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Studies of III–V compounds in the Soviet Union
were started in the early 1950s at the Ioffe Physicotech-
nical Institute, USSR Academy of Sciences. Dmitriœ
Nikolaevich Nasledov, a deputy director of the institute
and the head of the semiconductor laboratory, decided
to uphold the efforts of N.A. Goryunova in her studies
of indium antimonide and to expand these studies to the
entire class of III–V materials (III = In, Ga, Al; V = Sb,
As, P). It required great scientific courage and foresight
for D.I. Nasledov to make such a decision. The only
other laboratory in the world which was engaged in
studies of III–V compounds at that time was the labora-
tory headed by Professor Welker (Federal Republic of
Germany). All scientists in the field of semiconductors
concentrated almost exclusively on germanium and sil-
icon. It seemed that these elemental semiconductors,
which brought electronics to a new level, could not be
surpassed by any compound semiconductor. However,
time showed that this notion was not true.

The first significant report on studies of III–V semi-
conductors (InSb, InAs) at the Physicotechnical Insti-
tute was delivered by Nasledov at the First All-Union
Conference on Semiconductors (Leningrad, 1956) [1].
He mentioned (among other phenomena) that neither
electrical conductivity nor the Hall voltage depend on
temperature in new III–V compounds. Many scientists
considered this observation strange and even acciden-
tal. However, it was found shortly afterwards that the
above temperature independence is the consequence of
profound degeneracy in the electron gas, which is typi-
cal of heavily doped (then, simply “impure”) III–V
crystals. Fundamentally new phenomena in these crys-
tals gave rise to a new field in the physics of semicon-
ductors, specifically, the physics of heavily doped semi-
conductors. The contribution of the laboratory headed
by Nasledov to this field is reported in [2, 3].

In general, the issue concerning the potentialities of
doping and purification was central to the fate of the
new compounds. Deviations from stoichiometry, high
reactivity of constituents (As, P), and uncertainty in the
pattern of incorporation and removal of impurities
sometimes created an impression that all efforts were
1063-7826/03/3708- $24.00 © 20867
vain. All the problems that were encountered had to be
solved for the first time. Close cooperation between
physicists and chemists in the laboratory headed by
Nasledov played an important role in the scientific
progress; the team of chemists was headed by
Goryunova. Physicists developed the zone-melting
(purification) and Czochralski methods [4], whereas
chemists quite successfully grew ingots in cells.

By the end of the 1950s and the beginning of the
1960s, the joint efforts yielded the first results. The
purification, doping, and growth of III–V crystals could
be performed as in the case of Ge and Si; other techno-
logical problems were also solved step by step. The
world’s purest InSb crystals were grown and studied;
these crystals featured an electron concentration of n ≈
1012 cm–3 and an electron mobility of µ ≈ 106 cm2 V–1 s–1

at a temperature of T = 77 K [5]. The team headed by
O.V. Emel’yanenko continued to study transport phe-
nomena in a wider class of III–V compounds. The
results of studying the impurity band [6, 7], the discov-
ery of a giant magnetoresistance when charge carriers
move via impurities [8], the investigation of the metal–
semiconductor transition in various materials, and the
determination of the origin of negative (quantum) mag-
netoresistance (discovered by the Emel’yanenko team
even earlier, in 1958 [2]) were of greatest interest [9].
In all of these studies, the simplicity and accuracy of
analysis relied on the basic special feature of III–V
compounds (consisting in the sphericity of the conduc-
tion band, which represents the simplest model of a
semiconductor’s energy-band structure). The impurity
properties, transport phenomena, and photoelectric
properties of InSb, InAs, GaAs, AlSb, and InP were
studied [10–15]. Diffused and fused p–n junctions and
also photodiodes based on n-GaAs [16–18] were fabri-
cated and studied. These and other results have shown
conclusively that III–V compounds have a much wider
range of controllable semiconductive properties in
comparison with Ge and Si and are much more attrac-
tive for both the technology and physics of semicon-
ductors.
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The number of researchers engaged in the studies of
III–V semiconductors has steadily increased. The team
investigating III–V sermiconductors at the Physocote-
chnical Institute was transformed into the laboratory of
electronic semiconductors in 1957. Centers of research
in the field of III–V semiconductors were founded in
other cities of the USSR (Baku, Kishinev, Ordzhoni-
kidze, and so on) under the guidance of Nasledov. Insti-
tutes in Moscow and Ukraine, as well as foreign labo-
ratories, became involved and competed in this field.
Under these conditions of growing competition, the
laboratory headed by Nasledov obtained striking
results that clearly showed the intrinsic worth of III–V
semiconductors. Specifically, it was shown in 1962 that
the luminescence spectrum of GaAs p–n junctions nar-
rows appreciably with increasing current, which can
only be attributed to the appearance of stimulated emis-
sion [19–21]. This was the first observation ever of
stimulated emission from semiconductors.1 Gallium
arsenide, as well as a number of other III–V com-
pounds, has a spherical conduction band with a center
at the same point, k = 0, as for the valence band. This
important special feature of III–V semiconductors dis-
tinguishes them from a great many indirect-gap semi-
conductors (including Ge and Si) and brings the proba-
bility of obtaining recombination radiation in the
former close to 100%.

D.N. Nasledov, S.M. Ryvkin, A.A. Rogachev, and
B.V. Tsarenkov were awarded the Lenin Prize in 1964
for their studies that led to the development of semicon-
ductor lasers. In the laboratory headed by Nasledov, a
new, revolutionary line in solid-state physics and tech-
nology was initiated; this line was related to optoelec-
tronics, and a major contribution was made by the team
headed by Tsarenkov. In order to fabricate optoelec-
tronic devices based on binary compounds and graded-
gap III–V structures, the method of liquid-phase epit-
axy (LPE) for both the open and closed systems was
developed by A.T. Gorelenok and Yu.P. Yakovlev at
Nasledov’s laboratory at the Ioffe Physicotechnical
Institute [22, 23]. In the following years, the LPE
method was widely used at other semiconductor labo-
ratories at the same institute. Studies of radiative
recombination and those aimed at the fabrication of
lasers and light-emitting diodes (LEDs) based on GaAs
and GaP and of graded-gap p–n structures in systems of
GaAlAs and GaAlSb solid solutions were actively pur-
sued by the team headed by Tsarenkov. The first sur-
face-barrier structures based on III–V compounds were
fabricated by Yu.A. Gol’dberg and E.A. Posse; the char-
acteristics of these structures were consistent with an
idealized theoretical model.

A high level of research and development (R & D)
in the field of light-emitting devices at the laboratory
headed by Nasledov provided the basis for the commer-
cial production of these devices. The Council of Minis-

1 The lasing effect in GaAs was also reported by Hall et al., Phys.
Rev. Lett. 9, 366 (1962).—Translator’s note.
ters of the USSR decided in 1960 to intensify the efforts
aimed at developing devices based on GaAs and GaP.
The laboratories headed by Nasledov and Goryunova
(Ioffe Physicotechnical Institute) and the Start plant
were included into the R & D program. A short time
later, researchers and technologists of the Start plant
(S.S. Meskin, V.N. Ravich, L.M. Kogan, I.T. Ras-
sokhin, and A.L. Gofshtein-Gardt) with the creative
support of scientists from Nasledov’s laboratory
(B.V. Tsarenkov, A.T. Gorelenok, A.N. Imenkov,
V.V. Evstropov, and Yu.P. Yakovlev) developed the
commercial production technology for (the first in the
USSR) lasers based on GaAs and also LEDs for the
infrared (GaAs) and visible (GaP) regions of the spec-
trum.

Studies on the recombination of nonequilibrium
charge carriers and the development of important com-
ponents (photodetectors and photoemitters) for opto-
electronics became one of the leading lines of research
in the laboratory headed by Nasledov [24–27].

Between 1964 and 1966, D.N. Nasledov, Yu.S. Sme-
tannikova, and Yu.G. Popov discovered and studied a
new physical phenomenon (oscillations of photocon-
ductivity and photomagnetic effect) in InSb narrow-gap
semiconductors at low temperatures [28]. As was
shown by I.N. Yassievich [29], the oscillations were
caused by illumination-induced heating of the electron
subsystem. Between 1966 and 1968, D.N. Nasledov
and N.M. Kolchanova discovered the heating of an
electron subsystem in GaAs and GaSb wide-gap semi-
conductors. These studies on the heating and cooling of
electron–hole plasma received international recogni-
tion and have been widely cited in articles and mono-
graphs.

Extensive studies of the photoconductivity and pho-
tomagnetic effect in all III–V compounds were under-
taken in laboratories with the aim of determining the
lifetime of carriers and ascertaining the recombination
mechanisms of nonequilibrium charge carriers. The
response speed, detectability, and photosensitivity were
the parameters that were of prime interest to designers
of new photodetectors and, consequently, to the scien-
tists at Nasledov’s laboratory. The studies on photoelec-
tric phenomena in III–V semiconductors found practi-
cal applications: the first (in the USSR) InSb and InAs
photodetectors for the middle-infrared region of the
spectrum were developed (studies by the team headed
by S.V. Slobodchikov and M.P. Mikhaœlova) and were
then produced on a commercial scale by the Institute of
Applied Physics.

In the 1960s, not only was the scope of studies in
Nasledov’s laboratory widened, but new experimental
methods were also rapidly introduced. Nasledov’s lab-
oratory promptly responded to intense worldwide inter-
est in oxygen and iron-Group impurities, which made it
possible to obtain semi-insulating GaAs single crystals.
In a very short period of time, Nasledov’s laboratory
became one of the well-known leading teams in the sci-
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entific world concerned with this line of research. At
that time, Nasledov made an unexpected but quite rea-
sonable decision: he decided to join the forces of his
laboratory at the Ioffe Physicotechnical Institute
(N.M. Kolchanova and G.N. Talalakin) with the depart-
ment headed by V.F. Masterov at the Leningrad Poly-
technical Institute. This collaboration made it possible
to widen the range of experimental methods and use
new methods for comprehensive and in-depth studies
of deep-level centers, first in GaAs and then in other
III–V compounds. The employment of resonance-
based methods (electron spin resonance and nuclear
magnetic resonance) made it possible to make consid-
erable and rapid progress in understanding the afore-
mentioned centers. Ferromagnetic properties of GaAs
crystals doped with Fe were discovered and studied at
that time [30–32]. The assertion that the ordering of
impurity atoms belonging to the Fe Group is caused by
the exchange interaction via the host atoms without the
involvement of conduction electrons was bold and
innovative.

Returning to the scientific activity of Nasledov’s
laboratory, we may state that the 1960s and 70s were
fruitful years of learning for the scientists at this labo-
ratory. Nasledov allowed his coworkers more and more
freedom in their research; he believed that self-realiza-
tion was the best method for the mobilization of cre-
ative energy. The stored potential yielded striking
results, which contributed to the international science
and technology of III–V semiconductors in diverse
fields.

At that time, Nasledov’s laboratory became a genu-
ine training center for scientists: hundreds of postgrad-
uate students, as well as candidates and doctors of sci-
ence from every part of the Soviet Union, from Novosi-
birsk to Riga and Vilnius, began working at this
laboratory. Research workers from Nasledov’s labora-
tory, who joined it upon graduation from university,
have become self-reliant scientists, who are well-
known for their contribution to the science and technol-
ogy of III–V semiconductors in the USSR and around
the world. The list of references in this article gives
only a rough idea of this process. Below, we list the
most outstanding young scientists who gained experi-
ence under Nasledov’s guidance and went on to collab-
orate with Nasledov as heads of individual teams work-
ing in different lines of research. They were G.N. Tala-
lakin (purification, doping, and growth of crystals, first
by zone melting and then by liquid-phase epitaxy);
Yu.M. Burdukov (solution of the same problems by the
Czochralski methods); O.V. Emel’yanenko and
T.S. Lagunova (fundamental studies of transport phe-
nomena in III–V compounds, solid solutions, and struc-
tures on them); B.V. Tsarenkov, A.N. Imenkov,
V.V. Evstropov, T.N. Danilova, and Yu.P. Yakovlev
(fundamental studies and practical applications of p–n
junctions in GaAs, photodiodes, and emitters based on
graded-gap III–V compounds); N.V. Zotova (formation
of InAs p–n structures and studies of their electrolumi-
SEMICONDUCTORS      Vol. 37      No. 8      2003
nescence); M.P. Mikhaœlova, Yu.S. Smetannikova,
S.V. Slobodchikov, N.M. Kolchanova, and M.A. Sipov-
skaya (fundamental studies of photoelectromagnetic
properties of III–V compounds); and A.A. Gutkin and
V.E. Sedov (development and studies of photodiodes
based on GaAs). Studies of InSb and GaAs growth
technology were awarded State Prizes (for Nasledov
and Burdukov). The laboratory headed by Nasledov
was repeatedly a participant and prize winner at the
Exhibition of Economic Achievements of the USSR,
where new structures and devices developed under the
guidance of Nasledov were exhibited.

The school of semiconductor science and technol-
ogy founded by Nasledov put the Soviet Union in the
forefront in mastering of III–V compounds. The papers
delivered by Nasledov at international conferences
attracted much interest.

In 1968, 25 years since the foundation of the Physi-
cotechnical Institute, Doctor of Science (physics and
mathematics) Zh.I. Alferov, now a Nobel Prize holder,
mentioned the decisive pioneering role of Nasledov in
studying and mastering III–V semiconductors, in their
technical applications, in fabricating the first semicon-
ductor lasers, and in the development of optoelectron-
ics. In particular, Alferov wrote [33]: “Following the
discovery of the semiconducting properties of III–V
compounds, scientists from the Physicotechnical Insti-
tute took great efforts in the systematic study of the
phenomena related to charge transport in these com-
pounds. A natural consequence of these studies at this
institute was the creation of the physical prerequisites
for the development of an injection laser and a number
of other semiconductor devices based on III–V com-
pounds. Nasledov and his coworkers deserve the main
credit for these achievements.”

It has been 25 years since Nasledov’s death. A new
laboratory of infrared optoelectronics was founded
based on his laboratory. This laboratory is headed by
Yu.P. Yakovlev, professor and doctor of science (phys-
ics and mathematics); he was a coworker of
D.N. Nasledov. In the 1950s, the main objects of inves-
tigations performed by Nasledov and his colleagues
were the binary III–V compounds, whereas multinary
compounds based on III–V semiconductors are now
used to solve fundamental and application-oriented
problems. Years have passed, the technology has
changed, and the range of problems, narrowed. How-
ever, traditions established in the middle of the last cen-
tury have been preserved.

In the 1950s, Nasledov boldly started to study the
unknown class of III–V compounds; in the early 1990s,
a similar courage, combined with foresight, was exer-
cised by the scientists and technologists of the labora-
tory when they brought Nasledov’s studies to a new
level, with the aim of developing quantum-confinement
devices based on multinary III–V compounds. As
before, enormous scientific potential ensured that the
scientific level of the laboratory (in the very difficult
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conditions of perestroika) remained high; moreover,
the laboratory gained wide recognition not only in the
commercial market of light-emitting semiconductor
devices but also in the scientific community.

Now, the main line of activity of the laboratory is the
development and study of optoelectronic devices
(lasers, light-emitting diodes, and photodiodes) for the
middle-infrared region of the spectrum (λ = 2–5 µm) on
the basis of III–V compounds. The spectral range of 2–
5 µm includes a multitude of main absorption lines of
natural and industrial gases, such as H2O, CH4, CO2,
CO, NH3, HF, N2O, and so on; as a result, the use of
nondestructive optical methods for the detection of gas
molecules in the atmosphere and the determination of
their concentration on the basis of coherent and nonco-
herent emission sources ensure a promising outlook for
the monitoring and protection of the environment. The
spirit and style of Nasledov’s scientific activity, i.e., a
sophisticated approach to the problem under investiga-
tion, have been preserved in the laboratory. The tech-
nology of growing multilayered heterostructures by liq-
uid-phase epitaxy and vapor-phase epitaxy from orga-
nometallic compounds is being developed. The
transport properties of narrow-gap multicomponent
solid solutions based on GaSb and InAs are being stud-
ied. Noncoherent and coherent sources of radiation
operating in the spectral range of 2–5 µm at room tem-
perature are being developed and studied. Tunable
diode lasers, which have been used with good results in
diode-laser spectroscopy for the detection of minute
amounts (from 1 ppm to 1 ppb) of contaminating sub-
stances in a surrounding medium, are being developed.
High-efficiency LEDs operating in the spectral range of
2–4 µm and with an emission power exceeding 1 mW
in the continuous mode have been developed; these
LEDs are being successfully used in portable gas ana-
lyzers. In addition, long-wavelength lasers (λ = 3.3 µm)
with an emission power of 6 W have been developed
[34]. p–i–n diodes and avalanche diodes operating in
the spectral range of 1.2–2.4 µm have been fabricated
for the first time; these diodes are based on GaIn-
AsSb/GaAlAsSb solid-solution structures and have a
quantum efficiency of 0.6–0.7 electron/photon [35].
Thus, the pioneering effort that was started by the
prominent scientist and our teacher, Professor Nasle-
dov, with his colleagues more than 50 years ago has
found its logical continuation at the Ioffe Physicotech-
nical Institute in present scientific activity aimed at the
development and investigation of nanooptoelectronic
devices for the visible and middle-infrared regions of
the spectrum. In honoring Nasledov for his prominent
scientific achievements, let us follow his motto: “Stay
the course!”
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Abstract—ESR of Mn-doped GaAs is studied. The results indicate the presence of an interstitial impurity state
in GaAs:Mn which is involved in the Coulomb interaction with the substitutional Mn states. Analysis of the
temperature variations of ESR spectra and the values of the g factor shows that the interstitial center has a d5

electron configuration. The substitutional Mn create a strong random crystal field at the interstitial Mn ion.
The results can be explained by assuming the existence of a nonzero dipole moment in the neutral state of Mn.
© 2003 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

The magnetism of Mn-doped gallium arsenide with
an Mn concentration of about 1020 cm–3 is characterized
by high values of the Curie temperature [1]. At certain
levels of doping, gallium arsenide remains semicon-
ducting, which shows promise for the fabrication of
electronic devices that utilize the interaction of polar-
ized charge carriers with the magnetic field of impurity
atoms.

The existing theories describing impurity ferromag-
netism of Mn-doped GaAs [1] suggest the existence of
exchange interaction between substitutional centers.
This study aims to show that high-resistivity samples
contain interstitial centers that are involved in the inter-
action with other states even at low Mn content.

It has long been known that Mn introduced into the
lattice sites of GaAs forms two charge states [2]. The
first state with zero (neutral) charge relative to a crystal
is formed if a chemical bond is not completely filled
with electrons, i.e., when only two Mn electrons are
involved in bonding, instead of three, as occurs when
other transition-element atoms enter a crystal. A hole
generated in the bond becomes involved in the
exchange interaction with the d electrons of Mn, which
results in the formation of a ground state with a spin
S = 1 [3]. Henceforth, we denote such a center as Mn0.
In addition, in highly compensated samples, or in sam-
ples with n-type conductivity, one always observes
states with an almost cubic environment and which pos-
sess the d5 electron configuration with a spin S = 5/2. In
accordance with commonly accepted terminology, we
will call such states “ionized” and denote them as Mn–.
Finally, another state has been found quite recently by
the ENDOR method in neutron-irradiated GaAs doped
lightly with Mn. This state corresponds to the intersti-
tial manganese centers Mnint with a d5 electron config-
uration [4]. The ENDOR spectrum is characterized by
1063-7826/03/3708- $24.00 © 0872
g values equal to 2.0006 and by a constant of hyperfine
structure A = 266 MHz ≡ 88.9 × 10–4 cm–1.

In samples of GaAs highly compensated with Mn,
apart from the ESR spectra of individual dopant cen-
ters, a transition was observed which is characterized
by anomalous temperature behavior of the signal inten-
sity and an unusual g value (g = 4.18 ± 0.03 [5]). These
features were attributed to a strong exchange interac-
tion between Mn centers. However, in light of the data
discussed below, this explanation seems incorrect.

In actual fact, such a spectrum has not been
observed in GaAs:Mn samples with n-type conductiv-
ity [6] or in Zn-compensated samples with p-type con-
ductivity [7], in spite of almost the same concentration
of Mn introduced into the crystal. This means that only
the paramagnetic centers having different states are
involved in the interaction. Strong exchange interaction
between various ions implies that the resulting values
of g should be intermediate between the values for the
isolated states [8]. In our case, gneu = 2.81 and gion =
2.002 [7, 5], which is in contradiction with the observed
value g ≈ 4.

