed in terms I?L(w/c)nb ™ under the assumption that
a. andQ in the following manner: Nnb|w—w0|,d/c<l ’

a,a_ (1—eNQd) (a_—a,)eNad _Figure 1 shows the complex energies of the exciton po-
N= . L ty= i _ (6) laritons for three structures with=10 and with periods that
a_a, e?NQd a_—a,eNQd satisfy the conditiorkd= 7/4 (a), kd= /2 (b, an anti-Bragg

teikd
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FIG. 2. Complex eigenenergies for exciton polaritons in an anti-Bragg
b structure (I=d,) with 20 quantum wells fol’=0. The arrows show the
- " v edges of the gap in an infinite periodic heterostructure.
ot - =]
L L] a
[ dimensional exciton in a single quantum wéllvy=1.524
> -010F * * ° eV, the radiative dampingI';=0.08 meV, the refractive
£ - index in the barrien,= 3.64, and the difference betweap
™ i and the background refractive index in the well material was
.E_azo R ignored. For simplicity, the nonradiative damping was set
L equal to zero, and to take it into account, it is sufficient to
- shift all the points in Fig. 1 by-iI". In accordance witl(10),
030 i 0 . the points in Fig. 1c are obtained from Fig. 1c by reflection
; : ) relative to the straight line & w, and switching the parity

1 i 1 1 1

Re%"gv 19242 symbol, and the complex energies of the polaritons in the
’ anti-Bragg structurgFig. 1b are arranged symmetrically

relative to this line. The arrangement of the eigenenergies for

an anti-Bragg structure with 20 wells is shown in Fig. 2.

o L. Equation for the eigenfrequencies in the coupled-oscillator
R @ approach

a7k In this approach the natural frequencies are found from
L the equation

de¢|AIm_w5Im”:ov

Aim= (o= iT") S =il g€ =, (19

B which is fully equivalent to Eq(5). Since the trace of any
square matrix is equal to the sum of its eigenvalues, the
Ly following constraint can be imposed on this sum:
15242 N
jgl Q;=0, Qj=0;—we+i(I'+Ty). (12

Im(E), meV
)
LY
I

_aé._ ™
T T S TN R N |
15238 15240
Re(E),ev

FIG. 1. Complex eigenenergies for exciton polaritons in a structure with ten . L .
quantum wells and a periati=d,/2 (a), d=d, (b), or d=3d,/2 (c), where According to Gerschgorin’s circle theorefhthe eigenvalues

d, is the period of the anti-Bragg structure. The nonradiative damping ~ Of a complex square matri&;,, of ordern lie in a closed

the exciton was set equal to zero. Unfilled and filled squares — even angegion of the complex plang=z'+iz" formed by the
odd solutions, respectively; asterisk — eigenenergy of an exciton in a Singl%il’des

quantum well. The arrows indicate the edges of the gap in an infinite peri-
odic heterostructure determined accordind16).

|Z_a|||$2 |aym|-
m#|

structurg, or kd=37/4 (c). The even and odd solutions are Hence it follows that the natural frequencies of a system of
denoted by different symbols. The parameters of the heteragguantum wells are localized in a circle, whose center is at the
structure selected for the calculation are characteristic of thpoint wo—i(I'+1g) and whose radius equalN¢ 1)I".
GaAs/GaAlAs system: the excitation energy of a quasi-two-Taking into account the symmetry of the system, we obtain
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relations which govern the sums of the roots for the even and 0r Py oy
odd solutions taken separately. For this purpose, we number 8 8
a sequence dl quantum wells frorm=—n to m=n, ex- A R
cluding zero for an evelN=2n and including the value a1l ° °
m=0 for an oddN=2n+1, and we pass from a basis of - o1
single-well exciton stategm) to |m). = (|m)*|—m))/y2 g 5 A2
(m=1,...n) if N is even or t0|m>i (m=1,...n), = .
|0>+E|0) if N is odd. In the new basis the matr,fx trans- E 0z
forms into the quasidiagonal matrix |
R AH) 0 -3k % g
0 A(_) . TSR S SRS WA SO NN SN SN N S
19238 15240 15242
The eigenvalues of the matricd$™ specify the set of the Re(E), eV

frequencieSwfi) for the even and odd solutions, respec-

tively. The diagonal elements of these matrices can be easi
calculated AL =0 Fil o 7?™ 2