2. RESULTS

ESR spectra were measured using a Bruker ER
220D spectrometer in the temperature range 3.8–100 K.
Highly compensated samples similar to those studied in
[5] were used in the measurements.

The entire ESR spectrum which includes the transi-
tion of interest to us is shown in Fig. 1. The spectrum
consists of two almost isotropic lines with g ≈ 4.07 ±
0.03 and g ≈ 2.0 (compare with the data in [5]). In con-
trast to [5], the value of g was determined from the posi-
tion of the center in a poorly resolved hyperfine struc-
ture with a constant A = (99 ± 4) × 10–4 cm–1 (T =
7.3 K). Rotating a sample in a magnetic field at low
temperatures (T < 7.3 K) leads to the disappearance of
the hyperfine structure at certain orientations. The
2003 MAIK “Nauka/Interperiodica”
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intensity of this spectra differs appreciably for various
samples cut from the same crystal. This feature, as well
as the superposition of the transition with g ≈ 2 on the
lines of the individual states of the ionized Mn– center,
explains why the transition with g ≈ 2.0 is not men-
tioned in [5], and also why the g factor is determined
with low accuracy.

The measurements of the samples with an Mn con-
centration from 1016 to 1018 cm–3 show that the values
of g for the first spectral component in the absence of a
hyperfine structure can vary within the range from 4.00
to 4.2, all other factors being the same. Therefore, the
temperature variations of the intensity of transition and
the values of g are in contradiction with the conclusion
made in [9] that the line with g = 4.07 (g = 4.0, accord-
ing to [9]) corresponds to a forbidden ESR transition of
the ionized state of Mn (Mn–) in a cubic coordination of
the lattice site.

All transitions are characterized by an unusual line
shape with a structure that becomes more pronounced
with increasing temperature (see inset in Fig. 1). The
temperature dependences of the relative intensity for
both transitions, which is proportional to the population
of states [8], are virtually identical, which is seen from
Fig. 2 (sample A57 [5]). This observation allows one to
conclude that the transitions with the g factors men-
tioned above correspond to the ESR spectrum of a sin-
gle state. The specific hyperfine structure indicates that
this state is an Mn state. The possibility of observing
ESR up to temperatures of about 100 K shows that the
spin-lattice relaxation rate is low; i.e, we are dealing
with a nondegenerate orbital state. The values of the
constant of the hyperfine structure are only slightly
larger than the value obtained for Mn in the crystals
with predominantly ionic bonds, i.e., in cadmium and
barium fluorides, e.g., A ≤ 93 × 10–4 cm–1 [10]. In other
words, hybridization of the d functions with the func-
tions of the valence band is virtually equal to zero.

All of the above-mentioned features show that Mn
enters the crystal as an interstitial ion (Mnint) with a 3d5

electron configuration. It should be noted that the val-
ues of the parameters of the spectrum differ from the
values given in [4] (see above).

3. DISCUSSION

The observed features of the spectrum can be
explained by using the idea of the combined action of
strong axial and orthorhombic crystal fields which are
random in magnitude and in the orientation of the Z
axes. In this case, the isotropy of transitions under con-
sideration, the unusual line shape, and the unresolved
hyperfine structure are determined by averaging the
spectrum over all possible rotation angles of the Z axis,
while the nonmonotonic temperature dependence of
population can be explained by the fact that this state is
not the lowest one. 
SEMICONDUCTORS      Vol. 37      No. 8      2003
In the crystal studied, the most commonly encoun-
tered impurity is Mn; therefore, random crystal fields at
low impurity concentrations should most probably be
created by the neutral Mn0 states and the substitutional
Mn– centers that have an excessive negative charge with
respect to the crystal matrix. The ratio of the concentra-
tions of these centers as a function of the total Mn con-
centration in a crystal is given in [5].

An axial crystal field can be created by any charged
impurity center, including Mn–. Using the operators-
equivalents, this field can be represented in the form of

DZ . Correspondingly, the Mn0 states can create a
field of orthorhombic symmetry, provided they have a
nonzero electric dipole moment. This assumption is
supported by the data obtained in [9], which are indic-
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Fig. 1. ESR spectra of sample A57 at several temperatures.
The lower spectrum is measured at T = 3.8 K under the
effect of uniaxial pressure. The inset shows the fragments of
the spectrum.
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Fig. 2. Temperature dependence of the relative magnetiza-
tion of the components of the ESR spectra with the g factors
equal to (1) ~ 2.0 and (2) 4.07 for sample A57.
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ative of the electric-dipole nature of the magnetic reso-
nance spectrum of Mn0. Stabilization of the electric-
dipole axis can be attributed to the effect of the Cou-
lomb potential which is created by charged centers and
acts on a neutral center; the positive potential of an
Mnint center is especially important. This potential can
change the orientation of a dipole in such a way that its
positive charge will be located farther from the Mnint
than the negative one. It is of significance that the
orthorhombic electric field can be created under the
condition that the axis joining the dipole charges does
not coincide with the axis joining the Mn0 and MNint
centers. Using the commonly used notation [8] for the
operators-equivalents, this field can be written as (Dx –

Dy)(  – ).

The ideas discussed above about interacting states
make it possible to determine the signs of the potentials
acting on the interstitial Mn center. The potential
formed by Mn– is negative, which corresponds to its
charge with respect to the crystal matrix. If we accept
the mechanism discussed above on the spatial fixation
of the electric dipole of an Mn0 center, then the poten-
tial difference created by the individual components of
a dipole also turns out to be negative.

Of course, other combinations of charges of differ-
ent nature with similar symmetry can also contribute to
the spectrum of Mn states. For example, a dipole struc-
ture can be formed by an Mn––D+ pair with D as a
donor [5]. However, the change in the shape of the ESR
line with temperature in the range 3.8–8 K is indicative
of the dynamics in crystal-field sources. As an ana-
logue, we can use the motion of particles in a liquid,
which results in the narrowing of the NMR (or ESR)
line due to the rapid oscillations of a local field acting
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Fig. 3. Position of the 6S-state levels in a strong crystal field
(Hamiltonian (1)) in units of E/2 as a function of the ratio of
parameters D and E. The numbering corresponds to the
numbers of levels. The values of D and E in the figure are
positive.
at a magnetic center, provided that the rate of the spin–
lattice relaxation of the source of this field is high [8].
Here, it is worth mentioning that the ESR spectrum of
Mn0 at the temperatures T ≤ 8 K broadens with increas-
ing temperature until it totally disappears [7]. There-
fore, the most probable source of the orthorhombic
field seems to be the Mn0 state.

Thus, the spectrum of interacting Mn centers can be
described by the Hamiltonian of the form

(1)

where D and E are the constants that characterize axial
and orthorhombic fields acting on the center, β is the
Bohr magneton, H is the vector of the magnetic field
strength, and S = 5/2 is the spin of Mnint. The terms that
describe hyperfine interaction and that are responsible
for the conservation of the centroid of the split lines are
omitted in (1), as they are not necessary for the analy-
sis.

The results of the numerical diagonalization of the
Hamiltonian (1) and the calculation of the components
gz and gx of the g factor [6] are shown in Figs. 3 and 4.
From these figures, it is seen that the values of g ~ 4.00–
4.18 and ~2.0, which characterize the Zeeman splitting
of only one of the levels, are obtainable under the con-
dition 24 < 2D/E < 26. The value of the gx component
of the upper level at D < 0 and E < 0 varies from 4.00
to 4.18. The corresponding values of gz are equal to
1.8–1.88. The values of the components of the g tensors
are gz ~ 10 and gx ~ 0 for the lower level, and gz ~ 6 and
gx ~ 2 for the level of the intermediate state.

Verification of the calculations presumes observa-
tion of the transitions at least with the characteristic val-
ues gz ~ 10 and gz ~ 6. In the region of T = 3.8 K, the
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Fig. 4. Calculated values of the components of the g tensor
for the states shown in Fig. 3 in relation to the ratio of
parameters D and E. Vertical lines mark the limiting values
of 2D/E (open circles) and the value gx = 4.07 (central line).
The values of D and E in the figure are negative.
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application of an external pressure to a crystal, as noted
in [11], results in the disappearance of the ESR spec-
trum of a neutral Mn center. In this region, a transition
with a peculiar ESR line shape is observed (Fig. 1). The
corresponding value g = 8.3 ± 0.5 is determined at the
half-height of the line; i.e., the results of calculation
correlate quite well with the observed ESR spectra.

Thus, analysis of the features of the EPR spectrum
shows that the interstitial Mn centers can exist not only
in neutron-irradiated samples, but also in highly com-
pensated samples. The electron configuration of such
centers is d5; they experience a strong crystal field of
arbitrary orientation.

The relative intensity of this state is described by the
exponential law (Fig. 2). The index of the exponential
function ∆E should obviously be related to the energy
spacing of the levels shown in Fig. 3. A rough estimate
of these values can be obtained from the following con-
siderations. The average distance between impurity
centers in GaAs crystal with an impurity concentration
of about 1017 cm–3 is approximately equal to 34 lattice
constants. Treating a crystal as a medium with a permit-
tivity ε (εGaAs = 12), we can estimate the potential Wdipole

created by Mn0 at a site occupied by the Mnint ion using
the classical approach.

The potential can be written as Wdipole ≤ q2l/εr2,
where l is the characteristic length of a dipole. Assum-

ing l = ( /4)alattice, i.e., equal to the distance to the
nearest-neighbor atom with tetrahedral bonds; the
charge q, equal to the elementary charge; and r, equal to
the average distance between Mn centers, we obtain
Wdipole ~ E ≤ 0.32 cm–1 for the Mn concentration of 5 ×
1016 cm–3.

The temperature dependence of the relative inten-
sity of the ESR line with gx = 4.07 and gz = 2.0 allows
us to conclude that this state is the upper one in the cal-
culated spectrum at D < 0 and E < 0. Denoting the spac-
ings between levels as ∆E1 and ∆E2 (the energy and
indices are reckoned from the bottom), the calculation
with regard to the estimated value E yields the follow-
ing results: ∆E1 = 8.3–8.9 cm–1 and ∆E2 = 15.1–
16.7 cm–1, which, in view of the crudeness of the
approach used, is quite close to the value ∆E = 9.1 cm–1

obtained from the temperature dependence of the pop-
ulations of states (Fig. 2).

3
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4. CONCLUSION
The features of the ESR of interacting Mn centers in

gallium arsenide show that the ESR spectrum at low
temperatures originates from the interstitial manganese
ions Mnint.

The Mnint ions interact with the neutral and ionized
states of Mn. The interaction between Mnint, Mn0, and
Mn– has a Coulomb nature.

The results can be interpreted by assuming that the
neutral Mn0 state (d5 + hole) has a nonzero electric
dipole moment; i.e., a hole is spatially shifted with
respect to the electron core with d5 configuration.
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Abstract—Transport properties of p-Ga1 – xInxAsySb1 – y/p-InAs:Mn heterostructures with undoped layers of
solid solutions similar in composition to GaSb (x & 0.22) grown by liquid-phase epitaxy on substrates with a
Mn concentration of (5–7) × 1018 cm–3 are studied. It is ascertained that there is an electron channel at the inter-
face (from the InAs side). The anomalous Hall effect and negative magnetoresistance are observed at relatively
high temperatures (77–200) K. These phenomena can be attributed to the s–d-exchange interaction between Mn
ions of the substrate and s electrons of the two-dimensional channel. The effective magnetic moment of Mn ions
was evaluated as µ = 200µB at T = 77 K. © 2003 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

It was shown by Voronina et al. [1–3] that, in indi-
vidual p-Ga1 – xInxAsySb1 – y/p-InAs heterostructures
with undoped layers similar in composition to GaSb
(x & 0.22), an electron channel with semimetal prop-
erties exists at the interface. This channel features
high electron mobility at 77 K: µ77 = (3–7) ×
104 cm2 V–1 s–1. In these studies, the Hall effect, the
mobility, and the magnetoresistance were investigated
as functions of temperature and magnetic field. It was
shown that the Hall coefficient and the electron mobil-
ity observed in the electron channel remain constant in
the temperature range from 77 to 200 K and are inde-
pendent of the magnetic field strength. The magnetore-
sistance has a positive sign and is governed by the
mobility. Heavily compensated p-InAs:Zn or p-
InAs:Mn samples with a hole density of p300 & 1017 cm–3

were used as high-resistivity substrates. However, at a
high degree of compensation, the conductivity of p-
InAs begins to change to intrinsic at T > 200 K and the
substrate shunts all charge transport in the p-GaIn-
AsSb/p-InAs:Mn heterostructure.

This study is aimed at investigating the transport
properties of p-GaInAsSb/p-InAs:Mn heterostructures
grown on substrates doped heavily with manganese
(p  = (5–7) × 1018 cm–3). This problem is of interest
since manganese, which behaves as an acceptor impu-
rity in InAs, is used in the fabrication of various opto-
electronic devices. It is well known that Mn is a transi-
tion element; Mn atoms have unfilled 3d and filled 4s
shells (electron configurations 3d5 and s2, respectively).
Manganese dissolves easily in InAs, occupying sites in
1063-7826/03/3708- $24.00 © 20876
the indium sublattice. When the Mn concentration in
InAs becomes sufficiently high, Mn exhibits specific
properties: at low temperatures, it is in the Mn3+ charge
state (the 3d4 electron configuration) and provides
n-type conductivity. At higher temperatures, Mn atoms
can capture electrons from the valence band (one elec-
tron per Mn atom). Thus, Mn atoms change their charge
state to Mn2+ (the 3d5 electron configuration), due to
which the p-type conductivity arises.

Thus, the purpose of this study was to investigate the
behavior of the Mn impurity in p-Ga1 – xInxAsySb1 – y/p-
InAs:Mn heterostructures (x = 0.04, 0.09, 0.22) and in
heavily doped (p = (5–7) × 1018 cm–3) p-InAs:Mn sub-
strates. The effect of the exchange interaction between
charge carriers and the magnetic moments of Mn atoms
on the transport properties of the heterostructures under
investigation was analyzed.

2. EXPERIMENTAL RESULTS

Epitaxial layers (epilayers) of Ga1 – xInxAsySb1 – y
solid solutions with an In content x = 0.04, 0.09, and
0.22 were grown by liquid-phase epitaxy on p-InAs:Mn
substrates 350 µm thick with a hole density p = (5–7) ×
1018 cm–3. The thickness of epilayers ranged from 1 to
2 µm. Using transmission electron microscopy, we
showed that the InAs/GaInAsSb interface is sharp (the
width of the transition layer was about three to four
monolayers). The epilayers were nominally undoped;
they had p-type conductivity with a hole density p ≈
1016 cm–3 and mobility µH ≈ 2000 cm2 V–1 s–1 at T =
77 K. Six indium contacts were formed on the epilayer
003 MAIK “Nauka/Interperiodica”
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Characteristics of p-Ga1 – xInxAsySb1 –y/p-InAs:Mn heterostructures at T = 77 K

Sample 
no.

Content
of In, x

Hole density 
p, cm–3

RH, cm2/C µH, cm2 V–1 s–1 ∆ρ/ρ, %

H = 2 kOe H = 20 kOe H = 2 kOe H = 20 kOe H = 2 kOe H = 20 kOe

1 0.04 1017 –7 × 105 –7 × 105 –44000 –40000 +4 +140

2 0.09 1017 –9 × 105 –9 × 105 –48000 –46000 +2 +110

3 0.22 1017 –6 × 105 –6 × 105 –30000 –30000 +5 +170

4 0.04 5 × 1018 –220 +5.4 –440 +14 –1.3 –9.2

5 0.09 6 × 1018 –1170 –12 –2800 –20 –4 –30

6 0.22 7 × 1018 –390 +4 –1200 +13 –1.5 –10.3
surface to measure the parameters of the
p-Ga1 − xInxAsySb1 – y/p-InAs:Mn heterostructures; spe-
cifically, the Hall coefficient RH, the conductivity σ, the
Hall mobility µH, and the transverse magnetoresistance
∆ρ/ρ in magnetic fields of strength 0–20 kOe in the
temperature range of 77–300 K were measured. These
parameters were also measured from the substrate side.
The table contains the main parameters of the
p-Ga1 − xInxAsySb1 – y/p-InAs:Mn heterostructures mea-
sured from the epilayer side at T = 77 K.

Figures 1a and 1b show the results of measurements
of the Hall coefficient RH and the Hall mobility µH as
functions of the magnetic field strength H at T = 77 in
the p-Ga1 – xInxAsySb1 – y/p-InAs:Mn heterostructures.
The measurements were performed from the epilayer
side; the hole density in the substrate was p = 1017 cm–3

(samples 1–3) and p * 5 × 1018 cm–3 (samples 4–6). As
can be seen from Figs. 1a and 1b, for a hole density in
the substrate, p = 1017 cm–3 (samples 1–3), large values
of the Hall coefficient RH and the electron mobility µH
are observed and are virtually independent of the mag-
netic field strength up to 20 kOe. In the case of a high
hole density in the substrate (p * 5 × 1018 cm–3) for the
solid solutions of any composition studied (x = 0.04,
0.09, 0.22, samples 4–6), the field dependences of the
Hall coefficient and mobility radically differ from the
corresponding dependences for samples 1–3: the values
of RH and µH become two orders of magnitude smaller,
decrease slightly with magnetic field increasing to
5 kOe, and abruptly decrease with further increase in
the magnetic field; at H * 18 kOe, the conductivity
changes from n- to p-type.

In contrast to the measurements performed from the
epilayer side, the measurements performed from the
substrate side for samples 4–6 showed p-type conduc-
tivity at T = 77 K and an increase in the Hall coefficient
RH and hole mobility µH with increasing magnetic field
over the entire range of the magnetic fields studied.
Since the dependences measured for samples 4–6 from
the substrate side were almost identical, they are shown
in Figs. 1a and 1b by a dotted line only for sample 6,
whose with hole density p = 7 × 1018 cm–3.
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Figures 2a and 2b show the temperature depen-
dences of the Hall coefficient RH and the mobility µH
measured from the epilayer side at H = 3 kOe. In sam-
ples 1–3, which were grown on substrates with an Mn
concentration p = 1017 cm–3, the Hall coefficient and the
mobility remain constant up to 200 K; above this tem-
perature, RH and µH decrease abruptly due to the
appearance of intrinsic conductivity in the substrate. In
samples 4–6, which were grown on substrates with an
Mn concentration p = (5–7) × 1018 cm–3, RH and µH
decrease gradually in the temperature range T = 77–
200 K (by approximately a factor of 2); above 200 K,
as in samples 1–3, an abrupt decrease in RH and µH is
observed.

The measurements for samples 4–6 at H = 3 kOe
from the substrate side (the dashed lines in Figs. 2a, 2b)
indicate p-type conductivity over the entire temperature
range. The Hall coefficient and the mobility increase
with increasing temperature up to 200 K. Above 200 K,
these quantities tend toward constant values.

Figure 3 shows the temperature dependence of the
Hall coefficient R calculated per unit volume for the
p-InAs:Mn substrate with an Mn concentration p = 7 ×
1018 cm–3 (sample 6) at magnetic-field values of H = 3
and 10 kOe. It can be seen that, at H = 3 kOe, the Hall
coefficient decreases with decreasing temperature
much faster than at H = 10 kOe. At T = 77 K, the values
of the Hall coefficient at H = 3 kOe become smaller
than those at H = 10 kOe by an order of magnitude. The
temperature dependence of the Hall coefficient at H =
10 kOe for InAs:Mn with approximately the same hole
density as that in [4] is also shown in Fig. 3 by the
dashed line. An abrupt decrease in RH at H = 10 kOe
occurred at T < 77 K and, at T ≈ 50 K, the Hall coeffi-
cient changed its sign.

Figure 4 shows the dependences of the transverse
magnetoresistance on the magnetic field strength in the
p-Ga1 – xInxAsySb1 – y/p-InAs:Mn heterostructures at T =
77 K. As can be seen, for all solid solution composi-
tions grown on substrates with an Mn concentration p =
1017 cm–3 (samples 1–3), the ordinary Lorentz positive
magnetoresistance is observed. Positive magnetoresis-
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tance increases proportionally with increasing mag-
netic field strength to H2. The small value of the mag-
netoresistance coefficient Br = (∆ρ/ρ)(c/µ2H2) = 0.1–
0.2 is due to scattering from impurity ions, which is
dominant because the quality of the interface is high
(roughness, dislocation loops, and other defects are
absent).
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Fig. 1. Dependences of (a) the Hall coefficient RH and (b)
the Hall mobility µH on the magnetic field strength H at T =
77 K. The curve numbers correspond to the sample numbers
in the table. Dashed lines represent the values of RH and µH
measured for sample 6 from the substrate side.
In the p-Ga1 – xInxAsySb1 – y/p-InAs:Mn heterostruc-
tures grown on substrates with a hole density p = (5–7) ×
1018 cm–3 (samples 4–6), in contrast to samples 1–3,
negative magnetoresistance (NMR) is observed for all
of the studied solid solutions compositions. NMR
increases proportionally to H2 up to 5 kOe, and, in
stronger fields (H > 10 kOe), it tends toward a constant
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Fig. 2. Temperature dependences of (a) the Hall coefficient
RH and (b) the Hall mobility µH at a magnetic field strength
H = 3 kOe. The curve numbers correspond to the sample
numbers in the table. Dashed lines represent the values of
RH and µH measured for sample 6 from the substrate side.
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value. When samples 4–6 were measured from the sub-
strate side (the dashed curve in Fig. 4), NMR was also
observed, but it was considerably lower (smaller than
1%).

The temperature dependences of NMR for samples
4–6 measured from the epilayer side at H = 3 kOe are
shown in Fig. 5. It can be seen that the temperature
dependence of the NMR is weak below 200 K and that
NMR abruptly decreases at higher temperatures; how-
ever, even at T = 300 K, the contribution of NMR is
noticeable (about 1%). The measurements of the tem-
perature dependence of NMR from the substrate side
were hindered due to the small magnitude of this effect.

Thus, the experimental data shown in Figs. 1–3 indi-
cate that the transport properties of the p-GaInAsSb/p-
InAs:Mn heterostructures grown on substrates with a
hole density p = (5–7) × 1018 cm–3 (samples 4–6) radi-
cally differ from the properties of similar heterostruc-
tures grown on lightly doped substrates with a hole den-
sity p = 1017 cm–3 (samples 1–3). This phenomenon can
be attributed only to the different properties of the sub-
strates.

103

R, cm3/C

0.01

1

0.1

T, K
102

1000100
T, K

1000

100

10

n

RH, cm2/C

p

n

H = 10 kOe
H = 10 kOe

H = 3 kOe

Fig. 3. Temperature dependences of the Hall coefficient R
for the substrate of sample 6 at H = 10 and 3 kOe (solid
lines) and for InAs:Mn with p = 8 × 1018 cm–3 at H =
10 kOe [4] (dashed line). The inset shows the temperature
dependence of RH for the heterostructure of sample 6 at H =
3 kOe.
SEMICONDUCTORS      Vol. 37      No. 8      2003
3. DISCUSSION

Let us consider first the transport properties of the p-
InAs:Mn substrate with a hole density p = (5–7) ×
1018 cm–3 and then those of the electron channel in the
p-GaInAsSb/p-InAs:Mn heterostructure with a Mn
concentration of (5–7) × 1018 cm–3.

3.1. Properties of the p-InAs:Mn Substrate 
with a Hole Density p = 7 × 1018 cm–3

We will now analyze the substrate parameters
shown in Figs. 1–4 using the substrate of sample 6 as an
example. The values of the Hall coefficient at T = 300 K
and H = 20 kOe (Fig. 3) indicate that the hole density
in the substrate of sample 6 is p = 7 × 1018 cm–3. At a
hole density p = 7 × 1018 cm–3, the Hall coefficient
should be independent of the magnetic field in the tem-
perature range of 77–300 K due to the degeneracy of
the electron–hole gas, as was observed in p-InAs:Zn
with a similar hole density [5]. A decrease in the Hall
coefficient with decreasing temperature and magnetic
field is indicative of the anomalous dependence of the
Hall coefficient, i.e., the anomalous Hall effect (AHE),
which is typical of semiconductors with magnetic
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Fig. 4. Dependences of the transverse magnetoresistance
∆ρ/ρ on the magnetic field strength H at T = 77 K. The curve
numbers correspond to the sample numbers in the table. The
dashed line represents ∆ρ/ρ for the case of measurement of
sample 6 from the substrate side. The dash–dot line repre-
sents the results of [4], p = 8 × 1018 cm–3, T = 4.2 K.
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impurities. A similar AHE was observed previously in
[4] for single-crystal InAs:Mn with an Mn concentra-
tion of (5–8) × 1018 cm–3. The Hall coefficient measured
decreased abruptly with decreasing temperature, and its
temperature dependence changed from that typical of a
p-type material to that typical of an n-type material in
the temperature range of 45–90 K (the dashed line in
Fig. 3). It was shown in [4] that, when the Mn concen-
tration in InAs exceeds 1018 cm–3, the state of the Mn
ions may change from Mn3+ to Mn2+ with a decrease in
temperature; in this case, the relationship between the
3d4 and 3d5 configurations changes, which leads to a
decrease in the hole density in the valence band and the
appearance of Mn ions with the 3d5 configuration. With
respect to the III–V semiconductors, such a phenome-

25

RI χMn

0.8

103/T, 1/K
2015105

1
2
3

0.6

0.4

0.2

0

Fig. 6. Dependence of RIχMn on inverse temperature for
(1) the substrate of sample 6 at H = 10 kOe, (2) the substrate
of sample 6 at H = 3 kOe, and (3) InAs:Mn with p = 8 ×
1018 cm–3 at H = 10 kOe [4].
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Fig. 5. Temperature dependences of the magnetoresistance
at H = 3 kOe. The curve numbers correspond to the sample
numbers in the table.
non occurs only in InSb [6] and InAs [7, 8], in which
Mn, being an acceptor impurity, has an activation
energy EA & 0.03 eV, which is close to the value
obtained in terms of the hydrogen-like model; by con-
trast, in GaAs and InP, Mn forms a multiply charged,
deep acceptor level with EA ≈ 0.1 eV [8]. In p-InAs:Mn,
manganese forms a shallow impurity level with an
energy (according to the hydrogen-like model) EA =
(0.028 – aN1/3) eV, where a = 1.31 × 10–8 eV cm. At p =
4 × 1018–1019 cm–3, overlap of electronic shells of
closely located atoms occurs and the impurity levels
approach the valence band.

The AHE observed is attributed to the specific
exchange interaction of charge carriers with the mag-
netic Mn impurity. At lower temperatures, the Hall
coefficient Rexp measured is governed by the algebraic
sum of the ordinary Hall coefficient R, related to the
effect of the Lorentz force on charge carriers, and the
anomalous Hall coefficient RIχMn, related to the magne-
tization of a sample and the spin–orbit interaction [9]:

(1)

Here, χMn is the magnetic susceptibility and RIχMn is the
Hall coefficient controlled by the magnetism of manga-
nese.

Figure 6 shows the dependence of RIχMn on inverse
temperature for a sample analyzed in [4] (Fig. 6, curve
3) and for the substrate of sample 6 at H = 10 and 3 kOe
(curves 1, 2, respectively). It can be seen that, at H =
10 kOe, all these dependences are linear in the temper-
ature range of 77–200 K. At low temperatures (T & 77 K),
when a large number of Mn ions in the Mn3+ charge
state (the d4 configuration) appear, a deviation from the
linear dependence is observed (curve 3).

We may suggest that, at high temperatures, the lin-
ear dependence of RIχMn on inverse temperature is con-
trolled mainly by the magnetic susceptibility χMn,
which also linearly depends on inverse temperature.
The Curie law, which characterizes the magnetic sus-
ceptibility of doubly charged Mn2+ ions (the d5 config-
uration), is defined by the formula [4]

(2)

Here, N is the concentration of Mn ions, S = 5/2 is the
spin moment, g = 2 is the Landé g-factor, and µB is the
Bohr magneton.

At low temperatures, when Mn3+ ions (the d4 config-
uration) arise in great number, a deviation from the
Curie law is observed. The energy diagram of the Mn
ion with the 3d4 configuration is significantly affected
by the splitting of the energy levels by the crystal field
and by the spin–orbit interaction. In this temperature
range, the average value of the magnetic moment of the
Mn ion depends on the population of different levels of
its multiplet and, therefore, on temperature. The linear

Rexp R RIχMn.+=

χMn NµBg2S S 1+( )/3kT .=
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dependence of the magnetic susceptibility at low tem-
peratures is determined by the formula [7]

(3)

where the oriented spin moment SZ = ±2 and g = 2. The
investigations of [7] showed a weak dependence of χ on
orientation, and the value of the product dSZ = 2.3 was
obtained for formula (3); in this case, n = N (N is the
total concentration of Mn ions).

Comparing the results of our studies for RIχMn for
the substrate of sample 6 at H = 10 and 3 kOe (Fig. 6,
curves 1, 2, respectively), we can see that, with a
decrease in the magnetic field, the deviation from the
linear dependence that characterizes the Curie law is
observed at higher temperatures due to the increase in
the concentration of Mn in the Mn3+ state (d4). We may
suggest that, at H = 3 kOe, the effect of spin–orbit inter-
action begins to manifest itself at higher temperatures.

The existence of negative magnetoresistance also
indicates spin interaction between charge carriers and
magnetic Mn ions. For the substrate of sample 6, the
value of the negative magnetoresistance at T = 77 K is
less than 1% (Fig. 4, dashed line). A high value of neg-
ative magnetoresistance was observed in [4] only at liq-
uid-helium temperature (Fig. 4, dash–dot line).

3.2. Properties of the Electron Channel at the p-
GaInAsSb/p-InAs:Mn heterojunction

The experimental data shown in Figs. 1–4 indicate
that the transport properties of the p-GaInAsSb/p-
InAs:Mn heterostructures grown on substrates with a
hole density p * 5 × 1018 cm–3 (samples 4–6) differ rad-
ically from the transport properties of heterostructures
grown on lightly doped substrates with p = 1017 cm–3

(samples 1–3). This phenomenon cannot be attributed
to simple shunting by a substrate, as in the case of dop-
ing with nonmagnetic impurities, for example, with Zn
[5].

Let us analyze the results obtained for samples 4–6,
which were measured from the epilayer side, in terms
of the three-layer model by the formula

(4)

where h is the total thickness of a sample; and n, p, and
µH are the experimental values of the concentrations
and mobility of charge carriers, respectively. The sub-
scripts 1, 2, and 3 are related to the epilayer of the solid
solution, substrate, and electron channel, respectively.
We ascertained that, in samples 4–6, which were mea-
sured from the epilayer side, at H & 5 kOe in the tem-
perature range of 77–200 K, n-type conductivity is
dominant and the contributions of the epilayer of the
p-type solid solution and p-type substrate to the total
effect measured become noticeable only at higher tem-
peratures and in stronger magnetic fields.

χ ng2µB
2
SZ

2 /kT ,=

µHnh µ1
2 p1h1 µ2

2 p2h2 µ3
2
n3h3,–+=
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Thus, we may conclude that, in magnetic fields with
H & 5 kOe at T & 200 K, in measurements from the
side of the solid solution, we analyze the electron chan-
nel at the p-GaInAsSb/p-InAs:Mn heterojunction for
all compositions of the solid solution.

In the p-GaInAsSb/p-InAs:Mn heterostructures
grown on substrates with an Mn concentration p = (5–
7) × 1018 cm–3, the Hall coefficient RH and the mobility
µH in the electron channel (samples 4–6) are an order of
magnitude lower than in similar structures grown on
substrates with an Mn concentration p = 1017 cm–3

(samples 1–3). This circumstance may be due to a
change in the energy structure of the heterojunction
caused by the splitting of the levels of the Mn atom by
the crystal field and the spin–orbit interaction. On the
basis of previous estimates of the energy channel and
the dependence of the electron-channel width on
mobility [2], we conclude that the value of mobility,
500–3000 cm2 V–1 s–1, corresponds to an effective chan-
nel width of 100–200 Å.

The dependence of RH on inverse temperature for
sample 6 (Fig. 6) in the electron channel at T = 77–
200 K is similar to that in the case of measurements of
the Hall coefficient in bulk InAs:Mn with a hole density
p = 8 × 1018 cm–3 at lower temperatures (T < 50 K),
where the charge state of manganese Mn3+ (d4) is dom-
inant. This fact, as discussed above, is attributed to the
spin–orbit interaction. On the basis of this circum-
stance, we may suggest that the AHE in the structures
with an electron channel that is observed at H = 3 kOe
in the temperature range of 77–200 K may be due to the
magnetic properties of the substrate and to the interac-
tion of Mn3+ ions (d4) with electrons at the interface.

As we have seen previously (Figs. 4, 5), in the p-
GaInAsSb/p-InAs:Mn heterostructures grown on sub-
strates heavily doped with manganese (samples 4–6),
negative magnetoresistance (NMR) is observed, in con-
trast to similar heterostructures grown on substrates
lightly doped with manganese (samples 1–3), where
positive magnetoresistance is observed. The appear-
ance of NMR in heterostructures with an electron chan-
nel, as well as in substrates heavily doped with manga-
nese, is observed simultaneously with AHE. However,
NMR in structures with an electron channel attains
30% at 77 K, whereas, in bulk InAs heavily doped with
manganese, such an effect is observed only at T = 4.2 K
(Fig. 4, dash–dot line).

Figure 4 shows that, at T = 77 K, the dependence of
the NMR on the magnetic field strength is of classical
type: the NMR is proportional to H2 in weak magnetic
fields (H & 5 kOe) and tends toward a constant value at
H > 10 kOe. Notably, even in the case of p-type conduc-
tivity, at H * 18 kOe, no other effects arise, except
NMR. The appearance of NMR at the interface can be
related only to the interaction of charge carriers with
the magnetic moments of Mn ions in InAs:Mn. The
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experimental results obtained for all solid solution
compositions are well described by the formula [10]

(5)

where µ is the magnetic moment of Mn ions.

If we know the dependence of ∆ρ/ρ on the magnetic
field strength, we can calculate the magnetic moment µ.
Figure 7 shows that, for all solid solution compositions,
at T = 77 K in magnetic fields H & 5 kOe, where NMR
quadratically depends on the magnetic field, the mag-
netic moment µ = 200µB. The large value of the mag-
netic moment results in a high magnetic energy µH,
which becomes comparable with the thermal energy kT
at temperatures up to 200 K in a magnetic field with
H = 5 kOe. The appearance of such high NMR at T =
77 K is observed only in the electron channel of a het-
erostructure. In bulk p-InAs:Mn doped with manganese
to the same level, such a value of NMR was observed
only at T = 4.2 K [4].

The quantity ∆ρ/ρsat controls the concentration of
magnetic centers Nm [9]. The experiments we carried
out show that the concentration of magnetic centers
increases with increasing electron mobility at the inter-
face.

Thus, we may conclude that NMR is governed by
the spin–orbit exchange interaction of Mn ions with s
electrons in the channel. The spin–orbit interaction is
equivalent to the effect of a high-power quasi-magnetic
molecular field [11] on the spins of external s electrons
in the channel. The strong quasi-magnetic field gener-
ated by Mn ions orients the spins of electrons and, when
an external magnetic field is applied, high NMR is
observed so long as the conductivity related to the elec-
tron channel is dominant.

∆ρ/ρexp ∆ρ/ρsat µH/kT( )tanh
2

,=
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Fig. 7. Dependences on the effective magnetic moment of
Mn ions µ* = µ/µB on the magnetic field strength H. The
curve numbers correspond to the sample numbers in the
table.
The obtained value of the magnetic moment µ =
200µB allows us to estimate the magnetic susceptibility
χ at the interface by formula (4): χ = 10–2 esu cm3,
which is three orders of magnitude larger than in the
substrate.

4. CONCLUSIONS

The results of the experimental study of the trans-
port properties of p-GaInAsSb/p-InAs:Mn heterostruc-
tures with a high concentration of manganese in the
substrate allows us to conclude the following.

(i) In the p-Ga1 – xInxAsySb1 – y/p-InAs:Mn hetero-
structures with undoped layers of solid solutions simi-
lar in composition to GaSb (x ≤ 0.22), grown on sub-
strates with a hole density p = (5–7) × 1018 cm–3, an
electron channel exists at the interface (on the InAs
side), in which the electron mobility µH = 500–
3000 cm2 V–1 s–1.

(ii) In the structures with an electron channel, the
AHE and NMR are observed. Their magnitudes are
controlled by the s–d exchange interaction of Mn ions
of the substrate with s electrons in the channel at the
interface.

(iii) The AHE and NMR are observed in the hetero-
structures at higher temperatures than in InAs:Mn sub-
strates. In particular, these phenomena manifest them-
selves in the heterostructures with an electron channel
at T = 77 K, whereas, in bulk samples, the AHE and
NMR are observed only at T < 30 K and at T = 4.2 K,
respectively.

(iv) The large magnitude of the effective magnetic
moment (µ = 200µB), determined from NMR, indicates
a high degree of magnetization of the interface, which
is related to the specific features of interaction between
electrons in the electron channel and magnetic Mn
impurity atoms of the substrate.
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Abstract—For approximating the insignificant deviation of the axes of radiating optical dipoles of VGaTeAs
complexes in GaAs from one of the 〈111〉  directions, the shape of the structureless photoluminescence band of
these defects at a pressure of 10 kbar along the [111] axis is analyzed. For separating split components of this
band, which belong to centers with different orientations, a procedure is developed which uses the laws of the
piezospectroscopic behavior of anisotropic centers. According to this procedure, spectral measurements are car-
ried out when the electric vector of the optical wave is either parallel or normal to the pressure axis. The model
suggested for analysis is verified. It is determined that the splitting of the energies of the centers with different
orientations at a pressure of 10 kbar is approximately equal to 38 meV. In this case, the relative fraction of the
rotator that describes the polarization properties of light emitted by an individual complex in a classical dipole
approximation is equal to 0.15. This fact is indicative of the comparability of the roles of spin–orbit and
Jahn−Teller interactions in the formation of the emitting state of the complex. © 2003 MAIK “Nauka/Interpe-
riodica”.
1. INTRODUCTION

It is known that the complex defects (complexes) in
GaAs, which consist of a Ga vacancy (VGa) and a Te
atom replacing an As atom in its sublattice (TeAs), are
effective centers of hole trapping. In n-type material,
these complexes are responsible for a broad photolumi-
nescence (PL) band peaked at the photon energy "ω of
about 1.2 eV. This band is due to the recombination of
c-band electrons with holes localized at complexes [1–
5].

Both the piezoelectric properties of this band in the
case of PL excitation due to the generation of electron–
hole pairs and its polarization in the case of resonance
polarized excitation were investigated [4–8]. These
investigations revealed the distortions of the VGaTeAs
complex responsible for this band. The distortions are
caused by the interaction of localized carriers with non-
totally atomic vibrations which are not fully symmetric
(the Jahn–Teller effect). These distortions reduce the
initial trigonal symmetry of the complex to a mono-
clinic one and have several possible orientations in an
individual defect. The external uniaxial pressure along
the [111] or [110] direction at low temperature leads to
the alignment of such distortions in a significant frac-
tion of all centers responsible for the emission band at
1.2 eV.

The directions of the axes of optical dipoles, which
are used to describe the emitting and absorbing states of
the defects under consideration in terms of the classical
dipole approximation, were determined from a quanti-
tative analysis of the results of the investigations men-
1063-7826/03/3708- $24.00 © 20884
tioned [5]. It was revealed that the relative contribution
of the rotator to the absorption and emission of light by
these centers (µ1 and µ2, respectively) lies in the range
of 0–0.26. A more exact estimate of these quantities
could not be obtained mainly because of the large width
of the PL band and relatively small splitting of its com-
ponents, which belong to the centers with different ori-
entations, under uniaxial strain [9]. Owing to this cir-
cumstance, the direct observation of these components
was impossible, and the existing method of decomposi-
tion of the complex band into its components [10]
turned out to be inapplicable. The reason for this fact is
that the band spectrum did not contain any portion
caused by a single component. In view of the circum-
stances mentioned, the magnitude of the integrated
polarization of the emission band of complexes was
determined and analyzed [4–8]. Knowing this magni-
tude only for the case of partial alignment of distor-
tions, the degree of which is unknown [5], made it
impossible to determine µ2 and, consequently, µ1 more
exactly [5].

Meanwhile, the values of these parameters allow us
to estimate the properties of optical transitions in an
individual center and may be used for the estimation of
the relative role of various intracenter interactions in
the formation of the electron state of a defect.