IG. 3. Complex natural frequencies for exciton polaritons in an anti-Bragg
ructure @=d,) with ten quantum wellsi — exact calculation, which is
,if N is even orAOO = wo also presented in Fig.(); 2 — calculation based on Egél4) and (17);

and A( )_ woT |F07l if N is odd, where 3 — calculation based on the approximate equatibs).
wo= w0—|(F+FO) and »=¢€*4. Summing them separately,
we obtain _
] sinkd
En: QH=—S g w=wo— I cost—cosdeo' (14
— J o J .
= =1 WhenI" =0, the spectrum has a gap lying between the values
2n — _ —
_ —iFonl 772 for N=2n. 13 w=wy—I'gtankd/2) for Q==/2 and
w=wy+ 1"y cotkd/2) for Q=0. (15
n+l n The arrows in Figs. 1 and 2 show the edges of the gap for
Z QJW:—Z fo) exciton polaritons, which are assigned by the expressions
= =t wo+ (1£4/2)T, in a structure with a period equal to 1/4 of
— 2 the optical wavelengthpy=T"; in an anti-Bragg structure,
=—ilTon? 5 for N=2n+1. and wy+ (= 2—1)T, if the period is equal to 3/4 of a
1=7 wavelength.
Relations(20) from Ref. 1 enable us to find the frequencies In a structure with a finite number of quantum wells the
Q) for N=1-4: permissible values of the produ€d, which is defined ac-

(+)_ N (2)_ — . cording to(4), are assigned by Ed5) which can be repre-
Q17°=0 (N=1); Q1 '=%ilon (N=2); sented with consideration ¢14) in either of the equivalent

forms
0 ):_—Foﬂ(ﬂ V7' +8), Qf'=iTen*(N=3); sinNQd sinkd
i siNN—1)Qd  1—exp—ikd)cosQd
Q55 () =057 (= )= = 5Ton[1+ 77 or
+ 1+ )%+ 4(1+27)] (N=4). tanNQd= —j —nkd sin Qd 16

i .
. . e . 1-cosk

It is easy to see that these frequencies satisfy idenfiti2s coskd cosQd

and (13). For a large number of quantum welld>1, there are solu-

tions of this equation witHQ|d<1 or m—|Q|d<1 which
allow expansion in powers df 1
] i kd ]
An analysis of Figs. 1 and 2 shows that several polariton Qd~rﬁ( 1- N cot ?) for N<
modes have a small radiative damping, while there are indi-
vidual polariton states characterized by increased radiation i N—j kd N—j
activity. Approximate analytical expressions for the natural ~Qd~m N_IV tan7 for T<
frequencies can be derived for these two types of exciton
polaritons in quantum-well structures. wherej=1, ... N. In Fig. 3 the circles and triangles show
We, first of all, note that, according fd), in an infinite  the eigenvalues of the energy for exciton polaritons in an
periodic quantum-well heterostructure the dispersion of noranti-Bragg structure with ten wells, which were calculated
mal light waves has the form from the exact formuld5) and from formulag14) and(17).

Approximate expressions for the natural frequencies

kd

Cos—|,
2
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It is seen that the difference between the exact and approxguantum wells themselves, by varying only the distance be-
mate values is insignificant for at least four solutions. tween them. A single, optically active mode with a short
We introduce the notation § for the ratio lifetime (a Bragg structunecan be generated & nondegen-
I'g/(wy— w—iI"). According to(4), for solutions which sat- erate polariton modes with different frequencies and life-
isfy the condition|5]<1 we haveQd~kd+ 8, and when times can be obtained. We have shown that, regardless of the
|sinkd>|dl, the equation for the natural frequencies can bevalue of N, only a restricted number of these modes have

written in the form radiative damping exceeding the radiative damping of an ex-
52 citon in a single well, while the remaining modes are long-
cot N(kd+ &) =i| 1+ ——|. (19 lived.
2 sirf kd This work was supported by the Nanostructures Program

of the Russian Ministry of Science, INTAS Grant 93-3657-

In the limit N—oo, the imaginary part of the natural fre- rI]Ext, and the Volkswagen Foundation.

quency of an exciton polariton that has increased radiatio
activity tends to the value-I' —I"y(N/p), wherep satisfies .
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Interimpurity light absorption in thin wires of 1ll-V-type semiconductors
A. P. Dzhotyan, E. M. Kazaryan, A. S. Chirkinyan

Erevan State University, 375049 Erevan, Armenia
(Submitted May 20, 1996; accepted for publication June 2, 1997
Fiz. Tekh. Poluprovodr32, 108—110(January 1998

A study has been performed of interimpurity light absorption in weakly doped thin wires of
II-V type semiconductors with Kane charge-carrier dispersion law with the one—dimensional
random distribution of the impurities taken into account. The dependence of the absorption
curve is analyzed: the location of the absorption maxima corresponding to transitions from the
acceptor ground level to the ground level and first excited level of the donor as well as

their edges and half-widths are found. It is shown that the nonparabolicity of the charge-carrier
dispersion law leading to transitions between the impurity ground states causes an abrupt
detachment of this absorption line from the remaining lines. 1998 American Institute of
Physics[S1063-782@07)00712-9