The purpose of this study is to apply the laws of
piezospectroscopic behavior of anisotropic centers to
the separation of the components of the emission band
at 1.2 eV for n-GaAs:Te under uniaxial pressure and to
determine the optical characteristics of the VGaTeAs
complex in terms of the classical dipole approximation.
003 MAIK “Nauka/Interperiodica”
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2. MODEL OF THE CENTERS RELATED
TO THE BAND AT 1.2 EV

AND MAIN APPROXIMATIONS

It was previously shown that all investigated proper-
ties of the PL band can be explained on the basis of the
assumption that the set of centers responsible for the
band consists of two types of defects. These defects
have identical optical properties and similar distortions
which are not fully symmetric and lead to the mono-
clinic symmetry of the defect [5]. In the centers of the
first type, the distortions may reorient and align due to
uniaxial pressure, whereas such variation in the distor-
tion orientation does not occur in the defects of the sec-
ond type. The first-type defects apparently represent
VGaTeAs isolated complexes, whereas the second-type
ones are assumed to also contain VGa and TeAs associ-
ated with some third-type center, for example, an addi-
tional Te atom. A hole bounded to such a defect is in the
vacancy state. Such a hole strongly interacts with
phonons which are not fully symmetric; this interaction
leads to distortion (Jahn–Teller effect), whereas the
influence of TeAs and associated centers is relatively
weak. It is assumed that the environment of an isolated
vacancy has the trigonal symmetry due to the Jahn–
Teller effect. Therefore, the simultaneous influence of
the donor and this effect on the vacancy state of the hole
in the complex leads to the deviation of the axis of the
radiating dipole of the complex from one of the 〈111〉
axes being relatively small. The direction of the latter
does not coincide with the initial trigonal axis at which
(or close to which) VGa and TeAs are located. For any
isolated VGaTeAs complex, three equivalent directions of
the dipole axis exist (Fig. 1) and the reorientation of the
distortion and dipole is possible. For defects of the sec-
ond type, one of the directions is fixed due to the influ-
ence of the associated center and reorientation is
impossible. However, the distribution of all possible
directions over complexes of this type is also uniform.
The direction of the optical-dipole axis is characterized
by the angle ϕ, which is reckoned from a 〈110〉-type
axis in the symmetry plane of the monoclinic complex
(Fig. 1). According to [5], ϕ ≈ 28°40′; i.e., the dipole
axis deviates from the trigonal axis closest to it by
6°−7°.

A broad emission band can be resolved relatively
easily if it contains only two components. Such a situa-
tion occurs for monoclinic centers if an external-strain
axis is parallel to the [001] axis [9]. However, the
experiments demonstrated that the splitting of the emis-
sion bands, when the electric vector of the optical wave
ε is either parallel or normal to the strain axis, is small.
Correspondingly, the shape of the bands is virtually the
same as in the absence of strain.1 Under these condi-
tions, the reliable separation of the components of the

1 This fact is caused by the proximity of the direction of the dipole
axis in the centers under investigation to that of the 〈111〉  axes,
i.e., to the dipole direction in the centers with trigonal symmetry,
in which no splitting is observed for the strain direction noted.
SEMICONDUCTORS      Vol. 37      No. 8      2003
luminescence band, with allowance made for experi-
mental error, is impossible. Therefore, we performed
experiments with the uniaxial strain along the [111]
direction. A pressure P along this axis violates the
equivalence of distortions in those isolated complexes
in which the primary axis VGa–TeAs does not coincide
with the direction of pressure. At low temperatures, this
circumstance leads to the alignment of distortions and
radiating dipoles of these complexes. Thus, all of the
isolated complexes can be divided into two groups: in
the first group, the axes of radiating dipoles deviate by
the same (low) angle from the pressure axis, and, in the
second group, the primary axis of the complex coin-
cides with the pressure axis. Therefore, for a pressure
along the [111] axis, at low temperatures, the emission
band of isolated complexes splits into two components,
which correspond to these groups. In this case, in gen-
eral, the emission band of the isolated complexes is
polarized due to the alignment [5]. It should be also
noted that, for both groups of complexes considered
above, the pressure axis lies in the plane of the defect
symmetry, i.e., in the plane that contains both the dipole
axis and the primary axis of the complex.

The complexes with directions of the dipole axis
that fail to reorient, as well as common defects with the
monoclinic symmetry at P || [111], are divided into
three groups. Concerning the orientation of dipoles rel-
ative to the pressure axis, the first two of these groups
are similar to the groups of the isolated complexes,
whereas, in the third group, the pressure axis does not
lie in the symmetry plane of the defect. In the case of
complexes with reorientable distortions, this group of
centers vanished due to the alignment. Thus, strictly
speaking, the emission band of complexes with distor-
tions that fail to reorient is split into three components
at P || [111] [9]. However, the axes of the dipoles of
complexes of the third group, similarly to the axes of
the dipoles of complexes of the second group, are
directed closely to the 〈111〉  axes, which are not parallel

As

Te

As

As

d

d

d

ϕ
VGa

Fig. 1. Initial arrangement of the components of the
VGaTeAs complex and possible directions of the d axis of
the emitting dipole.
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to the pressure axis. Therefore, one might expect that
the difference between the positions of their emission
bands is small at P || [111]. In this case, the entire emis-
sion spectrum of all centers at low temperature includes
virtually only two components, which coincide with the
components of the emission band of isolated com-
plexes. We previously used a similar model to describe
the temperature dependence of the integrated polariza-
tion of PL for the band studied for the case of uniaxial
pressure [11]. The model yielded reasonable agreement
between calculations and experiment. This model cor-
responds to the limiting case, where it is possible to dis-
regard the influence of TeAs on the vacancy state of a
hole which is bounded to a complex, compared to the
influence of the tetragonal distortion. Therefore, in fur-
ther quantitative analysis of the PL spectra, we will also
assume that the axis of the radiating dipole of the com-
plex is directed along one of the trigonal axes of the
crystal which do not coincide with the primary axis of
the defect.

Let us consider the emission of defects of the two
above-mentioned groups in n-GaAs at P || [111] and
low temperature under conditions of equal probability
of excitation of all centers due to their trapping of holes,
which appear due to the generation of electron–hole
pairs in the classical dipole approximation. In this case,
it is possible to derive the following ratios for the inten-
sities of the split components of the emission band for
different directions of optical polarization:

(1)

(2)

I1 ||( )
I1 ⊥( )
-------------

1 µ2–
µ2

--------------,=

I2 ||( )
I2 ⊥( )
-------------

1 7µ2+
4 µ+ 2

------------------,=

1.1
"ω, eV

Intensity, arb. units

1.0

0

0.8

0.6

0.4

0.2

1.0 1.2 1.3

Fig. 2. Photoluminescence spectrum of VGaTeAs complexes

in the unstrained crystal n-GaAs:Te (n ≈ 1018 cm–3) at 2 K.
(3)

(4)

Here, A is the fraction of aligning centers and Ii(||) and
Ii(⊥ ) are the intensities of the emission with the electri-
cal vector of the optical wave ε parallel and normal to
the pressure axis, respectively. The emission is due to
the ith group of complexes; the emission direction is
perpendicular to the pressure axis.

3. EXPERIMENTAL RESULTS AND ANALYSIS

In order to separate the components of the PL band
that split under the uniaxial pressure, we measured the
PL spectra for two directions of polarization, which
were mentioned in the previous section. The experi-
ments were carried out at 2 K for the Czochralski-
grown n-GaAs:Te samples with an electron density of
~1018 cm–3, which were similar to the samples investi-
gated by us previously [4–8, 11].

The emission spectrum of the VGaTeAs complexes at
P = 0 is shown in Fig. 2. No optical polarization is
observed in the band, which is indicative of the equal
probability of distribution of anisotropic emission cen-
ters over all possible orientations. A pressure of 10 kbar
along the [111] direction caused the polarization of the
band; the degree of polarization varied within the spec-
trum. This phenomenon manifested itself in differences
in the spectral shifts, depending on the direction of the
electrical vector of the optical wave of the emission
detected (Fig. 3), and is indicative of the splitting of the
spectrum into several components with various degrees
of polarization. These components were not observed
directly, and the procedure for separating them was
based on the following.

1. According to the approximate model developed in
Section 2, the number of split components is equal to 2.

2. The energy position of the components does not
vary upon varying the orientation of the plane of polar-
ization of the emission detected, and their spectral
shapes are identical and coincide with the shape of the
entire band at zero pressure (the zero spectrum). It is the
latter circumstance, in particular, that allows one to
substitute the ratios of the component intensities by the
ratios of the peaked values of the components in rela-
tions (1)–(4).

3. Component 1, related to the centers for which the
direction of the dipole axis is close to that of the pres-
sure axis, is shifted to lower photon energies compared
with Component 2. The reason for this is that the
excited (bounding the hole) state of these centers at P ||
[111] has a lower energy; the alignment of distortions
occurs due to this fact [5].

I1 ||( )
I2 ⊥( )
-------------

1 µ2–
1 7µ2+
------------------9 1 2A+( )

3 2A–
------------------------,=

I1 ⊥( )
I2 ⊥( )
-------------

µ2

4 µ2+
--------------9 1 2A+( )

3 2A–
------------------------.=
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In this case, the photon energy "ωmax(⊥ ), which cor-
responds to the peak of the emission band with e ⊥  P
shifted to higher energies (Fig. 2), specifies the lower
limit of the position of the peak of component 2 on the
energy scale. As the starting point for separating the
components of the band corresponding to e || P, let us
assume that the position of the peak of component 2
coincides with "ωmax(⊥ ) and its magnitude for e || P is
such that the highest energy part of the entire experi-
mental spectrum with the polarization mentioned is
completely controlled by component 2. The difference
between the entire spectrum and this component should
represent component 1 (its spectral shape should also
coincide with that of the zero spectrum). If the initial
stage does not yield such a representation, agreement
between the difference spectrum and the zero spectrum
may be obtained by decreasing the magnitude of com-
ponent 2 and shifting it to higher photon energies.

The possibility of describing the experimental spec-
trum with e ⊥  P by the same two components may serve
as a criterion of the accuracy of component determina-
tion and the applicability of the model used. In this
case, the peaks of the components determined should
satisfy relations (1)–(4), which include only two
parameters (µ2 and A).

The results of such a separation of components are
shown in Fig. 2. Splitting of the components at P =
10 kbar is ~38 meV, and their peak positions corre-
spond to "ω1 ≈ 1.192 eV and "ω2 ≈ 1.230 eV. The rel-
ative magnitudes of the peaks were I1 max(||) ≈ 0.85,
I2 max(||) ≈ 0.19, I1 max(⊥ ) ≈ 0.15, and I2 max(⊥ ) ≈ 0.385.

Using these values, we can derive µ2 = 0.15 and A =
0.57 from relations (1) and (3). Relations (2) and (4)
yield the same values of these parameters.

4. DISCUSSION

First of all, we should note that the obtained values
of µ2 and A lie within the ranges of possible values of
these parameters determined in [5, 11]. Let us estimate
the error introduced by neglecting the dipole-axis devi-
ation from the 〈111〉  direction. Considering the emis-
sion of the centers of the first group with allowance
made for this deviation, it is possible to derive the fol-
lowing relation (which does not include the parameter
A, similarly to relation (1)):

(5)

Here, a = sinϕ and b = (1/ )cosϕ are the absolute
values of the components of the unit vector of the
dipole axis in the 〈100〉  axes of the crystal. Using 〈100〉
ϕ = 28°40′ [5] and substituting the above magnitudes of
the component peaks from relation (5), we obtain the
value of µ2, which does not differ from the one reported
in Section 3.

I1 ||( )
I1 ⊥( )
-------------

3µ2 1 2µ2–( ) 2b a+( )2
+

3µ2 1 2µ2–( ) b a–( )2+
------------------------------------------------------------.=

2
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In order to calculate A talking the deviation men-
tioned into account let us use the expression relating
this magnitude with the integrated polarization ratio of
the emission band in the case of pressure along the
[111] axis, which ensures the maximum possible align-
ment of distortions  [5]:

(6)

Since

(7)

it follows from the results of Section 3 that  = 1.91.
In this case, according to expression (6), for the sample
investigated, A = 0.56, which virtually coincides with
the value obtained from expressions (3) or (4).
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Consequently, neglecting the deviation of the dipole
axis from the 〈111〉  direction does not lead to substan-
tial error in determining the model parameters.

The values of µ2 obtained is substantially lower than
the value of 0.2, which is typical of dipoles characteriz-
ing the emission upon recombination of a c-band elec-
tron with a hole localized at an acceptor, which is in a
state with a total momentum of 3/2 and its component
±1/2. Such a state is formed due to the spin–orbit inter-
action and the effect of the intracenter distortion (or
external uniaxial pressure) if the spin–orbit interaction
is dominant. If µ2 is smaller than 0.2, but substantially
differs from 0, the distortion and spin–orbit splitting of
the initial vacancy t2 state of the complex will be on the
same order of magnitude; i.e., in this case, the roles of
the spin–orbit and Jahn–Teller interactions in the for-
mation of the ground state of the localized hole are
comparable. According to estimates [12], in the emit-
ting state of the complex, the Jahn–Teller splitting
attains several tenths of an eV. Consequently, the spin–
orbit splitting is on the same order of magnitude.

From an analysis of the data on the polarization of
the band at 1.2 eV in the case of polarized resonance
excitation, an empiric expression relating the relative
contributions of the rotator to the absorption and emis-
sion of light by the VGaTeAs complexes was derived [5]:

(8)

Using this relation and µ2 = 0.15, we derive µ1 = 0.14.

It is also worth noting that the magnitude of splitting
of the components of the emission band determined in
Section 3 is in agreement with the range of possible val-
ues of the difference in activation energies of the ther-
mal emission of holes by complexes with different ori-
entations at the same pressure [11].

5. CONCLUSIONS

Thus, the results reported show that a model consid-
ering a set of reorientable and nonreorientable com-
plexes with identical optical parameters and directions
of the axis of the emitting dipole close to one of the
〈111〉  axes [5, 11] describes well the shape of the pho-
toluminescence band of n-GaAs:Te, which is due to
these centers, at uniaxial pressure and low temperature.
In this case, the emission band can be presented with a
rather high accuracy as the sum of two components,
whose spectral shapes coincide with the shape of the
band at zero pressure, whereas the intensities of these
components are related by expressions that are valid for
emitting dipoles with a trigonal axis. This means that
the variations in the energies of both types of com-
plexes with pressure are similar and depend only on the
dipole direction relative to the pressure axis, whereas a

µ1

0.91 3.5µ2–
3.5 5.32µ2–
-----------------------------.=
slight deviation of the defects from trigonality, which
should lead to the emergence of a third emission com-
ponent, is insignificant.

The separation of the emission components, which
belong to complexes with various orientations, along
with the results of [5], made it possible to determine the
optical parameters of complexes in the dipole approxi-
mation. The relative role of the spin–orbit and Jahn–
Teller interactions in the formation of the ground state
of the hole bounded to the VGaTeAs complex was also
estimated.

The analysis presented also demonstrates the possi-
bility of separating components of the broad emission
band of anisotropic centers under uniaxial strain by the
procedure that makes use of the laws of the piezospec-
troscopic behavior of such defects. This method can be
applied to centers with tetragonal, trigonal, orthorhom-
bic, and monoclinic symmetries, since with the corre-
sponding directions of strain, their emission bands split
into only two components [9].
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Abstract—Mössbauer emission spectroscopy of the 57Co(57mFe) isotope was used to find the dependence of
the charge state of Fe impurity atoms in GaAs on the Fermi level position in the band gap. Neutral and ionized
states of impurity atoms both in the surface region (where impurity atoms form associations with lattice vacan-
cies) and in the bulk region (where an impurity exists in the form of isolated substitutional atoms) are identified.
In the bulk region of partially compensated samples, fast electron exchange between neutral and ionized accep-
tor Fe centers performed by holes via the valence band is revealed. © 2003 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

The behavior of Fe impurity atoms in GaAs repeat-
edly attracted the attention of D.N. Nasledov (see, for
example, “The Properties of Gallium Arsenide Doped
with Iron and Nickel” [1], which is now considered a
classical study). The investigations of Fe impurity
atoms in GaAs by absorption Mössbauer spectroscopy
were initiated specifically by Nasledov [2, 3]. In this
spectroscopic method, the material under investigation
serves as an absorbent (in the case of the 57Fe isotope,
the material studied contains Fe atoms) and a conven-
tional source of radiation with a single emission line is
used (for 57Fe, radioactive nuclei of 57Co introduced
into the lattice of a cubic nonmagnetic crystal serve as
such a source). The main drawback of absorption spec-
troscopy as applied to impurity atoms is that limiting
sensitivity does not exceed 1018 cm–3. Since the Fe con-
centration in GaAs:Fe samples obtained by the float-
ing-zone method amounted to ~1020 cm–3 (which sig-
nificantly exceeds the solubility limit of Fe in GaAs:
2 × 1018 cm–3 [1]), the Mössbauer spectra were attrib-
uted to precipitates of the FeGa1.3 type [2, 3], rather
than to Fe impurity atoms. Thus, it was evident that
emission Mössbauer spectroscopy of the 57Co(57mFe)
isotope should be used for such investigations

In emission Mössbauer spectroscopy, the sample
under investigation serves as a source of gamma-ray
photons (in the case of the 57Fe isotope, the radioactive
isotope 57Co is introduced into a sample) and its radia-
tion is analyzed using a conventional absorbent with a
single absorption line (for 57Fe, the absorbent
K4Fe(CN)6 · 3H2O is used most often). The sensitivity
of the emission Mössbauer spectroscopy to the
57Co(57mFe) isotope can be as high as 1013 cm–3. How-
ever, one should bear in mind that the data obtained
from the emission Mössbauer spectra are related to the
parent atom (57Co), with respect to the site of the probe
1063-7826/03/3708- $24.00 © 0889
atom in the lattice, and to the daughter atom (57mFe),
with respect to the electronic state of the probe atom. In
particular, Masterov et al. demonstrated the efficiency
of this technique through studying Fe impurity atoms in
GaP [4, 5]: neutral and ionized Fe impurity centers
were identified and fast electron exchange between
neutral and ionized Fe centers was revealed. However,
the latter phenomenon was not observed for
57Co(57mFe) impurity atoms in GaAs [5]. In addition, it
is noteworthy that two regions (surface and bulk) can be
distinguished in the diffusion distribution of cobalt and
iron in III–V compounds; notably, the concentration of
impurity atoms and vacancies is higher in the surface
region [6]. Therefore, we should expect differing
behaviors from Fe impurity atoms in the surface and
bulk regions of a crystal. This question also remains
open.

In this study, the potentials of the emission Möss-
bauer spectroscopy of the 57Co(57mFe) isotope are used
to identify neutral and ionized states of Fe impurity
atoms in the surface and bulk regions of GaAs, as well
as to observe fast electron exchange between neutral
and ionized Fe centers in the bulk region.

2. EXPERIMENTAL

The emission Mössbauer spectra of the 57Co(57mFe)
isotope were measured using a commercial CM-22201
spectrometer at 295 and 78 K. As a conventional absor-
bent, we used K4Fe(CN)6 · 3H2O with a surface density
of 0.05 mg/cm2 with respect to the 57Fe isotope. The
instrumental width of the 57Fe spectral line was
assumed to be equal to the width of the Mössbauer
spectrum of the above absorbent with the use of the
57Co source in Pd: Γ = 0.26(2) mm/s. The GaAs sam-
ples under study doped with 57Co served as sources.
The isomer shifts δ of the 57Co(57mFe) Mössbauer spec-
2003 MAIK “Nauka/Interperiodica”
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tra are reported with respect to the K4Fe(CN)6 · 3H2O
absorbent.

In order to identify neutral and ionized Fe centers,
we used single-crystal samples of GaAs with n- and p-
type conductivity (p = n = 1.6 × 1018 cm–3 at 295 K).
Cobalt was electrolytically deposited on the sample
surface from an ammonium solution of the noncarrying
preparation 57CoCl2; samples were then subjected to
homogenizing in evacuated quartz cells in the presence
of GaAs powder (to reduce evaporation of As) for 24 h
at 1025°C. After homogenizing, the samples were
treated in a mixture of HF and HNO3 to remove the
remaining 57Co (which failed to diffuse); a layer
~20 µm thick was also removed (the Co concentration
in this layer, determined by the radioactive-tracer tech-
nique, was equal to 1018 cm–3). This layer served as a
Mössbauer source for studying the state of 57Co(57mFe)
impurity atoms in the surface layer (samples I and II
with the concentrations of charge carriers p = 2 ×
1018 cm–3 and n = 2 × 1018 cm–3, respectively). Then, a
second layer (~150 µm thick) was removed, and the rest
of the sample (where the Co concentration was ~5 ×
1016 cm–3) served as a Mössbauer source for studying
the state of 57Co(57mFe) impurity atoms in the bulk
region (samples III and IV with concentrations of
charge carriers p = 2 × 1018 cm–3 and n = 2 × 1018 cm–3,
respectively). The conductivity type of the samples did
not change after their homogenization.

In order to investigate the fast electron exchange
between neutral and ionized Fe centers in the bulk
region, we used a sample of single-crystal n-GaAs (n =

–2 –1 0 1 2
V, mm/s

(a)

(c)

(b)

(d)

N
, a

rb
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ts

Fig. 1. Emission Mössbauer spectra of 57Co(57mFe) impu-
rity atoms in GaAs measured at 295 K in the (a, b) surface
and (c, d) bulk regions of n- and p-type samples ((a, c) p =
2 × 1018 cm–3 and (b, d) n = 2 × 1018 cm–3). The spectra are
measured for samples (a) I, (b) II, (c) III, and (d) IV.
5 × 1016 cm–3 at 295 K) into which the 57Co isotope was
introduced according to the technique described above
(the homogenizing time was equal to 5 min). The
remaining 57Co that failed to diffuse was removed from
the sample surface; then, a layer ~40 µm thick was
removed following which layers with a Co concentra-
tion of ~1.5 × 1017, ~8 × 1016, and ~5 × 1016 cm–3 (sam-
ples V, VI, VII, respectively) were successively
removed to be used as Mössbauer sources.

In order to reveal the fast electron exchange between
neutral and ionized Fe centers in the surface region, we
prepared a Mössbauer source on the basis of single-
crystal n-GaAs (n = 3 × 1017 cm–3 at 295 K) into which
the 57Co isotope was introduced according to the tech-
nique described above (the homogenizing time was
equal to 24 h). The remaining 57Co that failed to diffuse
was removed from the sample surface; then, a layer
~20 µm thick was removed (the Co concentration in
this layer was ~1018 cm–3). This layer was used as a
Mössbauer source (sample VIII).

3. RESULTS AND DISCUSSION

As was noted above, due to the low solubility of Fe
in GaAs, only emission Mössbauer spectroscopy can be
used to study the state of Fe impurity atoms. In this
method, the radioactive isotope 57Co is introduced into
GaAs by diffusion doping. After the decay of 57Co, the
57mFe isotope appears, which serves as a Mössbauer
probe. When analyzing experimental results, one
should bear in mind that NCo @ NFe (NCo and NFe are the
concentrations of Co and Fe impurity in GaAs, respec-
tively); hence, the position of the Fermi level in the
band gap is governed by the concentrations of Co impu-
rity atoms and dopant atoms, as well as by the type of
their electric activity (Zn and Te are used as dopants to
fabricate p- and n-type GaAs, respectively).

According to the electrical measurements, Fe and
Co impurity atoms form deep acceptor levels in the
band gap of GaAs, which lie at 0.59(2) and 0.54(3) eV
above the valence-band top [7]. Therefore, only neutral
iron centers [Fe]0 should contribute to the spectra of p-
type samples (where the Fermi level is near the valence-
band top), and only ionized iron centers [Fe]– should be
observed in n-type samples (where NTe > NCo and the
Fermi level lies near the conduction-band bottom; NTe
is the concentration of donors).

As can be seen from Fig. 1, the fine structure of the
Mössbauer spectra depends both on the conductivity
type of an initial sample and on the location of
57Co(57mFe) impurity atoms (either at the surface or in
the bulk region). The Mössbauer spectrum of
57Co(57mFe) impurity atoms in the surface region of the
p-type sample I consists in a quadrupole doublet (δ =
0.45(2) mm/s, the quadrupole splitting EQ =
0.95(3) mm/s, the width of the components of the qua-
drupole doublet Γ = 0.55(3) mm/s; spectrum I, Fig. 1a);
SEMICONDUCTORS      Vol. 37      No. 8      2003
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by contrast, for the n-type sample II (NTe > NCo), the
spectrum involves a single broadened line (δ =
0.60(2) mm/s, EQ = 0.20(3) mm/s, Γ = 0.56(2) mm/s;
spectrum II, Fig. 1b). The parameters of spectra I and II
depend only slightly on the measurement temperature
(295 or 78 K). The presence of quadrupole splitting in
spectrum I is indicative of the formation of Co atom–
vacancy associations in the surface region; notably,
after the radioactive decay of 57Co, the daughter 57mFe
atoms remain in such associations. The isomeric shift
of spectrum I corresponds to the trivalent state of iron
57mFe3+ with the electronic configuration 3d5. There-
fore, the parent Co atoms incorporated in these associ-
ations are in the trivalent state 57Co3+. The dependence
of the isomeric shift of the spectra of Fe impurity atoms
in the surface region on the conductivity type of sam-
ples is indicative of electrical activity of the aforemen-
tioned associations. In the p-type sample I, the associa-
tions are in the neutral state, and they contain
57Co3+(57mFe3+) ions with incomplete systems of tetra-
hedral bonds, which leads to a large quadrupole split-
ting of the Mössbauer spectrum I. In the n-type sample
II, the associations under consideration are ionized and
they contain the 57Co2+(57mFe2+) ions with complete
systems of tetrahedral bonds. As a result, the quadru-
pole splitting of spectrum II is significantly smaller
than that of spectrum I.

The Mössbauer spectra of 57Co(57mFe) impurity
atoms in the bulk regions of the p-type sample III (spec-
trum III, Fig. 1c) and the n-type sample IV (spectrum
IV, Fig. 1d) consist of single, somewhat broadened
lines (Γ = 0.50(2) mm/s) with different isomeric shifts:
the smallest shift is observed for the p-type sample (δ =
0.38(2) mm/s), and the largest shift is observed for the
n-type sample (δ = 0.63(2) mm/s). The parameters of
the spectra depend weakly on the measurement temper-
ature. Evidently, spectrum III should be attributed to
isolated neutral acceptor iron centers [57mFe]0 that
formed after the radioactive decay of isolated neutral-
acceptor cobalt centers [57Co]0 (the isomeric shift δn)
and spectrum IV should be attributed to isolated ion-
ized-acceptor iron centers [57mFe]– that formed after the
radioactive decay of isolated ionized-acceptor cobalt
centers [57Co]– (the isomeric shift δi). The value of δn is
typical of isomeric shifts in the Mössbauer spectra of
compounds containing trivalent iron with the electronic
configuration 3d5. Such a conclusion is in agreement
with the results of studying GaAs:Fe by the ESR
method [8].

The increase in the isomeric shift of the 57Co(57mFe)
Mössbauer spectra upon passage from the [57mFe]0 cen-
ters to the [57mFe]– centers indicates that the electron
density at the 57mFe nuclei decreases. Apparently, the
ionization of the [57mFe]0 center is accompanied with an
increase in the population of the 3d shell of the iron
SEMICONDUCTORS      Vol. 37      No. 8      2003
atom. For quantitative estimation of the variation in the
isomeric shift, the following relation should be used:

(1)

Here, α is the calibration constant (α = 0.23  mm/s
[9]); |Ψn(0)|2 and |Ψi(0)|2 are the electron densities at the
nuclei of the centers [57mFe]0 and [57mFe]–, respectively
(they were calculated in [10]); and a0 is the Bohr radius.

If the centers [57mFe]0 and [57mFe]– have electronic
configurations 3d5 and 3d6, respectively, the theoretical
value of ∆theor = 0.58 mm/s. This value differs signifi-
cantly from the experimental value of ∆exptl =
0.25(2) mm/s. The differences between the measured
and calculated values of ∆ are attributed to the fact that
the nonzero population of the 4s orbital of the Fe atom,
which changes upon passing from the [57mFe]0 center to
the [57mFe]– center, is disregarded in the calculations.

The Mössbauer spectra of 57Co(57mFe) impurity
atoms in the bulk region of partially compensated sam-
ples V, VI, and VII (spectra V, VI, VII in Figs. 2a, 2b, 2c,
respectively) at room temperature consist of individual,
somewhat broadened lines (Γ = 0.50(2) mm/s) whose
isomeric shifts steadily vary with increasing degree of
compensation (0.50(2), 0.56(2), 0.63(2) mm/s for spec-
tra V, VI, VII, respectively). However, at 78 K, the iso-
meric shifts of the spectra of these samples turned out
to be identical (0.62–0.63 mm/s) and to correspond to
ionized centers [57mFe]– (see Figs. 2d, 2e, 2f).

∆ δn δi– α Ψn 0( ) 2 Ψi 0( ) 2–( ).= =

a0
3–
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Fig. 2. Emission Mössbauer spectra of 57Co(57mFe) impu-
rity atoms in the bulk region of GaAs measured at (a–c) 295
and (d–f) 78 K. The Co concentration is (a, b) 1.5 × 1017;
(b, e) 8 × 1016; and (c, f) 5 × 1016 cm–3. The spectra are
measured for samples (a, d) V; (b, e) VI; and (c, f) VII.
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In order to explain the features in spectra V, VI, and
VII, we should take into account that, when the condi-
tion NCo > NTe is satisfied, the Fermi level is related to
the level of the Co atom with the energy ECo as follows:

(2)

Here, βCo is the degeneracy factor of the Co-atom level;
G = (NCo – NTe – p + n)/(NTe + p – n) ≈ (NCo – NTe)/NTe;
and n and p are the electron and hole densities, respec-
tively.

Hence,

(3)

where Nn and Ni are the concentrations of neutral and
ionized iron centers, respectively; βFe is the degeneracy
factor of the Fe-atom level; and EFe is the energy of the
Fe-atom level.

Thus, if the values of EFe and ECo are rather close to
each other one can satisfy the condition P ≈ 1 by vary-
ing the concentrations of cobalt (NCo) and tellurium
(NTe). In this case, the fine structure of the emission
Mössbauer spectra will depend on the relation between
the lifetime of the Mössbauer level of the 57mFe isotope
(τ0 ≈ 10–7 s) and the time τ of electron exchange
between [57mFe]0 and [57mFe]– centers.

If τ ! τ0, a single line with the isomeric shift

(4)

will be observed in the Mössbauer spectrum. This line
is related to some averaged state of iron, which appears

µ ECo kT βCoG.ln–=

P Nn/Ni G βCo/βFe[ ] EFe ECo–( )/kT[ ] ,exp= =

δ δi Pδn+( )/ P 1+( ),=

0 1

0

0.5

2
G

1.0

P

Fig. 3. Dependence of P = Nn/Ni on G = (NCo – NTe)/NTe
(here NCo, NTe, Nn, and Ni are the concentrations of Co
atoms, Te atoms, neutral Fe centers, and ionized Fe centers,
respectively). The straight line corresponds to the value of
(βCo/βFe)exp[(EFe – ECo)/kT] = 0.53(3).
due to the fast electron exchange between [57mFe]0 and
[57mFe]– centers.

If τ @ τ0, then, under the condition that parent Co
atoms be electrically active, a single line (related to
neutral [57mFe]0 centers) will be observed in the Möss-
bauer spectrum, whereas, under the condition that Co
atoms be electrically inactive, two lines (related to the
neutral [57mFe]0 and ionized [57mFe]– centers) will be
observed.

Evidently, spectra V, VI, and VII are indicative of
fast electron exchange between neutral and ionized iron
centers in the bulk region of the material; this exchange
arises when the Fermi level µ is located near the energy
level of the iron atom EFe. Samples III, IV, and V satisfy
the condition P ≈ 1. Indeed, since the Te concentration
in all of these samples was 5 × 1016 cm–3, the value of
G for these samples ranged from 2 to 0 and the Fermi
level shifted from the midgap (at G = 0) to the position
a few kT below the level ECo (at G = 2). Figure 3 shows
the calculated dependence P(G), which corresponds to
the value of (βCo/βFe)exp[(EFe – ECo)/kT] = 0.53(3).
Assuming that βCo/βFe ≈ 1 (since this value cannot dif-
fer greatly from unity), we obtain EFe = ECo – 0.016(3)
eV. This value is consistent with the data of [7].

Thus, fast (τ ! τ0) electron exchange between the
neutral and ionized acceptor iron centers in the bulk
region of partially compensated GaAs is ascertained.
This exchange occurs via the trapping of a hole by a
[57mFe]– center with subsequent transfer of the trapped
hole to the valence band. For this process, the lifetime
of the ionized [57mFe]– center τi is governed by the rate
of trapping of a hole by this center

(5)

where p is the hole density, V is the thermal velocity of
holes, and σ is the cross section of trapping of a hole by
a [Fe]– center.

According to the Hall measurements, for the sam-
ples under investigation, p = 1015 cm–3; thus using V =
107 cm/s and, σ = 10–13 cm2 (the lower limit for the
cross section of the trapping of a hole by a Coulomb
center), we obtain τn = τi = 10–9 s (here, τn is the lifetime
of the [57mFe]0 center); i.e., during the time interval τ0,
more than 102 events of recharging of iron centers
occur, and some averaged state of the impurity iron
centers is observed in the Mössbauer spectrum.

We can try to reduce the electron-exchange rate by
decreasing the measurement temperature. However, at
78 K, the spectra of samples V, VI, and VII are related
to centers [57mFe]– (see Fig. 2). This fact indicates a
temperature shift of the Fermi level rather than deceler-
ation of the electron exchange (in the latter case, only
the state of [57mFe]0 would manifest itself in the emis-
sion Mössbauer spectrum).

τ i 1/ pσV ,=
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We have also tried to reveal the electron exchange
between neutral and ionized iron centers in the surface
region of partially compensated GaAs (sample VIII).
However, as can be seen from Fig. 4, the Mössbauer
spectrum of this sample at 295 K (spectrum VIII,
Fig. 4) represents a superposition of spectra of type I
(related to 57mFe3+ ions incorporated in associations
with vacancies) and type II (related to 57mFe2+ ions
incorporated in associations with vacancies).

In order to explain the features of spectrum VIII, we
should take into account that trapping of electrons by
the 57Co center is accompanied by emission of Auger
electrons and the Fe atom turns out to be multiply ion-
ized: 57mFen+ (n ≈ 7). Such an ion is an effective trap-
ping center for Auger electrons (the maximum energy
of Auger electrons does not exceed 100 eV, which cor-
responds to the average free path λ0 ≈ 20 Å). Notably,
neutralization of the 57mFen+ ion into the stable valence
states occurs over ~10–12 s. However, the type of state
of the daughter atom (57mFe2+ or 57mFe3+) depends both
on the nature of the electrical activity of the iron center
and on the concentration of electron-trapping centers in
the lattice. Taking into account that both states of iron
manifest themselves in spectrum VIII, we may con-
clude that this spectrum demonstrates the nonequilib-
rium situation (τ @ τ0), which arises during the neutral-
ization of 57mFen+ ions in the GaAs lattice, and that the
contribution of 57mFe3+ ions to spectrum VIII is con-
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Fig. 4. Emission Mössbauer spectrum of 57Co(57mFe)
impurity atoms in the surface region of n-type GaAs (sam-
ple VIII, n = 3 × 1017 cm–3, the measurement temperature is
295 K). The positions of the quadrupole doublets corre-
sponding to spectra I and II for samples I and II are indi-
cated.
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trolled by the fraction of 57Co3+ ions that have electron-
trapping centers in the nearest neighborhood (within
the distance λ0), whereas 57Co2+ ions have no electron-
trapping centers in the neighborhood within the dis-
tance λ0.

4. CONCLUSIONS
The emission Mössbauer spectroscopy of the

57Co(57mFe) isotope was used to show that Fe impurity
centers in the surface and bulk regions of single-crystal
GaAs have different local structures. In the surface
region, where the impurity concentration is about
1018 cm–3, Fe centers form associations with lattice
vacancies, whereas, in the bulk region, where the impu-
rity concentration does not exceed 5 × 1016 cm–3, they
exist in the form of isolated substitutional impurity
atoms. It is shown that the charge state of Fe impurity
atoms in GaAs depends on the position of the Fermi
level in the band gap. The neutral and ionized acceptor
states of impurity atoms both in the surface and bulk
regions of the material are identified: in the p- and n-
type materials, iron atoms are stabilized with the elec-
tronic configurations 3d5 and 3d6, respectively. In par-
tially compensated samples of GaAs, fast electron
exchange between neutral and ionized acceptor iron
centers is revealed in the bulk region in the temperature
range of 78–295 K; this exchange is carried out by
holes via the valence band.
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Abstract—The results of our studies concerned with the use of rare-earth elements in the liquid-phase epitaxial
technology of the InP, InGaAsP, InGaAs, and GaP compounds and with the fabrication of various optoelec-
tronic and microelectronic devices and structures based on these compounds are summarized. The results
related to the surface gettering of GaAs with the films of rare-earth elements in order to obtain a high-resistivity
material for various purposes are also reported. © 2003 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

The use of rare-earth elements (REEs) (lanthanides)
in the technology of semiconducting materials was
reported for the first time in 1964 [1]. Mandelkorn et al.
[1] used doping with REEs to enhance the radiation
resistance of silicon solar cells. It was shown in subse-
quent publications that REEs behave in silicon simi-
larly to Group III elements and are acceptors. In addi-
tion, it was shown [2] that doping of silicon with REEs
leads to a decrease in the carbon concentration by a fac-
tor of about 10–30, whereas doping of germanium with
REEs [3] reduces the oxygen concentration.

Using REEs in III–V compounds was suggested for
the first time in Nasledov’s laboratory at the Ioffe Phys-
icotechnical Institute in 1967; Pyshkin et al. [4] intro-
duced lanthanides into GaP crystals grown from a solu-
tion–melt in attempts to reduce the background impu-
rity concentration in these crystals. However, high REE
concentrations in the liquid phase were apparently used
[4], so that the gettering effect was not observed; the
GaP crystals had p-type conductivity with a rather high
concentration of holes.

Intensive studies related to the use of REEs in the
technology of III–V compounds were started in the
1980s and encompassed the growth of both bulk single
crystals [5] and epitaxial layers [6]. Two fields of REE
applications were recognized almost at once.

The first field is related to the introduction of high
concentrations (1017–1020 cm–3) of REE impurities into
single crystals of III–V compounds. In this case, REEs
behave as isovalent impurities and replace Group III
elements in the crystal lattice. The presence of REEs in
the host of III–V compounds gives rise to intracenter
luminescence in the spectral regions of 1.0 and 1.54 µm
[7–12]. Recently, this effect has been actively studied
also in a silicon host with the aim of developing emit-
ters in the infrared region of the spectrum.
1063-7826/03/3708- $24.00 © 20894
The second field of applications is related to the
introduction of small amounts of REEs into the solu-
tion–melt in growing both bulk crystals [5] and epitax-
ial layers [6]. In this case, REEs act as getters of back-
ground impurities and ensure purification of the grow-
ing single crystal or epitaxial layer.

The phenomenon of purification of III–V com-
pounds (by the example of InP and InGaAs) as a result
of doping solutions–melts with La or Mg was reported
for the first time by Factor and Haigh [13]. The InP and
InGaAs compounds with an electron concentration n =
1016 and n = 1015 cm–3, respectively, were obtained;
however, the data on the mobility were not reported
since it was apparently low [13]. It was noted [13] that
the material is purified mainly owing to the effect of
Group III impurities, as a result of formation of high-
melting chalcogenides, which precipitate as slags in the
liquid phase and do not enter into the solid phase.

The phenomenon of profound purification of InP
and InGaAs solid solutions (which are lattice-matched
to InP) in the course of liquid-phase epitaxy (LPE) as a
result of doping with REEs was reported by us for the
first time in 1983 [14, 15]. The electron concentration
in the layers was reduced to ~1013 cm–3; the electron
mobility was as high as 6.5 × 104 cm2 V–1 s–1 in InP and
105 cm2 V–1 s–1 in InGaAs at 77 K. Later on, these
results were reproduced by Körber et al. [16].