Interband impurity absorption of light in thin 1llI-V su- of the ground state even for the singular potential
perconductor wires was investigated earlier in Ref. 1 with theV(z) = —e?/ x|z| (Ref. 4.
concrete band structure of the semiconductor taken into ac- In this treatment of the problem, the total wave functions
count. This study also considered transitions of the electrodescribing the ground statem€0) and the excited states
from the valence band to the discrete donor levels. Furthefn=1,23...) of anelectron localized on a singly ionized
study of impurity absorption in wires requires a consider-donor[with its center at the pointgz) in cylindrical coor-
ation of the contribution of transitions between the discretedinates with thez axis along the axis of the wire, the center
impurity levels, i.e., the discrete levels of the acceptors an@f the acceptor is located at the poipt—py, z—zy)], have
donors. In the solution of this problem in the present papethe form
we restrict the treatment to a weakly doped semiconductor
with acceptor concentratiamy<<np, (np is the donor concen-
tration), where the nearest-neighbor approximation hélds.
Here we approximate the wire potent{@ith circular cross -
section of radiuR}) by an mflmte two-dimensional potential ><exp(imgo)exp( _ |_> Uu(2), 1)
well, and along thez axis we assume that the one-
dimensional band structure is preserved. As in Ref. 1, we
adopt the Kane charge-carrier dispersion3amd employ B
the two-band approximatiofm,=m, = w, m, is the electron bn™
mass,m, is the hole magsin which this law is completely
analogous to the relativistic lafv. . lm‘z 1
To consider interimpurity transitions in a thin wire, it is X expime)z exp — na/ "
necessary to determine the wave functions and energy spec-

2b[™

aa

Y21 m(\"p/R)

po™ TS Jjm+1(N™)

2(b|™)3
a®n3(n+1)>2

Y21 Jm(M"p/R)
VS Jjm+1(A™)

2bilmz
na

Uc(2),

trum of the bound states of the hydrogen-like impurity. As- 2)
suming that the Bohr radius of the bound impurity state in . wist+ hzsz(y\!ml)z/Rz
a massive sampl@=7%2y/nZe?, whereZ is the charge of Al = T al(nr 0z | 3

the impurity center, andg is the dielectric constant of the
crysta) is greater thafmR, the Wannier equation of the impu- where)\!”1| is theith root of themth Bessel functiond|, ; s

rity problem decomposes into two equations: the first deis the nonparabolicity parameter governing the “interaction”
scribes the motion of a noninteracting electron and hole irof the bands(Eg=2mnsz, wherem,, is the electron mass at
the quantum-well plane, and the second describes the motighe bottom of the conduction band, aglis the width of the

of the Coulomb-bound electron—hole pair with Kane disperband gap The quantitya=e? y#s plays the role of the
sion law of the charge carriers along thaxis. In an account effective fine-structure constantfor InSb s~10° cm/s,

of correlation of these motions, the true interaction potentiakk=0.2), and the quantity\;= a«a="7/us entering into ex-

of the electron—hole pair is obtained by averaging the transpression(1) for the ground-state wave function is the analog
verse Coulomb motion over the wave functions. Note thabf the Compton wavelength=7%/mgc in the case of a Kane
taking this correlation into account is of fundamental impor-semiconductd. As can be seen from Eql), the localiza-
tance for wires with a quadratic dispersion fasince it  tion radius of an electron bound to a hydrogen-like impurity
eliminates difficulties associated with the instability of the center in a thin wire in the ground state is narrower than
ground state of the one-dimensional hydrogen-like atom. Aby the factorb|™=[ u2s*+ (#2s%/R?) (A ™) 212,82, This is

the same time, for IlI-V wires it is not necessary: the rela-because of the boundedness of transverse motion of charge
tivistic derivation of the dispersion law ensures the existencearriers with Kane dispersion law in a wir€:is the cross-
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sectional area of the wirg,}(x) is the Laguerre polynomial
and excited donor level, using expressioflg—(3) and (6), we

of order n, U.(z) is the Bloch amplitude,
t=(1/2)* (1/2)(1— 4a?)'? (Refs. 1 and %

The coefficient of interband light absorption is calcu-

lated by the standard techniduievoking Egs.(1)—(3) and

smallness of the quantity, R, whereq, is the photon mo-

mentum in the plane perpendicular to theaxis (for InSb
with R=10"% cm q, R=0.2).

Thus, for the optical matrix element of the transition of
an electron between impurity ground states suspended Where lel_[E

from wire subbands with identical numbeirs:i’, m=m’

(the contribution of the remaining terms is negligible since |t

is proportional to the square of the small parameteR,
Ref. 7 neark=0, using Eq.(1), we find

2eA, Pz, bl™z,
Poa=—— moc Pcy(Zo)COS B aa ex;{— pral (4)
where
f
Pey(Z0) = Q_O L)OUC(Z)Uu(Z_ZO)dZ,

Qg is the volume of the one-dimensional unit cé, is the
amplitude of the vector potentiah of the incident light
wave, andg is the angle betweeA and thez axis.