In what follows, we will summarize the results of
studying the behavior of REEs in the liquid and solid
phases during LPE, the electrical properties of undoped
and doped materials, the luminescent properties of
undoped material and its photoexcitation spectra, the
properties of structures with two-dimensional electron
gas, metal–insulator–semiconductor (MIS) structures,
Schottky barriers, photoresistors, p–i–n photodiodes,
field-effect transistors (both vertical and with the
Schottky gate), light-emitting diodes based on GaP, and
003 MAIK “Nauka/Interperiodica”
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the Gunn diodes; we will also report the data on surface
gettering in GaAs using REE films.

2. EXPERIMENTAL
Epitaxial InP, InGaAsP, InGaAs, and GaP layers, as

well as structures based on these compounds, were
grown by LPE on InP:Fe, InP:Sn, and GaP:Sn sub-
strates with (100) orientation in an atmosphere of puri-
fied hydrogen (with the amount of impurities less than
0.01 ppm) in graphite sliding boats. The REE charges
(Y, Nd, Gd, Ho, Yb, and such) were put into a boat
along with In and Ga. The REE charges were 99.9%
pure, while the Ga and In charges were 99.999 and
99.9999% pure, respectively. The REE content in the
liquid phase was varied from 0.001 to 0.1 at. %. Epitax-
ial growth of InP and InGaAs(P) was performed at
645°C, and that of GaP, at 860°C; the temperature of
supersaturation of the solution–melt with respect to
phosphorus was ∆T ≈ 5 K; and the cooling rate of the
system was ~0.5 K/min. We used Si, Ge, Sn, S, Se, and
Te as donors and Mg and Cd as acceptors.

The initial material for the surface gettering was
GaAs grown by the Czochralski method [17] using Ga
and As of 99.99999% purity. This GaAs compound had
an electron concentration of n = (1–3) × 1015 cm–3 and
a mobility of 1500–2000 cm2 V–1 s–1 at 300 K; the ori-
entation of the wafers was (111), and the thickness was
1.6 mm. The GaAs wafers were coated with Y film
from one or both sides using vacuum thermal deposi-
tion; the Y film thickness was ~1000 Å. The wafers
were then subjected to heat treatment for 0.25–0.5 h at
temperatures of 700 or 800°C in the atmosphere of pure
hydrogen. The Y films were removed by plasma etching
after the heat treatment [18].

In order to determine the concentration and mobility
of charge carriers, we used the conventional method of
Hall effect measurements. X-ray diffraction studies
were performed using a double-crystal spectrometer,
and the carrier-concentration profiles were measured
using an electrolytic C–V profilometer [18]. The con-
tent of REE atoms was assessed quantitatively using an
IMS-4F ion microanalyzer. The luminescence and pho-
toexcitation spectra were also measured using conven-
tional methods.

3. SPECIAL FEATURES OF REE BEHAVIOR
IN THE CASE OF LIQUID-PHASE EPITAXY

OF INP AND INGAAS(P)
We found in our first experiments with LPE InP

growth from solutions–melts doped with REEs that the
addition of an REE to the solution–melt increases the In
solubility [6]. The influence of the REE concentration
in solutions–melts on the solubility of InP in In or in In–
Ga–As was studied using the loss of weight of the InP
substrate. Figure 1 shows the dependences of phospho-
rus solubility on the composition of the liquid phase in
the solutions–melts, with these compositions ensuring
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the formation of InGaAsP solid solutions with corre-
sponding values of λg for various concentrations of Ho
in the solutions–melts; here, λg is the wavelength corre-
sponding to the band gap Eg of the solid solution.

It can be seen from Fig. 1 that, as the content of
phosphorus and holmium increases in solutions–melts,
the solubility of InP in the melts increases. This fact can
be attributed to formation and precipitation of high-
melting compounds of P with Ho (HoP) as a slag in the
solution–melt. The resulting deficit of phosphorus in
the solution–melt is compensated by dissolution of the
substrate; thus, equilibrium is established the system
consisting of In–P(In–Ga–As–P) (liquid) and InP sub-
strate. Such an explanation is consistent with the fact
that the enthalpy of InP formation is much lower than
the enthalpy of formation for compounds consisting of
Group V elements and REEs [19].

In Fig. 2, we show the dependence of supersatura-
tion of the solution–melt with respect to phosphorus on
the Ho content in the In-P and In-Ga-As-P liquid solu-
tions corresponding to λg = 1.55 µm. It can be seen that
this effect becomes less pronounced as the content of
phosphorus in the melt decreases. It is noteworthy that
this fact should be taken into account when growing
multilayered structures in order to avoid etching of the
previous layer while growing the next layer. Almost
similar dependences were obtained when the solutions–
melts were doped with other REEs, in particular, with
Yb, Gd, and Dy.

The following situation is observed in the solid

phase. If the REE content in the liquid phase  varies
in the range of 0–0.005 at. %, epitaxial InP layers are,
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as a rule, homogeneous over the depth and area. In con-
trast, inclusions of the second phase [20] are formed if

 * 0.005 at. %; these inclusions consist of com-
pounds involving phosphorus, oxygen, elements of
Group I, and REE. A sharp increase in the density of

inclusions (to 104 cm–2) is observed for  * 0.01 at. %.
The sizes of inclusions range from 5 to 200 µm,

depending on .
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Fig. 3. The SIMS profiles of Yb in epitaxial InP layers at an
Yb content in the liquid phase equal to (1) 0.001 and
(2) 0.01 at. %.
A quantitative estimate of the concentration of Yb
atoms in epitaxial InP layers was obtained by second-
ary-ion mass spectrometry (SIMS) using an IMS-3F
(CAMECA) mass spectrometer; the results are shown
in Fig. 3. It can be seen that the concentration profile is
almost flat at low concentrations of Yb in the liquid
phase (curve 1). By contrast, a peak in the Yb concen-
tration is observed near the layer–substrate interface at

 = 0.01 at. % (curve 2); this peak is possibly related
to either an inclusion of the second phase or the com-
monly observed buildup of impurities at the interface.
An increase in the Yb concentration near the layer sur-
face is related to error in the SIMS method [21]. It can
be seen from Fig. 3 that the concentration of Yb atoms
in homogeneous samples does not exceed the method’s
sensitivity, which amounts to (2–4) × 1015 cm–3. Esti-
mation of the distribution coefficient for Yb in GaAs
according to the data represented in Fig. 3 shows that
this coefficient is no larger than 10–4, which differs from
the values of (4–8) × 10–2 obtained previously for Dy,
Gd, and Sm in GaAs [22].

Studies of the influence of  on the mismatch
between the lattice parameters of the layer and InP sub-
strate (Fig. 4) showed that the lattice parameter of the
layer did not change when the Dy content introduced

into the liquid phase was in the range of  = 0–
0.015 at. %. This fact can also indicate that the concen-
tration of REE atoms in the solid phase is low (at a level
of ~1013 cm–3). Studies of Raman scattering in InP
doped with REEs are also indicative of the absence of
lattice distortions [23].

4. MECHANISM OF PURIFICATION 
OF INP AND INGAAS(P) EPITAXIAL LAYERS 

AS A RESULT OF DOPING WITH RARE-EARTH 
ELEMENTS

Typically, the REE atoms in InP replace In atoms in
the course of LPE and behave as isoelectronic impuri-
ties [9], so that the effects of doping with REEs gener-
ally amounts to purification of the material. Our studies
concerned with the doping of InP and InGaAs(P) with
various REEs in the course of LPE showed that, as the
concentration of REE atoms in the liquid phase
increases [6], the charge-carrier concentration (equal to
ND–NA) first decreases (Fig. 5) and then the conductiv-
ity-type inversion takes place. A large spread in REE
concentrations corresponding to the conductivity-type
inversion is related to the dissimilar reactivity of differ-
ent REEs and their purity, the purity both of initial com-
ponents of the solution–melt (varying donor and accep-
tor background) and of graphite boats, and the dew
point of hydrogen.

In order to clarify the mechanism of interaction
between REEs and background impurities, we per-
formed experiments with joint doping of the solution–
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L
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melt with REEs and donors of Groups IV (Si, Ge, Sn)
and VI (S, Te, Se) [24] and acceptors of Group II (Mg,
Cd) [6]. The concentration of donors introduced into
the liquid phase was such that the electron concentra-
tion in the layers was ~5 × 1018 cm–3, which exceeds the
typical background concentration by at least an order of
magnitude. Following doping with donors, various
amounts of Dy were added to the solution–melt.

The results of the aforementioned studies are illus-
trated in Fig. 6, where the relative electron concentra-
tion in the layers is shown as a function of the Dy con-
tent in the solution–melt. The concentration n0 in the
layers that were not doped with REEs was used as the
normalization parameter. It can be seen from Fig. 6 that
the concentration of electrons (and, consequently, of
donors) in the layers doped with elements of Group IV
depends only slightly on the amount of Dy added to the
solution–melt. By contrast, the donor concentration in
the solid phase decreases appreciably (by an order of
magnitude and more) as a result of addition of Dy to the
solution–melt doped with donor elements of Group VI.
This decrease is more pronounced if the atomic weight
of the donor is lower and the donor’s reactivity is
higher. In our opinion, the reported experimental data
indicate that a chemical reaction of donors with REEs
occurs in the solution–melt after addition of REEs;
chalcogenides of REEs are mainly formed as a result of
this reaction. The well-known fact that doping with
REEs gives rise to oxygen drain is consistent with the
above model [25]. In fact, oxygen belongs to Group VI
and has the lowest atomic weight among the elements
of this Group. Therefore, the addition of an REE to the
solution–melt brings about the intense bonding of oxy-
gen, which prevents oxygen from entering into the solid
phase.

In Fig. 6, crosses represent the dependence of the
electron concentration on the Dy content in InP:Dy lay-
ers without additional introduction of donors into the
solution–melt. It can be seen that this dependence coin-
cides with the curve obtained for the samples which
were additionally doped with sulfur. This fact suggests
that sulfur and oxygen are the main background impu-
rities in the InP layer under investigation and is consis-
tent with the results of our studies of the photoexcita-
tion spectra of shallow-level donors [26].

The results obtained in experiments with the doping
of InGaAsP with Yb + Mg and Yb + Cd are listed in
Table 1. It can be seen that, in contrast to the combined
doping with donors and REEs, doping with both accep-
tors and REEs brings about an increase in the charge-
carrier concentration rather than a decrease. This fact
indicates that REEs virtually do not react with Cd and
Mg in the liquid phase, in contrast to REE reactivity
with the donors of Group IV. An increase in the hole
concentration in the layers in the case of doping with
both acceptors and REEs is apparently caused by the
deoxidation of acceptors by REEs, which leads to an
SEMICONDUCTORS      Vol. 37      No. 8      2003
increase in the acceptor concentration in the liquid
phase according to the reactions
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and, correspondingly, to an increase in the hole concen-
tration. This phenomenon can be used advantageously
in the formation of contact layers in device structures.

Taking the above into account, we may conclude
that the mechanism of purification of a material as a
result of doping the solution–melt with REEs consists
in the interaction of REEs mainly with elements of
Group VI via the formation of high-melting chalco-
genide compounds which precipitate in the liquid phase
and do not enter into the solid phase; this phenomenon
results in a reduction of the donor-concentration back-
ground by several orders of magnitude. In the situation
where the concentration of background donors in the
layers becomes lower than the concentration of back-
ground acceptors, conductivity-type inversion occurs
(Fig. 5). In this case, the REE concentration in the solid
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Fig. 6. Dependences of relative electron concentration in
InP epitaxial layers doped with elements of Group IV
((1) Ge, (2) Si, and (3) Sn) and Group VI ((4) Te, (5) Se, and
(6) S) elements on the Dy content in the liquid phase; the
curve represented by crosses corresponds to doping of the
liquid phase only with Dy.
phase is no higher than 1015 cm–3 (Fig. 3) and does not
give rise to distortion of the crystal lattice (Fig. 4).

We note in the conclusion of this section that, since
the acceptor background in the initial materials can
vary in the course of the liquid-phase formation, the
dependence of carrier concentration in the layers on the
REE content in the solution–melt can be irreproducible.
In order to increase the reproducibility of the results,
we suggested using combined doping with REEs and
Sn [6], taking into account the fact that Sn virtually
does not react with REEs in the liquid phase. Thus, it is
possible to control the electron concentration in epitax-
ial layers by introducing an amount of REE into the liq-
uid phase so that the condition NA > ND is definitely sat-
isfied and then by the proper dosing of the Sn concen-
tration in the solution–melt.

The results of these studies are shown in Fig. 7,
which illustrates the control over electron concentra-
tion n = ND – NA in InGaAs layers within the range of
n = 2 × 1014–3 × 1017 cm–3 for a Dy concentration in the
solution melt equal to 0.006 at. % and for variation of
the Sn content in the liquid phase from 0.001 to 0.4 at. %.
A typical electron-concentration profile in an
InGaAs:(Dy, Sn) epitaxial layer is shown in Fig. 8.

Such a necessity for controlling the electron concen-
tration arises, for example, in the development of pho-
todetectors, field-effect transistors, and structures with
two-dimensional (2D) electron gas, which will be con-
sidered in the following sections.

5. ELECTRICAL AND OPTICAL PROPERTIES 
OF INP AND INGAAS(P) EPITAXIAL LAYERS 

DOPED WITH RARE-EARTH ELEMENTS

The temperature dependence of the Hall electron
mobility in the InP and InGaAs(P) layers was analyzed
in detail by Gorelenok et al. [24]. Doping with REEs
makes it possible to reduce the electron concentration
in the layers to ~1013 cm–3 both in InP and in InGaAs.
The electron mobility in InGaAs can be as high as
Table 1.  Joint doping of InGaAs solid solutions with Yb and Mg and with Yb and Cd

Solid solutions
Acceptors

Yb, at. %
Characteristics at 300 K

impurity at. % p, 1019 cm–3 µ, cm2 V–1 s–1

In0.77Ga0.23As0.48P0.52 Mg 0.05 0 3.5 185

In0.77Ga0.23As0.48P0.52 Mg 0.05 0.01 4.1 230

In0.53Ga0.47As Mg 0.05 0 1.8 140

In0.53Ga0.47As Mg 0.05 0.01 6.5 150

In0.54Ga0.46As0.92P0.08 Mg 0.05 0 2.0 100

In0.54Ga0.46As0.92P0.08 Mg 0.05 0.01 4.5 110

In0.54Ga0.46As0.92P0.08 Cd 1.0 0 4.1 × 10–2 76

In0.54Ga0.46As0.92P0.08 Cd 2.0 0.08 3.1 × 10–1 47
SEMICONDUCTORS      Vol. 37      No. 8      2003



RARE-EARTH ELEMENTS IN THE TECHNOLOGY 899
1.54 × 104 cm2 V–1 s–1 at 300 K and as high as
105 cm2 V–1 s–1 at 77 K (7 × 104–105 cm2 V–1 s–1 in InP)
[6].

5.1. Lifetime of Nonequilibrium Charge Carriers

The lifetime of nonequilibrium charge carriers (τp)
in n0-InGaAs was determined from the diffusion com-
ponent of the dark current in a reverse-biased p–n junc-
tion fabricated on the basis of the above material [27].
The diffusion component of the dark current was deter-
mined experimentally from the temperature depen-
dence of reverse current at low reverse-bias voltages
~0.1 V in the temperature range from 300 to 400 K. It
was found that τp in InGaAs layers obtained by pro-
longed annealing of the solution–melt without REEs in
a hydrogen atmosphere was about 300 ns and was as
long as 10 µs for the material obtained from the solu-
tion–melt doped with REEs. Thus, doping the solution–
melt with REEs makes it possible to appreciably
increase the lifetime of nonequilibrium charge carriers
(to ~10 µs]) in InGaAs (Eg = 0.73 eV) and in InGaAsP
(Eg = 0.8 eV). Apparently, this phenomenon is caused
by the fact that REEs reduce the concentration not only
of shallow-level background donor impurities but also
of the impurities which introduce deep-level centers
into the materials under consideration.

5.2. Drift Velocity of Electrons

It is well known that the ultimate response speed of
field-effect devices is limited not only by the mobility
but also by the drift velocity (v d) of the charge carriers.
Therefore, it is of interest to ascertain the field depen-
dence of v d in InGaAsP solid solutions obtained by
doping the solutions–melts with REEs. In order to
determine the dependence v d(E), we measured the cur-
rent–voltage characteristics using a setup with opto-
electronic strobing ultrashort electrical pulses with a
time resolution of ~25 ps [28] and ~10 ps [29]. The
dependence v d(E) was calculated using the formula

where E is the electric-field strength, e is the elemen-
tary charge, n0 is the electron concentration, s is the
cross section of the sample, and I is the current through
the sample.

In Fig. 9, we show the field dependences of v d for
InGaAsP solid solutions with different compositions.
The highest drift velocity (2.8 × 107 cm/s) is observed
in the In0.53Ga0.47As ternary compound, for which the
experimental dependence v d(E) is in good agreement
with the corresponding dependence calculated using
the Monte Carlo method [29]. The obtained large val-
ues of v d are indicative of the high structural quality of
the material and of its efficient purification as a result of
doping the solution–melt with REEs. It is also notewor-

v d E( ) I E( )/en0s,=
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thy that the obtained dependence of v d(E) runs higher
for InGaAs than for GaAs; as a result, the field-effect
devices based on InGaAs are expected to have a higher
response speed than those based on GaAs.

5.3. Low-Temperature Edge Photoluminescence

The photoluminescence (PL) of InP and InGaAs
was excited by a helium–neon laser at a temperature of

Tg = 645°C
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Fig. 7. Dependence of ND – NA concentration in InGaAsP
epitaxial layers on the Sn content in the liquid phase for a
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Fig. 9. Dependences of the electron drift velocity (vd) on the electric-field strength for different compositions of InGaAsP solid
solutions at 300 K.
2 K. The low-temperature edge PL can be used to
assess the degree of purity of the material. The PL spec-
tra of nominally undoped n-InP and n-InGaAs layers
with n ≈ 1016 cm–3 consisted of an edge band peaked at
1.415–1.418 eV for InP and at 0.81–0.82 eV for
InGaAs and of a weaker (with an intensity lower than
that of the edge band by two orders of magnitude)
impurity band related to donor–acceptor recombina-
tion. The edge band has a half-width of 6–8 meV for
InP and 8–10 meV for InGaAs; these half-widths were
caused by recombination from the states which
belonged to free and bound excitons and were broad-
ened owing to the effect of a random electric field
induced by background impurities (Fig. 10). The intro-
duction of a relatively small amount of REE (no larger
than 0.001 at. %) into the solution–melt resulted in the
narrowing of the line that was related to the neutral
exciton–donor complex D0X and which was dominant
in the spectrum; in addition, a line related to an exciton
bound to a neutral acceptor A0X appeared in the spec-
trum. In the long-wavelength spectral region, which has
a relatively low intensity, the A0e band corresponding to
recombination of free electrons at shallow-level accep-
tors is intensified. Simultaneously, the electron mobil-
ity measured at 77 K increases to the values which
twice exceed the initial values (before an introduction
of REEs) and approach the values characteristic of very
pure samples. A further increase in the level of doping
of the solution–melt with REE (Fig. 10) also brings
about appreciable changes in the PL spectra.

If 0.01 at. % of Gd is introduced into the melt, the
intensity of the line A0X increases drastically, whereas
the spectral step feature X caused by emission from free
excitons transforms into a line whose intensity exceeds
that of the D0X line. Simultaneously, the integrated
intensity of the entire excitonic portion of the spectrum
and the A0e band increase. A further increase in the Gd
content (from 0.01 to 0.03 at. %) results in an apprecia-
ble quenching of D0X and X lines combined with con-
tinuing increase in the intensities of the A0e and A0X
lines. The charge-carrier mobility in corresponding
samples is found to be much lower than in the samples
which were not doped with Gd. The evolution of InP PL
spectra with increasing REE content in the solution–
melt results in the successive obtainment first of mate-
rial [11] purer than the initial undoped InP and then
compensated, high-resistivity, and pure p-type mate-
rial. A similar evolution of PL spectra is also observed
for InGaAs. In Fig. 10b, we show a typical PL spectrum
of n-InGaAs with n = 5 × 1014 cm–3. It can be seen that
the line corresponding to the exciton–donor complex
D0X with a half-width of 2.5 meV and the A0X and A0e
lines are dominant in the spectrum. Thus, the PL spec-
tra of InP and InGaAs indicate that the material is puri-
fied as a result of doping the solution–melt with REEs;
this doping reduces the internal random field of charged
impurity centers, which gives rise to a fine excitonic
structure in the spectra.