For transitions of the electron between the ground state

of the donor and acceptor with energies
| de 0, ||

(measured from the bottom of the conduction bawe ob-
tain the following expression for the absorption:

-E +|({1A0|| e%/x2o,

ao(wazo)

16m%e? cos ,6’ S
mgncwa’a® P

2b£m‘20 82 82
xXexp — o ———|, (5)
aa XZo XZ1

wherez,=e?/ y(hw—Ey), andEy=E,—| £

(20)|2(b]™)222

—1Zaoil-

For transitions from the acceptor ground level to the first

obtain the following expression for the absorption:
1672 BABpxa COS B

a;(w)=

S Peu(z2) b2

mincwS
of @0 Baop  2b"w .
o ex 0— QM (0—QlM| ®
A - | AWk, and z;=awp!
\ \)
1. DISCUSSION

Interimpurity light absorption in a thin semiconductor
wire begins from transitions of the electron between the
ground (1=0) hydrogen-like levels of the infinitely sepa-
rated acceptor—donor pair associated with the lowest wire
subbandgi=i'=1, m=m’=0) of the corresponding bands.
These transitions, as follows from Eg), correspond to the
main impurity peak with absorption edge at the frequency

98,1: [ Eg_ | ggo,ﬂ - | &’20’1|]/ﬁ,

s/here (‘5%0,1 and 25,0\0’1 are the ground-state energies of the
onor and acceptor, respectively.

Note that the very existence of this peak in a thin semi-
conductor wire is due to the nonparabolicity of the charge-
carrier dispersion law, which eliminates the instability of the
ground state of the one-dimensional Coulomb problem, in
analogy with the relativistic problefh.For InSb with
Ey=0.23 eV, Qf ~104s 2.

As a result of the random distribution of the donor—
acceptor pairs, this peak has finite width, and its maximum,
as follows from Eq.(7), is reached at the frequency

“’8,1: Q8,14'‘L’D/Za'f',BAwD/4. )

The second term in expressi@f) describes the frequency

The above expression fary(w,z;) must be averaged shift of the main absorption peak due to overlap of the wave
over the random impurity distribution in the semiconductor.functions of the donor and acceptor ground states. This over-
It is not hard to find the probability of finding the nearest lap is substantial in our case fag valuesa ~* times smaller

acceptor to the given donor within the intengl, z,+dz,.

than in the two-dimensional @) (Ref. 8 and three-

In the nearest-neighbor approximation this probability haslimensional (®) case and, correspondingly, for larger val-

the form of the one-dimensional Poisson distribution

W(zp)dzo=Sme ShZdz,. (6)
Averaging ay(w,zg) over distribution(6) and multiply-

ing by the donor concentration, we finally obtain the expresierm in expression(9).

sion for the absorption coefficient:

162 BaBox co¢ B

2 |Pes(21)]2(bI™)?2

ag(w)=

mancwa?®S
y wp 4ex 3 Bawp B 2b!m‘w
0—Qf) o= a(w—Qgh]’
(7
where wp=e/yafi, QUI=Ey/h, Ba=nsSa and

Bpo=NpS;.
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ues of the quasimomenta. The concentration shift of the peak
described by the third term in expressi) is proportional

to the parameteB, and for values of3,~0.1 is two orders

of magnitude smaller than the shift described by the second
The half-width of the peak
dw~wpl2a.

The total absorption coefficienty(w), as can be seen
from expressior{7), takes the form of several separate peaks
due to transitions of the electron between the discrete levels
of the hydrogen-like impurity formed below the bottom of
each quantization subband in the wire.

The peaks of the curvey(w) following after the main
one, with absorption edgéS'&?' shifted toward shorter wave-
lengths, arise as a result of transitions of the electron be-
tween the impurity ground states suspended under the sub-
bands with indiceds and m in the wire. To estimate the
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|m g g
quantities(g;' it is convenient to use the asymptotlc expan- 92,1:[E9_|f531,1| —| ‘520,1|]/ﬁ:
sion of the energles of the impurity ground staﬁ% and

/iAol (3) for small values ofe, which gives o ) ) 0
which is substantially shifted away frof, ; toward shorter

Qlm \/ 2684 2s2(\™)? wavelengths. For the above-indicated parameter values
LNH R 09,~3x101 571

The peaks ofag(w) are arranged in the order of the
roots of the Bessel functiofsQg,;<Qf,<05,<0],
<901<Qo -, Which reflect the speC|f|c character of quanti-
zation of the charge-carrier spectrum in a thin wire with cir- 'A. P. Dzhotyan, EM. Kazaryan, and A. S. Chirkinyan, Fiz. Tekh. Polu-
cular cross section. Their maxima are reached at the frequen+,oydn 30, 1085(1996 [Semiconductor80, 575 (1996].

cies 2G. M. Dohler, Phys. Status Solidi 85, 705 (1971).
|m| ‘m‘ SE. O. Kane, J. Phys. Chem. Solitls249 (1957.
=Q0gj + wpl2a+ Bawpl4, 4H N. Spector and J. Lee, Am. J. Ph{s, 248 (1985.

S. A. Artyunyan and EM. Kazar an, lzv. Akad. Nauk Arm. SSR, Fik2,
and their half-widths are equal to the half-width of the main 44 (197%' Y Y

peak. A. 1. Anselm, Introduction to the Theory of Semiconductdits Russiarn
For a wire with radiu®R=10"° cm the distance between ,(Moscow, 1978 _ o _
two neighboring maxima for InSb is equal roughly g, "E. M. Kazaryan and A. A. Kirakosyan, Sb. VIMI Ripofin Russiaf, B4
) . (1979.
~ 21 _1
(wp=10"s71), and the intensity of the peaks falls @s 8A. A. Kirakosyan and EA. Sarkisyan, Izv. Akad. Nauk Arm. SSR, Fiz.

The transitions of the electron from the acceptor ground 19, 129(1984.
state (n=0, i=1, m=0) to the first excited donor state 9E. Jahnke, F. Emde, and F.'¢ah, Tables of Higher Functions6th ed.
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edge at the frequency Translated by Paul F. Schippnick
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Characterization of GaAs/ In ,Ga;_,As quantum-dot heterostructures by electrical and
optical methods
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Results of electrical and optical studies of GaAgBg, _,As heterostructures are reported. The

aim of these studies was to identify the quantum dots and develop a technology of their

growth by spontaneous transformation of apdg; _,As layer. The surface charge at the depth

of the quantum dots and their surface density as a function of the deposition time of this
narrow-band material are estimated®y V profiling. A photoluminescence study of the quantum
dots revealed peculiarities of the filling of their electron states at various excitation levels.

The influence of Coulomb interactions on the optical properties of the quantum dots is discussed.
© 1998 American Institute of Physids$1063-782@07)00912-3

A number of studies have been dedicated in recent yeamnismatch of the heterolayers. This promotes normal rather
to the study of strained GaAs/iBa, _,As heterostructures. than layered growth.
Of especial interest is the possibility of fabricating high- The examined structures were epitaxiaGaAs layers of
quality quantum layers and quantum dots based on thenthickness 0.5um with electron concentrations in the range
The formation of quantum dots as a result of self-(1.5-3)x10' cm 3. An In,Ga _,As layer was built into
organization in strained heterostructures is a possible altethese layers at a distance of 0,4 from the surface, whose
native to lithographic methods of creating such objects. Thgarameters were controlled by the duration and rate of depo-
first studies of quantum-dot heterolasers based on GaAsition. Table | lists the parameters of samples grown under
In,Ga,_,As structures confirm this possibilily> Once an different conditions, whose electrical and optical characteris-
understanding of self-organization processes is formed, fadics are discussed below.
tors are found facilitating the attainment of homogeneous
size and shape of the quantum dots and their ordered aE- C—V PROFILING
rangement in the layés). In this paper we report the results =~
of optical and capacitance studies of arrays of quantum dots Measurements of the capacitance—voltage characteristics
in GaAs/InGa,_,As heterostructures grown by metallo- of the Schottky barrier to the heterostructure allows one to
organic chemical vapor depositigMOCVD). determine the surface charge for the populated electron
states in the solid solution |&a _,As. For the investigated
capacitance—voltage characteristics a diode with a Schottky
1. TECHNOLOGY barrier 500um in diameter was formed on the surface of the
structure by thermal sputtering of aluminum through a metal
GaAs/InGa, _,As heterostructures were grown epitaxi- mask. The capacitance—voltage characteristics were mea-
ally in the gaseous medium,HzaCHs)3—In(CH3)3—AsH;  sured at frequencies of 1 MHz, 10 kHz, and 1 kHz with an
in an atmospheric-pressure vertical reactor with inductiveE7-12 admittance meter and an E7-14 admittance meter. The
heating of the substrate. We used both semi-insulating ancheasurements were performed at 300, 80, and 4.2 K.
low-resistance GaAs substrates disoriented 2° relative to the The GaAs layers had the following electrical character-
[100] plane in the(110 direction. The growth temperature istics. The electron mobility for a dopant impurity concen-
was varied in the range 450—600 °C for InGaAs and 550-tration of 2x 10'” cm™2 was 4500 cr¥(V-s). The concen-
650 °C for GaAs. tration of deep levels, estimated from measurements at 300
It was found that for small rates of growth using and 80K of the C—V profiles, did not exceed
MOCVD, v <40 nm/min, surface diffusion of the adatoms (1—2)x 10 cm3,
was substantial, which favors layered growth. Growth rates  The built-in InGa, _,As depletes the adjacent regions of
in the rangev ~15—40 nm/min turned out to be optimal for carriers. A plateau was observed in the capacitance—voltage
growth of quantum-dot structures. For growth rates in thecharacteristics which is characteristic of structures with
range 70 nm/mir v <100 nm/min the surface of the layers quantum wells or dotS, where the capacitance remains
turns out to be nonplanar. In layers grown at higher rates ofearly constant, which has to do with overstepping of the
growth v>100 nm/min, three-dimensional islands of the edge of the depleted region by the quantum Idy&ypical
solid solution IRGa _,As are formed, observed on a JEM- C—V characteristics are shown in the inset in Fig. 1, which
2000 electron microscope on platinum—carbon replicas. Fashows the dependenceCE(V) for sample H153, measured
x>0.4 even at low rates of growth, regardless of the state ot a frequency of 1 MHz at temperatures of 300, 80, and
the GaAs surface, such islands form due to strong latticd.2 K. Lowering the temperature leads to a sharper definition
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TABLE 1. discerned was 4 §or sample H150 In this case the height
of the Ncy peak is equal to 0210 cm ™2 at 80 K.
It is possible to determine in the region of the InAs

Layer thickness Growth rate Growth
Sample Mole InGa, _,As, In,Ga, _,As, time,

number fractionx nm nm/min s layer from the magnitude of the nearly constant capacitance
step in theC—V characteristidsee inset in Fig. )} or by

H128 0.15 5 30.5 ; .