5.4. Photoexcitation Spectra

The photoexcitation spectra were measured using a
submillimeter laser magnetospectrometer with a high
resolution (~1 µeV). The emission source was a sub-
millimeter CH3OH-vapor laser with optical pumping
provided by a CO2 laser. The photoconductivity spectra
were recorded at fixed frequencies of laser radiation
with a varied magnetic field (H) at 4.2 K under Voigt’s
geometric conditions (q ⊥  H, where q is the wave vec-
tor of radiation). In order to enhance the sensitivity, the
spectra were measured using additional illumination
with photons whose energy corresponded to the funda-
mental-absorption range; the intensity of this illumina-
tion was kept constant [30].
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We studied the epitaxial InP layers obtained by dop-
ing the solution–melt with Yb or Gd; the electron con-
centration in these layers was (0.2–2.0) × 1014 cm–3 and
the mobility was (4–7) × 104 cm2 V–1 s–1 at 77 K.

In Fig. 11, we show the photoresponse which corre-
sponds to a 1s–3d–1 transition and the cyclotron reso-
nance (CR). There are no resonance lines in spectrum 1
for the sample with a Gd content of 0.001 at. % in the
liquid phase and after 1-h annealing of the solution–
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melt. Three lines corresponding to the excitation of
three donors and a CR line can be resolved in spectra 2
and 3. The magnetic-field dependences of levels 1s and
3d–1 are shown in the inset and correspond to calcula-
tions performed in the effective-mass approximation
[31]. In calculations, values of the effective Rydberg
energy Ry* = 7.31 meV and m* = 0.08m0 were used.
The chemical shift of the 1s state of donors D1–D3, i.e.,
the difference between the energy of the ground state of
donors of different chemical origin, is enlarged in the
inset to Fig. 11 for the sake of better illustration. It can
be concluded from comparing the intensities of donor-
related lines in the photoexcitation spectra 1s  2p+1

[30] and 1s  3d–1 that the donor D1 corresponds to
sulfur, whereas donors D2 or D3 correspond to silicon.
In Fig 11, we show the narrowest CR line observed in
spectrum 3 separately and on an enlarged scale.

The cyclotron electron mass m* = (0.0806 ±
0.0003)m0 is in good agreement with the value of m* in
the layers of pure InP obtained by vapor-phase epitaxy.
The effective electron mobility at the CR frequency in the
sample with spectrum 3 is as high as ~106 cm2 V–1 s–1,
which is comparable to the effective electron mobility
in ultrapure GaAs layers.
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Fig. 11. Photoexcitation spectra for the 1s–3d–1 transition
and the cyclotron resonance (CR) at a wavelength λ =
1.6 µm for the samples doped with (1) Gd (0.001 at. %),
(2) Gd (0.04 at. %), and Yb (0.01 at. %). The field depen-
dences of the shift for donor levels 3d–1 and Landau levels
N = 0 and N = 1 are shown in the inset. The arrows indicate
the transitions observed at 4.2 K.
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Thus, the photoexcitation spectra indicate that InP is
efficiently purified as a result of doping the solution–
melt with REEs.
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Fig. 13. (a) Quantum Hall effect and (b) the Shubnikov–de
Haas oscillations for two-dimensional structures shown in
Fig. 12.
5.5. Structures with a Two-Dimensional
Electron Gas

The developed technology for obtaining InP layers
and InGaAsP solid solutions, which are lattice-matched
to InP, allowed us to be the first to use LPE to develop
structures that involved a 2D electron gas and were
based on InGaAsP [32]. These structures were formed
by the consecutive epitaxial growth first of 1.2-µm-
thick InP layers with n ≈ 1016 cm–3 and then of 2.7-µm-
thick In0.53Ga0.47As layers with n = 6 × 1013 cm–3 on a
semi-insulating InP:Fe substrate. The Shubnikov–de
Haas oscillations were observed in such structures at
4.2 K; the 2D electron concentration determined from
the analysis of these oscillations was ns = 2.6 × 1013 cm–2

and did not coincide with the results of Hall measure-
ments, which indicated that the 2D channel was
shunted. Another disadvantage of the structure under
consideration consists in the fact that it is very difficult
to obtain a perfect InGaAs/InP interface owing to dis-
sociation of InP at the epitaxy temperature prior to
growth of a narrow-gap InGaAs layer.

In order to obtain a perfect heterointerface,
In0.88Ga0.12As0.23P0.77 solid solution was used as a wide-
gap material; a spacer was also introduced in order to
eliminate the shunting of the 2D channel [33]. In addi-
tion, a buffer layer of InGaAsP solid solution was
grown between the InP:Fe substrate and the wide-gap
solid-solution layer (the source of electrons) in order to
prevent Fe diffusion from the substrate into the channel
(see Fig. 12, the inset). The electron concentration in
the 0.7-µm-thick narrow-gap In0.53Ga0.47As layer and
also in the 200-Å-thick spacer and in the 0.5-µm-thick
InGaAs buffer layer was reduced to n < 1015 cm–3 as a
result of doping with REEs. The electron concentration
was equal to 6 × 1016 cm–3 in the 0.2-µm-thick wide-
gap InGaAs layer (the source of electrons). The temper-
ature dependences of the electron concentration and
mobility in the structure under consideration are shown
in Fig. 12; the magnetotransport parameters of these
structures measured at 4.2 K in strong magnetic fields
are shown in Fig. 13. The horizontal plateaus in the
quantum Hall effect and the portions with zero resistiv-
ity, which correspond to these plateaus, and also the
agreement between the 2D electron concentration
obtained from the analysis of the Shubnikov–de Haas
oscillations and the results of the Hall measurements in
weak fields indicate that there is no shunting effect in
the structures under consideration. The electron mobil-
ity was equal to 1.23 × 104 cm2 V–1 s–1 at 300 K and
7.3 × 104 cm2 V–1 s–1 at 4.2 K (Fig. 12), which are
apparently the best results ever obtained for structures
obtained by LPE. The fact that the transport character-
istics are not affected by illumination [34] indicates that
the structures under consideration hold promise for
application in the technology of high electron mobility
transistors (HEMTs).
SEMICONDUCTORS      Vol. 37      No. 8      2003
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6. RARE-EARTH ELEMENTS 
IN DEVICE TECHNOLOGY

The developed technology for the formation of epi-
taxial layers containing REEs was used to fabricate
light-emitting diodes based on GaP, Gunn diodes, pho-
todetectors based on InP and InGaAsP, and field-effect
transistors of various types.

6.1. Light-Emitting Diodes Based on GaP

One of the topical problems in the development of
light-emitting diodes (LEDs) consists in the fabrication
of a LED with pure green emission. At room tempera-
ture, such LEDs should emit light with a wavelength
λ = 555 nm (hν ≈ 2.23 eV), which corresponds to the
highest sensitivity of the human eye.

The GaP band gap at room temperature is very close
to the desired photon energy hν. However, attempts to
obtain the pure green emission from a GaP LED fabri-
cated by conventional technology have failed. As a rule,
bands related to the presence of Group II and VI impu-
rities in the material are observed in the spectrum in
addition to the emission caused by band-to-band transi-
tions. These additional bands can be most easily
observed in the spectra of low-temperature lumines-
cence, in which case the corresponding spectral lines
are reliably resolved.

In Fig. 14a, we show a typical PL spectrum of
lightly doped n-GaP (n0 ≈ 4 × 1016 cm–3) at a tempera-
ture of 2 K. The material was grown using conventional
LPE. The n-type layers with the aforementioned elec-
tron concentration are typically used as active regions
in the GaP LEDs. When discussing the spectra shown
in Fig. 14, we should bear in mind that the band gap
increases with decreasing temperature. The band with
hν ≈ 2.32 eV corresponds to the band-to-band emission
at 2 K (peak 1 in Fig. 14a). It can be seen from Fig. 14a
that the spectrum includes undesirable impurity-related
peaks 2 and 3, which have appreciable intensities, in
addition to peak 1. These undesirable peaks are caused
by recombination via donor–acceptor pairs related to
the background impurities of Groups II and VI.

Doping of the liquid phase with yttrium in the
course of growing the active region makes it possible to
significantly reduce the donor background. The purifi-
cation effect is clearly illustrated by the PL spectrum of
GaP grown under the conditions where ytterbium

(  = 0.005 at. %) was introduced into the liquid
phase (Fig. 14b). The level of doping of the epitaxial
layer is approximately the same as that of the sample
whose spectra are shown in Fig. 14a. It can be seen that
the edge-emission band (hν = 2.307 eV at 2 K) is dom-
inant in the spectrum of the sample grown with yttrium
added to the liquid phase. The impurity-related bands
are found to be suppressed to a great extent. Virtually
only the pure-green band-to-band emission with a line
half-width of ~80 meV is observed at 300 K in the PL

NY
L
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spectra of the samples under consideration (Fig. 14c). It
is noteworthy that the energy position hν of the peak
corresponding to the edge-emission band is equal to
2.24 eV at 300 K.

However, it is not sufficient to suppress the impu-
rity-related emission from the active (base) LED region
for obtaining the pure-green emission. It is also neces-
sary to suppress the impurity-related emission from the
p+-type region of a LED.

Therefore, we used the method of joint doping of the
liquid phase with magnesium and yttrium to form a p+-
type region in a GaP LED in order to obtain the pure-
green emission. In Fig. 15, we show a typical PL spec-
trum of a p-GaP layer, which has a hole concentration
of ~1018 cm–3 at 300 K and is formed using the afore-
mentioned method. The emission spectrum consists
virtually of only a single band with hν = 2.234 eV at
300 K.

The electroluminescence spectra of emitting p–n
structures formed using the developed LPE method and
based on GaP were similar to the PL spectra shown in
Figs. 14 and 15 and consisted of a single pure-green
band at 300 K. Thus, the use of REEs in LPE makes it
possible to easily fabricate GaP-based LEDs with pure-
green emission (λ = 555 nm) [35, 36].
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6.2. Gunn Diodes Based on InGaAs

The developed technology for obtaining pure layers
was used to form the structures for the Gunn diodes on
n+-InP(100) substrates with n = 1018 cm–3. The electron
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2.0 2.1 2.2 2.3 hν, eV

Fig. 15. The photoluminescence spectrum of an epitaxial p-
GaP layer (p ≈ 1018 cm–3) doped heavily with Mg and Y
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Fig. 16. The photoresponse spectrum of a photoresistor
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Fig. 17. Schematic representation of p–i–n photodiodes
with (a) mesa and (b) planar structure: (1) the n+-InP:Sn
substrate, (2) an undoped n-InP buffer layer, (3) a narrow-
gap n0-InGaAs(InGaAsP):REE layer (n0 < 1015 cm–3) with
Eg = 0.73(0.8) eV, (4) an n-InGaAsP layer with Eg = 1.0 eV,
(5) a p-InGaAs(InGaAsP) layer, and (6) a SiO2 layer.
concentration in the InGaAs active region was 1015–
1016 cm–3, and the corresponding mobility was 9 × 103–
104 cm2 V–1 s–1. The diodes were fabricated in the form
of cellular structures [37] with a contact diameter of
12 µm, which ensured the possibility of performing the
measurements in the continuous mode without addi-
tional measures for improving heat removal. Genera-
tion with an efficiency of 2.5% in the 8-mm band of
wavelengths was obtained.

A special feature of the Gunn diodes based on
InGaAs is the fact that, when compared with conven-
tional Gunn diodes based on n-GaAs and n-InP, the
generation frequency is found to be much higher for the
same thickness of the n-type layer since the peak drift
mobility of electrons in n-InGaAs is higher than in
GaAs and InP [29].

6.3. Photodetectors

The InP and InGaAs layers doped with REEs were
used to fabricate various types of photodetectors: pho-
toresistors, p–i–n diodes, avalanche photodiodes, and
field-effect and bipolar phototransistors.

In order to fabricate the photoresistors, we used
lightly doped InP and InGaAs layers that had a net con-
centration of ND – NA ≈ 1013–1015 cm–3 and were grown
on semi-insulating InP:Fe substrates (ρ = 107 Ω cm)
[38, 39]. The dark resistance of photoresistors was 106–
108 Ω for InP and 103–106 Ω for InGaAs. The initial
portions of the current–voltage characteristics were lin-
ear (j ∝  E). As the applied voltage increased so that the
electric-field strength exceeded E ≈ 2 × 103 V/cm for
InGaAs and E = 104 V/cm for InP, a deviation from
Ohm’s law was observed. A typical special feature of
the spectral characteristics of photoresistors based on
InP and InGaAs is a wide range of spectral sensitivity
that extended to the ultraviolet spectral region. The
photosensitivity was as high as 40 A/V even at a wave-
length of λ= 300 nm (Fig. 16) [38]. The long-wave-
length edge was governed by the material’s band gap.
Photoresistors based on InGaAs had a response speed
of 10–10 s and an amplification of 8–10 when the con-
tacts were spaced by 5 µm.

The technology of obtaining pure layers doped with
REEs was also used to develop two types of p–i–n pho-
todiodes: mesa-type [40] and planar [41]. Both variants
are shown in Fig. 17. In the case of a mesa structure
(Fig. 17a), passivation with poliimide varnish was used
to stabilize the dark currents [41]. The spectral-sensitiv-
ity range was 0.92–1.67 µm. The current sensitivity
was 0.5–0.7 A/W in the wavelength range from 1.3 to
1.55 µm. The dark-current density was about
10−7 A/cm2 at a bias voltage of 1–5 V. When the p–i–n
diodes with an active area 50–100 µm in diameter were
exposed to laser radiation with a wavelength of 1.3 µm
and an optical-pulse duration of 25 ps, the rise and
decay times for the photoresponse were ~50 ps [42].
SEMICONDUCTORS      Vol. 37      No. 8      2003
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Previously, there had been many attempts to fabri-
cate avalanche photodiodes (APDs) based on
InGaAs/InP heterostructures with dark currents and
noise levels that were much lower than in Ge APDs.
The APD design in which the regions of the avalanche
multiplication and optical absorption are separated
(i.e., the p–n junction is formed in the InP emitting
layer at a certain distance from the InGaAsP/InP inter-
face [43]) is found to be most successful. The formation
of a p–n junction in InP made it possible to reduce the
APD dark currents, owing to the smaller values of the
diffusion, generation–recombination, and tunneling
currents in InP than in InGaAsP (InGaAs) [43, 44]. The
smallest dark current in such APDs was attained in the
planar structure with the p–n junction outcrop at the
surface being protected with SiO2 film and amounted to
3 × 10–6 A/cm2 at 0.9Uf. The largest multiplication fac-
tor of 5500 was attained [45] in the mesa structure; the
dark-current density was equal to 8 × 10–5 A/cm2 at a
breakdown voltage Uf.

The heterostructures were formed by LPE [46] on n-
InP:Sn(100) substrates with n = (1–2) × 1018 cm–3. Prior
to epitaxial growth, the melts were subjected to long-
term annealing (for more than 20 h) in a hydrogen
atmosphere or were doped with Dy. Indium was of 6N
purity. This circumstance made it possible to reduce the
carrier concentration in n-InP and n-InGaAsP to 2 ×
1015 cm–3. A 2- to 3-µm-thick buffer layer of undoped
n-InP with n = (5–8) × 1015 cm–3, a 1.5- to 2-µm-thick
layer of undoped n-InGaAsP (Eg ≈ 0.95 eV) with n ≈
5 × 1015 cm–3, and a 3- to 4-µm-thick layer of undoped
n-InP with n = (2–5) × 1015 cm–3 were successively
grown on the n-InP substrate. Finally, Cd was diffused
into the upper n-InP layer to a depth of 1.5–2.0 µm.
Mesas with a diameter of ~100 µm were then formed
on the above structures using photolithography; the
Au–Te and Au–Zn contacts to the n- and p-type regions
were formed by vacuum deposition and subsequent fus-
ing at 450°C in the hydrogen atmosphere. In the inset in
Fig. 18, we show a schematic representation of an APD
with a mesa structure. Antireflection and protective
coating films were not deposited.

We studied the spectral sensitivity of diodes illumi-
nated from the mesa side, as well as the dark currents,
avalanche multiplication, and capacitance–voltage (C–
V) characteristics. The studies of the C–V characteris-
tics showed that the capacitance was equal to 1–2 pF in
zero-biased diodes. The capacitance was reduced to
0.6 pF when reverse bias was applied.

Figure 18 shows the dependences of the dark current
Id and the avalanche-multiplication factor M on the
reverse bias. Avalanche multiplication set in at U ≈
50 V; the value of M was as large as 200 at 86 V. The
distance between the p–n junction and the heterointer-
face was ~2 µm for the diode under consideration. The
shape of the spectral characteristics is typical of double
heterostructures illuminated from the mesa side. At
SEMICONDUCTORS      Vol. 37      No. 8      2003
M = 1, the spectral sensitivity is observed in the range
from 0.9 to 1.35 µm; this range is limited by the funda-
mental-absorption edges for the InP window and for the
narrow-band material. The photosensitivity was as high
as 0.7 A/W at λ ≈ 1.3 µm.

Vertical field-effect phototransistors were fabricated
on the basis of developed technology for obtaining
purified layers. The operation of these transistors is
based on modulation of the built-in potential barrier by
absorbed light [47]. The structure of such a field-effect
phototransistor with a buried gate is shown schemati-
cally in Fig. 19a. A ~3-µm-thick InP undoped buffer
layer with n ≈ 5 × 1016 cm–3 and then a 4-to 6-µm-thick
InGaAs(InP) active layer with n = (1–10) × 1014 cm–3

were successively formed on the n+-InP:Sn substrate in
the course of fabrication of the transistors under consid-
eration. The next technological operation consisted in
the formation of a ~1-µm-thick buried gate using selec-
tive diffusion of Zn through windows in SiO2, which
had areas of 5 × 5 or 10 × 10 µm2 and were spaced by
5 µm. After subsequent removal of SiO2, the structure
was overgrown first with a 3- to 4-µm-thick pure
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Fig. 18. Dependences of the avalanche-multiplication factor
M and the dark current Id on the reverse bias U. Schematic
representation of a LED with a mesa structure is shown in
the inset: (1) an ohmic Au–Zn contact, (2) a p-InP:Cd layer,
(3) an n-InP layer, (4) an n-InGaAsP layer, (5) an n-InP
layer, (6) an ohmic Au–Te contact, and (7) the n-InP sub-
strate.
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n0-InGaAs(InP) layer and then with a ~1-µm-thick
n+-InGaAs(InP) contact layer. Contacts to the structure
were formed by vacuum deposition of metal through
the mask of eutectic Au–Ge alloy.

Figures 19b and 19c show the output current–volt-
age (I–V) characteristics of the phototransistors under
consideration; these characteristics were either of the
triode (Fig. 19b) or pentode (Fig. 19c) type, depending
on the doping level of n0-InGaAs(InP) and on the geo-
metric parameters of the structure. The triode-type I–V
characteristics were commonly observed when the total
thickness of the space-charge region (SCR) for p+–n0

junctions was larger than (or equal to) the geometric
width of the channel, whereas the pentode-type charac-
teristics were observed if the SCR thickness was
smaller than the channel width.

Studies of the effect of illumination on I–V charac-
teristics showed that the current increased linearly with
increasing source–drain voltage in the triode-type
structures as the illumination intensity became higher.
The leveling-off of current in a wide range of illumina-
tion intensities is observed for the pentode-type I–V
characteristics (Fig. 19c), much the same as in conven-
tional planar field-effect transistors. In the triode-type
structures, the amplification coefficient first increased
with increasing illumination intensity, then reached a
maximum, and finally decreased; at the same time, the
above coefficient remained virtually constant in the
pentode-type structures in a wide range of illumination
intensities. Studies of pulse-response characteristics
showed that the rise times depended heavily on the illu-
mination intensity, geometric parameters of the struc-
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Fig. 19. A vertical field-effect phototransistor. (a) Sche-
matic representation of a structure with a buried gate: (1) the
InP substrate, (2) an InP buffer layer, (3) a p+-InGaAs bur-
ied gate, (4) an n0-InGaAs:REE layer, and (5) an n+-InGaAs
layer. (b and c) Current–voltage characteristics of the (b) tri-
ode and (c) pentode types. The illumination power was
equal to (1) 0, (2) 5 × 10–6, (3) 3 × 10–4, and (4) 2 × 10–2 W.
tures, and applied voltage. The rise and decay times
were equal to ~10 ns at high incident-light power
(10 mW), whereas these times increased to 100–200 ns
at the levels of illumination power lower than 0.1 mW.
The spectral range of photosensitivity amounted to 1.0–
1.6 µm. The static amplification coefficient was as large
as 100 when the illumination power was lower than
0.1 mW and at a bias of 1.5 V.