H135 038 5 2 integrating the peaklcy(x). The value ofo can be used to

H138 0.66 25 36 estimate the surface densily; of the InAs quantum dots

H149 1 5 2 (the following sections present experimental confirmation

H150 1 5 4 that quantum dots are indeed formed in the examined series

:ig; 1 2 186 of samples by noting thato=2eN3, where <1 is the

H153 1 5 32 quantum states filling factor.

H155 1 5 12

H156 1 5 64 3. OPTICAL MEASUREMENTS

H158 1 5 96

Optical diagnostics of the heterostructures were obtained
by photoluminescencéL), photoconductivitPC), and in-
terband absorption. For photoluminescence, a continuous
of the characteristic segments of the capacitance—voltagge—Ne laser or pulsed LTI-404 laser operating at 532 nm
characteristic because of the decrease in the smearing assgas used as the excitation source. The excitation power was
ciated with the Debye screening length. The calculated cont0 W/cn? in the continuous regime and was varied froni 10
centration profile (without allowance for the quantum- to 1P W/cn? in the pulsed regime. The photoluminescence
mechanical peculiarities of nanostructyres shown in Fig. signal was passed through an MDR-23 monochromator and
1. The electron concentration peak falls into the region of thejetected by an FE-62 liquid-nitrogen cooled photomulti-
potential well and the depleted layers are located near thiglier. In the pulsed regime the output signal of the photomul-
peak. Below we will discuss the relative variation of thesetiplier was passed through a strobe-integrator and averaged.
guantities as functions of the InAs deposition time. Interband absorption was measured on a BOMEM DA-36

The InAs deposition time InAs;, in the examined se- Fourier spectrometer. The photoconductivity was investi-
ries of samples was varied from 2's to 96 s. For the obtaingated in the transverse-current-flow geometry. In this case, as
able sensitivity of finding the density of electronic states inthe tunable source we used radiation from a guartz halogen
the solid solution, where the latter is determined by the cartamp passed through a monochromator. A nickel layer, semi-
rier concentration in the GaAs epitaxial layer, the minimumtransparent to the probe light and forming a Schottky barrier,
deposition time at which the concentration peak could bevas deposited on the surface of the sample. The second con-
tact was the low-resistanee’ -GaAs substrate. To make the
In,Ga _,As layers fall within the depleted region, reverse
bias was applied to the sample. The measurements were

14 | ]

. made at 77 and 4.2 K.
H153 u The objective was to identify the quantum-well and
12 L ) N quantum-dot structures from peculiarities of their optical
7 = properties, based on the substantial differences in their den-
g o sity of states. Photoluminescence measurements of sample
© 10 - H128 (width of the layer of solid solution 5 nmdemon-

strated the high quality of the quantum-well structures. The
half-width of the photoluminescence peak did not exceed
. 6 meV at 77 K(Fig. 2) and 2.8 meV at 4.2 K. In some of the
runs, to decrease the effect of inhomogeneity of the region
- from which photoluminescence was observed, we decreased
A the size of the laser spot from 50 to Z20n, which caused the

l half-width of the photoluminescence peak of sample H128 to

Ny x 1017,
(=)}

4 i e .
\ i decrease to 3.8 meV at 77 K. This figure shows the interband
X absorption spectrum in which the narrow exciton absorption
2 o /1% . line associated with the quantum well is clearly visible.
[ \ )
""'31'::"} ‘M The nature of the photoluminescence from the quantum
0 well at high pump levels reflects filling of the upper levels in

0.10 - 0:12 ) 0.‘14 - 0?16 ] 0:18 ' 0.20 the quantum well by photoexcitation carriérgith increase

of the excitation power, the main photoluminescence line
from the quantum well broadens toward higher energies; lu-
minescence corresponding to transitions between subsequent
FIG. 1. Concentration profildlc\(d), calculated from th€ —V character- quantum-we” Ievel_s then appears. As the quantum well is
istics for sample H 153d is the depth from the surface of the structure, filled by photocarriers, the GaAs photoluminescence peak
T=300 (W), 77 (@), 4.2 K (A). also begins to grow. Figure 3 shows photoluminescence

d, pm
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FIG. 2. Transmittance and photoluminescence spectra for sample H128.
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FIG. 4. Photoluminescence and photoconductivity spectra for sample H138

for different levels of excitation, W/cfn 1 — 10°, 2 — 10%, 3 — 10°,
4 — 108

spectra for a series of power levels of the exciting laser and

the photoconductivity spectrum of sample H135 with an
INg 3dGa 62 AS quantum well of width 5 nm. According to
theoretical calculations, the two platea(is3—1.36 eV and

As was noted in Sec. 1, at high growth rates or values of

1.39-1.46 eVin the photoconductivity spectrum correspond X> 0.4 nanometer-sized islands were observed on the surface
to transitions between the first electron quantum-well levePf the solid solution in an electron microscope. These islands
and first hole quantum-well level and between the secon@'® imbedded predominantly on the steps separating the

hole level and the conductivity band, respectively. Featureérrace

£ These formations were identified as,Gg _,As

well aligned in energy.

FIG. 3. Photoluminescence and photoconductivity spectra for sample H13Q
for different levels of excitation, W/icfa 1 — 10%, 2 — 10, 3 — 10°, 4 —

10°.
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GaAs and the solid solution. In the photoluminescence spec-
tra of such objects the peaks were observed to be shifted
toward higher energies in comparison with the calculated
position determined from the conditions of fabrication. Thus,
for example, based on the growth regimes of sample H138,
the width of the IgsGay 3AS solid solution can be esti-
mated to be 2.5nm under conditions of layered growth,
which corresponds to the position of the photoluminescence
peak at 1.16 eV. The measurements gave a different value—
1.25 eV (spectruml in Fig. 4). Similarly to how we pro-
ceeded with the quantum wells, we inferred filling levels of
the electronic states in the quantum dots at high excitation
levels (samples withx>0.4) from the photoluminescence
spectra. Figure 4 shows typical photoluminescence spectra
for the quantum dots for a series of pump levels overlaid by
the photoconductivity spectrum. At all excitation power lev-
els the line shape consists of a superposition of
S-function—like lines of radiative recombination between
states in the dof$ so that the upliftto the point of trans-
formation into a plateguof a short-wavelength shoulder at
high excitation levels characteristic of quantum wells is ab-
sent. The plateau corresponding to the two-dimensional den-
sity of states in the photoconductivity spectrum is also ab-
sent. As the excitation power is increased, the
hotoluminescence line corresponding to luminescence from
the quantum dots~ 1.25 e\} broadens somewhat and a new
maximum appears at higher energiesl(35 e\j. The shape
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of the lines remains nearly symmetrical. At higher excitation 90
levels excited states in the quantum d@isaddition to their a
ground statesprobably also begin to luminesce, and also 1.30L 77K /
smaller-size dots. The symmetry of shape also testifies to th

zero-dimensional density of states of the luminescing ob-
jects. For filling of almost all the states in the quantum dots 1.35 . 170
by photo-excited carriers, starting at a pump power of

10° W/cn? luminescence appears from the GaAs layers. The + 60
significant width of the photoluminescence peak may be due > .40l /*/ >
to dispersion of the size of the quantum dots or to inhomo- %, / + - 1502
geneity of composition of the solid solution. The above- é x../ E.
described peculiarities in the photoluminescence spectra a ™ 1.45L / 40 ﬁ
low wus to conclude that we have observed o ]
photoluminescence of quantum dots.
1sol [ 130

4. DISCUSSION /

The transformation of an InAs quantum layer into quan- 4 120

tum dots was studied by observing differences in the photo- | B e s T S B 7 ST
: - : 2 4 6 8 10 12

luminescence of samples with different growth time of the

pure InAs(H149—-H158. In this series of samples photolu- n.

minescence was observed if the deposition time exceede ‘mag

8's. As the deposition time was increased, the line corre- 15

sponding to photoluminescence of InAs shifted toward

longer wavelengthsthis was also observed in Ref).9To

analyze the photoluminescence spectra, it is convenient t

express the amount of deposited InAs in units of nominal °
monolayersnim,g as if layered growth had taken place. On 10l

the basis of the data on the growth of the wetting layer for

relatively short deposition times ;<16 9 Nimag=tqed8 s.

Figure 5a plots the dependence of the position of the photo [ -— 4

luminescence peak for this series of samples and its half
width as functions oh;,,, under the assumption of extend-
ing the relation between;y,,g andtge, to the entire range of
growth times. It can be readily seen from this figure that
there exist two regions of characteristic dependence
Nimag<4, When growth of the wetting layer takes place, and
Nimag>4, When InAs objects with dimensionality lower than
that of a quantum wellguantum dotsare formed. This con-
clusion is supported, in particular, by the conclusions of 0 )]
other studies on breakdown of layered growth of InAs for
such high quantities of deposited material due to elastic de n
formation effects® At larger values offy,, these objects
become larger, accompanied by an increase in the spread ifl; o pgiion of the maximum,y,) and the peak half-widthAE) of
their size, which leads to a broadening and further shift of thgnotoluminescencéa) and surtace density of statés (b) as functions of
photoluminescence peak. the amount of deposited InA& nominal monolayersiy,,y). T=300 (M),

As one goes from the layered mechanism of growth to/7 (@), 42K (A).
three-dimensional formation of islands, the estimate;gf,
can become inexact since the rate of InAs deposition from
the gas phase will change. To explain this circumstance, wsurface of the two-dimensional wetting layer. From the po-
will compare the photoluminescence at-V profiling  sition of the photoluminescence line, based on the model of
data. From theC—V profiling results we can estimate the pyramidal shape of the dotSwe can estimate their size and
surface charge accumulated in the two-dimensional layer fothe electron ground-state energy, which also turns out to lie
tgep=16's, Ornjmag=<2 (Fig. 5b), and also the position of the below the Fermi level and is consequently filled. This allows
Fermi levelE¢ in it. The estimates show the Fermi level to us to set the filling factor of the quantum dof3, equal to
lie 40 meV below the bottom of the GaAs conduction bandunity and find their surface concentration from tGe-V
at the layer boundary and noticeably higher than the electromeasurements. In turn, knowing the surface concentration
ground-state energy in the lay@with which, strictly speak- and physical volume of a single dot, it is not hard to show
ing, is also connected charge redistribution in the strugture that astge, is increased from 16 s to 32 s, the quantity of
For tgep=32 s Mimag=4) quantum dots are formed on the deposited InAs grows by 30%, not 100%. Such a change in

5_.

N, x 10!, cm?

FN 3
N
[’
[—
[=
-
o8]
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the rate of growth indicates a shift in the growth mechanismin a quantum dot, and also their energies, depend substan-
from layered to island-forming. The validity of this assertiontially on the number of electrons and holes present in it.
is tied up, of course, with the applicability of the model of Analogous phenomena are characteristic of simple and mul-
pyramidal shape of the quantum dots. ticharged centers in semiconductors. The dependence of the
With further increase of,e, the quantum dots increase energy spectrum of a quantum dot on its filling by charge
in size. A second quantum-well level appears, with the fillingcarriers leads to peculiarities in the Burstein—Moss effect.
of which Ny should double, as is observed for the structure  Let us consider two cases) the Coulomb interaction
with tge;= 64 s. Continued deposition of InAs should lead to energy of two electronk,, exceeds the ionization energy of
overlap of the quantum dots and formation of a quasicontinuthe ground state of the electréh in the quantum dot, and
ous layer. The growth on it of a GaAs finishiigap layer  2) the opposite cas&;.>E... In the first case, only one
should be accompanied by the formation of a layer with arelectron can be found in the quantum dot in the absence of a
increased content of dislocations and structural defects. Elephotohole. Upon the absorption of a phot@irere and in
trochemicalC —V profiling, sensitive to imperfections in the what follows we are dealing with interband transitions be-
crystal structure of semiconductdfsshows that the GaAs tween quantum-well levelsa hole with energyE;;, and an
cap layer for structures H156 and H1%8eposition times electron with energy E;. with interaction energy
64 s and 96 s, respectiveldiffers from the underlying ma- E.(E.,>0) are generated in the quantum dot. Interband
trix. This is seen first in the fact that a GaAs cap layer ofabsorption in the initially “empty” quantum dot is possible
thickness 0.Jum undergoes electrochemical etching withoutwith a precisely fixed photon energif,=E;—E;.—Ejj
illumination and for zero bias, which is not usually observed—E.j, (Eg4 is the width of the band gap of a wideband mate-
for n-GaAs. Second, electrochemical—V profiling gives rial). In this case the photo-induced electron and hole can be
p-type conductivity for the cap layer of sample H158, whichin either of two spin states. If in the initial state of the quan-
is indicative of a high concentration of deep levels of acceptum dot an electron is already found in it, then the energy of
tor type. Such a phenomenon was observed earlier in iorthe absorbed photon will vary by the interaction energy of

damagech-GaAs layers?3 this electron with the generated -electron—hole pair
(Ep)' =Eg— Ecnt Ege. The generated photoelectron can oc-
5. CONCLUSIONS cupy only one free spin state. Therefore, the probability of

Identification of zero-dimensional nano-objects based Ojbsorption of the photon by a charged dot should be half that

GaAs/InGa, _,As heterostructures has proved to be possibl or .absorption by a neutral dc_>t. Hee>Ere—Een, then the
initially charged quantum dot is not able to absorb a photon.

because of the combined use of optical method< efV Thus. interband ab tion b h d tum dot and b
profiling and electron microscopy. This in turn has made it us, Interband absorption by a charged quantum dot and by
a neutral quantum dot differs in intensity and frequency.

ossible to develop the MOCVD technology of quantum-dot
P P gy orq In the second case, more than one electron may be

formation during spontaneous transformation of the wettingplaced i the discrete levels of the quantum dot. If there is
layer of the solid solution. The technology of growing quan- the g . '
only one quantum-well level, which is occupied by two elec-

tum dots in GaAs/I _,As heterostructures with model . X
RGa trons in the quantum dot, then absorption at the frequency of
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