The method of joint doping of a material with Cd
and REEs was used to fabricate bipolar N–p–N pho-
totransistors with a heavily doped thin base [48]
(Fig. 20a). In the completed transistor, the base was in
fact composite; i.e., a 100- to- 200-Å-thick p-InGaAsP
(Eg = 0.8 eV) layer with a hole concentration of 1018 cm–3

was grown in such a way that a thin 100- to 500-Å-thick
p-type layer was formed in the adjacent wide-gap n-
InGaAsP (Eg = 1.1 eV) layer [48]. The use of a compos-
ite base makes it possible to control the transistor’s
dark-current density in a wide range (from 10–4 to
10−6 A/cm2). By varying the thickness of the narrow-
gap region in the base from 100 to 1000 Å, one can vary
the current gain from 100 to 1000 (Fig. 20b); simulta-
neously, the rise and decay times vary from 20 to
100 ns.

Strong dependences of the gain and response speed
on the illumination intensity are observed for structures
whose bases differ in thickness. These dependences are
caused by the presence of a barrier at the heterointer-
face. It was possible to obtain the highest gain, equal to
1000 (at τ ≈ 100 ns), at an illumination power of 10 mW
and relatively high bias voltages.

6.4. Schottky Barriers

The idea of using REEs to form high-quality Schot-
tky barriers was based on the assumption that the high
reactivity with respect to oxygen, arsenic, and phospho-
rus would make it possible to reduce the probability of
the formation of unstable conducting phases for native
InP and InGaAs oxides. In addition, it was assumed that
the presence of REEs would also reduce the migration
of As and P at the metal–InP(InGaAs) and insulator–
InP(InGaAs) interfaces. This effect of REEs would
ensure large values of the Schottky barrier height, a low
density of states at the insulator–InP(InGaAs) inter-
face, and temporal stability of the above parameters.

In order to form Schottky barriers based on InP and
InGaAs with an electron concentration n = (1–2) ×
1016 cm–3, multilayered metallization was used; layers
of ytterbium (with a thickness of 200–300 Å), nickel
(200–300 Å), and gold (5000 Å) were used. The multi-
layered barrier was formed by deposition aided by ther-
mal evaporation in vacuum. The forward portions of the
I–V characteristics of the Schottky barriers were almost
ideal, with the ideality factor being equal to 1.05–1.1;
the barrier heights were 0.76 and 0.55 eV for InP and
InGaAs, respectively. In Fig. 21, we show the reverse I–
V characteristics of these barriers (curves 1, 2) and the
SEMICONDUCTORS      Vol. 37      No. 8      2003
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Au–n-InP barrier (curve 3) for the sake of comparison
[49]. It can be seen that the leakage currents under a
reverse voltage of 1 V are smaller for multilayered met-
allization than for conventional Au–n-InP barriers by
several orders of magnitude at a reverse bias of 1 V.

Our preliminary studies of REE oxides have shown
that REE oxides such as Sc2O3 and Y2O3 have a resis-
tivity of 1015–1016 Ω cm. These values of resistivity
almost coincide with the resistivity of thermal silicon
dioxide. The REE oxides were formed by thermal evap-
oration of scandium or yttrium in vacuum with con-
trolled introduction of oxygen. Studies of InP-based
metal–insulator–semiconductor structures incorporat-
ing the above insulators showed that the fixed charge at
the interface is smaller than 1011 electron/cm2, the den-
sity of surface states at the minimum is lower than
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Fig. 20. A bipolar N–p–N phototransistor. (a) Schematic
representation of the mesa structure: (1) the n+-InP sub-
strate, (2) a buffer n-InP layer, (3) the emitter (undoped, n ≈
1017 cm–3), (4) the composite base consisting of p-
InGaAsP:(REE, Cd) (with Eg = 0.8 eV, p = 1018 cm–3, and
a thickness of 100–200 Å) and InGaAsP (Eg = 1.1 eV, 100–
200 Å), and (5) the n-InGaAsP collector (Eg = 1.1 eV, n ≈
1017 cm–3). (b) Dependences of the current gain β on the
incident-light power P for several values of the thickness dp
of the p-type region.
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1011 eV–1 cm–2, and the hysteresis of the capacitance–
voltage characteristic is no larger than 0.2 V (Fig. 22)
[6].

6.5. Field-Effect Transistors with Schottky Barriers

The developed technology for obtaining Schottky
barriers and doped layers with high mobility (dual dop-
ing with Sn and REE) was used to fabricate field-effect
transistors with Schottky barriers [50]. The InGaAs lay-
ers with electron concentrations n = (1–2) × 1017 cm–3

had an electron mobility as high as 7000 cm2 V–1 s–1 at
room temperature. The structure and typical I–V char-
acteristics of field–effect transistors are shown in
Fig. 23 [50]. For a gate area of 1.5 × 290 µm, the
transconductance was 180 mS/mm at 300 K and the
power gain was equal to 17 dB at a frequency of 4 GHz.

In Fig. 24, we show the frequency dependence of the
power gain. For the sake of comparison, the frequency
dependence measured for a GaAs field-effect transistor
with the same topology, the same gate size, and under
the same conditions is also shown (curve 2). It can be
seen that a field-effect transistor based on InGaAs fea-
tures a higher operating frequency.

7. SURFACE GETTERING OF GAAS USING 
FILMS OF RARE-EARTH ELEMENTS

The surface gettering of high-resistivity (ρ = 108 Ω cm)
GaAs(111) and GaAs(100) doped with chromium was
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Fig. 21. Reverse current–voltage characteristics of Schottky
barriers with an area of 9 × 10–4 cm2 (the characteristics
were measured at 300 K): (1) for an InP–Yb–Ni–Au struc-
ture, (2) for an InGaAs–Y–Ni–Au structure, and (3) for an
InP–Au structure.
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reported previously. The 0.3-mm-thick wafers of this
GaAs compound were coated with ~100-nm-thick
SiO2, Si–W, Cr, or Si–Cr films and were subjected to
heat treatment for 15–45 h at 826–926°C. As a result, it
was found that the dislocation density and stresses
decreased, whereas the resistivity and carrier mobility
increased somewhat [51].

In this paper, we report the results of surface getter-
ing of impurities and defects in comparatively thick
(1.6 mm) wafers of GaAs(111) grown from initial Ga
and As of 7N purity by the Czochralski method [17];
these wafers had an electron concentration of n = (1–3)
× 1015 cm–3 and a mobility of 1500–2000 cm2 V–1 s–1 at
300 K. This was a material in which the charge-carrier
concentration was controlled by the ratio between the
concentration of intrinsic defects such as VGa, VAs, IGa,
IAs, AsGa, GaAs and of various complexes containing
these defects, rather than by the background concentra-
tion of residual impurities. An analysis of the tempera-
ture dependence of the charge-carrier concentration in
the initial material (Fig. 25) showed that this depen-
dence was governed by a shallow acceptor level with an
activation energy of 10–12 meV and by a deep donor
level with an activation energy of 150 meV. In this case,
the compensation degree was 40% and the acceptor
concentration was 1015 cm–3 [52, 53].

Surface gettering was accomplished using thin
(~100 nm) yttrium films deposited either on one side
(OSC, one-side coating) or both sides (TSC, two-side
coating) of the wafer (Fig. 26) using thermal evapora-
tion or plasma sputtering. The wafers were then sub-
jected to thermal annealing (TA) in the atmosphere of
purified hydrogen at 700–800°C; the duration of
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Fig. 22. A typical capacitance–voltage characteristic of a
Sc2O3–InP MIS structure (the Sc2O3 thickness is 250 Å).
Au Ni Yb SiO2
Au + Ge

InGaAs

InP〈Fe〉

Isd, mA

25

20

15

10

5

0 1 2 3 4
Usd, V

Ug = 0 V

–0.2

–0.4

–0.6

–0.8

–1.0

Fig. 23. Schematic representation of a Schottky barrier
field-effect transistor and the current–voltage characteris-
tics of this transistor at 300 K.

1

2

20

10

0 4 8 12

Kp, dB

f, GHz

Fig. 24. Frequency dependences of the power gain for
Schottky barrier field-effect transistors which are based on
(1) InGaAs and (2) GaAs and have identical geometric
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annealing ranged from 5 min to 38 h. It was shown that
the use of TA makes it possible to control the charge-car-
rier concentration in the range from 108 to 1014 cm–3 and
attain an electron mobility as high as 7000 cm2 V–1 s–1 at
300 K; the above results depend on the duration and
temperature of TA.

A decrease in the degree of compensation to 30% and
an increase in the electron mobility to 7000 cm2 V–1 s–1

were observed [52–54] once the initial GaAs wafer
with a two-sided Y coating was subjected to TA for 5 h
at 800°C. The temperature dependence of the electron
concentration in the resulting material is governed only
by a donor level with an activation energy of 430 meV
(Fig. 25, curve 2).

The carrier-concentration distribution over depth in
gettered wafers was determined from capacitance–volt-
age measurements using Hg–GaAs Schottky barriers
and an electrolyte–GaAs system in a chemical cell; it
was possible to illuminate the electrolyte–semiconduc-
tor interface [50, 51]. A sulfuric acid etchant H2SO4 :
H2O2 : H2O (1 : 8 : 1) was used as the electrolyte; the
latter ensured a constant etching rate of 4 µm/min for
several days. When the electrolyte–semiconductor
interface is exposed to light with hν > Eg, the photocur-
rent produced in the electrolyte–semiconductor system
is proportional to the effective hole lifetime. Conse-
quently, measurements of photocurrent during chemi-
cal etching of high-resistivity GaAs make it possible to
qualitatively determine the distribution of the effective
lifetime of nonequilibrium charge carriers.

It is noteworthy that we preliminarily studied the
carrier-concentration profile in the samples using the
Hg–GaAs Schottky barrier and layer-by-layer etching
of GaAs in the H2SO4 : H2O2 : H2O (1 : 8 : 50) etchant
(the etching rate was 100 nm/min); the results showed
that the wafer surface had the p-type conductivity with
p ≈ 1016 cm–3 down to a depth of ~0.5 µm after the Y–
GaAs structures had been subjected to TA for 0.5 h at
800°C with subsequent etching-off of the Y film in
plasma. At the same time, the GaAs surface without a Y
film (in the case of OSC gettering, Fig. 26c) also had
the p-type conductivity with p ≈ 1017 cm–3 after TA for
0.5 h at 800°C [55, 56]. The thickness of the p-type
layer was several micrometers; at a larger depth, inver-
sion of the conductivity type was observed on both
sides of the wafer and the electron concentration was no
higher than ~1012 cm–3.

The concentration profiles for majority charge carri-
ers ND – NA and the effective-lifetime (τeff) profiles for
nonequilibrium charge carriers in gettered GaAs after
TA (800°C, 0.5 h) are shown in Fig. 27. The profiles are
virtually flat.

The surface layer had the n-type conductivity with
n ≈ 1013–1014 cm–3 after TA for 0.25 h at 700°C and
subsequent removal of Y films by plasma etching both
in the case of OSC and TSC gettering. The thickness of
the surface layer was several micrometers; at a larger
SEMICONDUCTORS      Vol. 37      No. 8      2003
depth, the concentration decreased to 1012 cm–3 or
lower, depending on TA conditions (Fig. 27). It can be
seen that gettering encompasses the entire volume of
the sample even if the wafer is coated with a Y film only
from one side. However, it is apparent that the uncoated
surface also contributes to the gettering effect. It can be
seen from Fig. 27 that the τeff profile is also flat after TA
both at 700°C and at 800°C; the value of τeff is 30%
larger after TA at 700°C than after TA at 800°C.

The PL spectra measured at 2 K for the TSC-get-
tered samples prior to and after TA at 800°C are shown
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films, (c) GaAs with OSC using a Y film, and (d) GaAs with
TSC using Y films.
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in Figs. 28a and 28b. As can be seen from Fig. 28a and
the data listed in Table 2, the PL spectrum of initial
GaAs (PGA-1in) includes three bands peaked at 1.512,
1.487, and 1.45 eV. The band peaked at 1.512 eV cor-
responds to the exciton bound to a neutral acceptor
(A0X), and the band peaked at 1.487 eV corresponds to
the two-hole transition of the exciton bound to the Si
neutral acceptor [57]. The band peaked at 1.487 eV was
dominant before gettering; the intensity of this band
decreased significantly after gettering (sample SGA-
8Y). At the same time, the impurity-related band
peaked at 1.45 eV, which is apparently associated with
intrinsic defects, disappears as a result of gettering [58–
60].

The impurity-emission band peaked at 1.45 eV is
not observed in the PL spectra of samples AGC-25in
and AGPin grown by the Czochralski method under a
layer of liquid boron oxide. Two bands peaked at
1.493 eV (related to a transition from the conduction
band to the neutral carbon acceptor) and at 1.513 eV
(A0X) are observed in the PL spectra of the AGPin sam-
ple (GaAs:Cr) after gettering (sample AGP-1Y). At the
same time, only a single band peaked at 1.488 eV and
attributed to a transition from a neutral donor to a neu-
tral acceptor (Mg or Be) was observed in the PL spec-
trum prior to gettering [57]. It is worth noting that the
gettering effect for impurities and defects was observed
in GaAs at ND – NA < 1016 cm–3. In this situation, the
background concentration of charge carriers is gov-
erned by intrinsic defects. The PL spectra after TSC
gettering are shown for different conditions of TA in
Fig. 28. The edge-emission bands peaked at 1.513 and
1.514 eV are related to the D+X and D0X transitions,
respectively. The studies have shown that TA for 3 h at
800°C is apparently optimal. The data obtained from

3b

1b

3a

2b

2a

1a

1014

1013

1012

ND – NA, cm–3

0 0.2 1.4 1.6

~ ~
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0

τeff, arb. units

x, mm

Fig. 27. (1a–3a) The charge-carrier concentration profiles
and (1b–3b) hole-lifetime profiles after OSC gettering (1a,
1b) for 0.5 h at 800°C and (2a, 2b) for 0.25 h at 700°C and
(3a, 3b) after TSC gettering for 0.5 h at 800°C. The points
x = 0 and 1.6 mm correspond to wafer surfaces after
removal of the Y film and to an uncoated surface, respec-
tively.
microwave photoconductivity made it possible to make
a similar conclusion.

The PL spectra measured after TSC gettering with
the use of Y–Ni films are similar to those described
above; however, the edge-emission band has a higher
intensity (see Table 2). Consequently, gettering with the
use of Y–Ni films is preferable from the standpoint of
device applications. The PL spectra after the OSC get-
tering of the samples are shown in Fig. 28c. It can be
seen that the acceptor-related band is prevalent in the
PL spectra for uncoated surfaces at both annealing tem-
peratures; at the same time, the excitonic edge band is
dominant in the spectra for coated surfaces and is most
intense after TA at 700°C. Thus, as follows from

PGA-1in
SGA-8Y
SGA-6Y
SGA-4Y
SGA-3Y

PGA-1in
AGC-25in
AGC-25Y
AGPin
AGP-1Y

PGA-800Y
PGA-800
PGA-700Y
PGA-700

(a)

(b)

(c)

×0.5

×0.5
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3000
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0

3000

2000

1000
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0
1.44 1.46 1.48 1.50 1.52
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Fig. 28. Photoluminescence spectra of GaAs at 2 K for the
samples before and after thermal annealing: (a, b) the TSC
gettering after removal of a 50-µm-thick layer and (c) the
OSC gettering. The annealing conditions are listed in
Table 2.
SEMICONDUCTORS      Vol. 37      No. 8      2003



RARE-EARTH ELEMENTS IN THE TECHNOLOGY 911
Table 2.  Heat-treatment conditions and the data on photoluminescence (PL) spectra at 2 K

Samples Coating T, 
°C t, h

Features of the spectra (PL bands)

edge-emission band impurity-emission band 
1

Ied/Iim1

impurity-emis-
sion band 2

hv, 
eV Ied

∆hv, 
meV

hv, 
eV Iim1

∆hv, 
meV hv, eV Iim2

PGA-1in – – – 1.512 2586.0 5.910 1.487 7771.2 9.110 0.333 1.450 581.3

SGA-8Y TSC Y 800 0.25 1.512 1837.4 5.913 1.490 2584.3 9.672 0.711 – –

SGA-6Y TSC Y 800 0.5 1.513 3296.5 6.648 1.490 3855.6 9.677 0.855 – –

SGA-4Y TSG Y 800 3 1.512 46419.6 6.283 1.489 17724.4 9.312 2.619 – –

PGA-4Y-370 TSC Y 800 3 1.512 10683.1 6.091 1.490 7715.0 8.241 1.385 – –

SGA-3Y TSC Y 800 28 1.514 1400.7 7.444 1.490 1235.8 9.679 1.133 – –

AGC-25in – – – 1.513 3765.5 6.463 1.489 7234.6 9.841 0.520 1.453 546.7

AGC-25Y TSC Y 800 0.5 1.512 6303.5 6.281 1.491 7223.0 10.417 0.873 – –

AGPin – – – – – – 1.488 925.8 10.199 – – –

AGP-1-Y TSC Y 800 0.5 1.513 2120.3 5.170 1.493 3905.0 10.084 0.543 – –

PGA1-10-3YNi TSC YNi 800 0.25 1.511 6279.9 6.488 1.487 3578.9 10.435 1.755 – –

PGA1-10-2YNi TSC YNi 800 0.5 1.511 7289.3 6.558 1.488 2616.3 9.249 2.786 – –

PGA1-6-1YNi TSC YNi 800 1 1.512 2594.4 6.450 1.489 963.7 9.448 2.692 – –

PGA1-6-2YNi TSC YNi 800 2 1.512 2467.7 6.193 1.488 860.3 9.009 2.868 – –

PGA1-SiO2 TSC SiO2 850 5 1.511 199.1 5.601 1.488 270.4 7.152 0.736 – –

PGA1-SiO2 TSC SiO2 850 38 1.511 1223.7 5.449 1.486 3830.1 8.772 0.320 1.444 737.7

PGA-800Y OSC Y 800 0.25 1.510 49.2 9.132 1.488 101.2 8.280 0.487 1.444 28.5

PGA-800 – 800 0.25 – – – 1.488 1368.3 10.863 – – –

PGA-700Y OSC Y 700 0.25 1.511 1121.5 5.889 1.490 352.2 10.034 3.184 – –

PGA-700 – 700 0.25 1.511 546.5 8.950 1.488 1091.6 11.160 0.501 – –

SGA-1Y (p-type) TSC Y 800 0.25 1.511 1070.4 7.225 1.489 1209.5 9.729 0.885 1.453 114.5

PGA1-6-2YNi (p-type) TSC YNi 800 2 1.512 4571.0 6.341 1.489 1346.3 9.163 3.395 – –

PGA1-10-2YNi (p-type) TSC YNi 800 0.5 1.512 222.1 5.756 1.489 159.1 10.900 1.396 1.444 53.0

PGA1-10-1YNi (p-type) TSC YNi 800 0.25 1.512 563.2 6.492 1.489 503.8 9.581 1.118 – –
Fig. 28c and Table 2, gettering at a temperature of
700°C is preferable.

Spectral data for the p-type samples with p ≈ 1016–
1017 cm–3 after gettering by Y and Y–Ni films are also
listed in Table 2.

8. CONCLUSION

It is shown that doping of the solutions–melts with
REEs in the course of LPE leads to the cleaning of InP,
InGaAsP, and GaAs epitaxial layers of background
impurities, mainly elements of Group VI; this cleaning
is caused by interaction of the above impurities with
REEs in the liquid phase, the formation of high-melting
SEMICONDUCTORS      Vol. 37      No. 8      2003
chalcogenides, and the precipitation of these chalco-
genides from the solution–melt. Cleaning of the mate-
rial is corroborated by (i) a decrease in the charge-car-
rier concentration in the layers to ~1013 cm–3 with a
simultaneous increase in the carrier mobility to (7–
10) × 104 cm2 V–1 s–1 at 77 K, (ii) excitonic structure of
the edge-luminescence spectra, (iii) the narrow lines in
the spectra of photoexcitation of shallow-level donors,
(iv) high values of the lifetime for nonequilibrium
charge carriers (~10 µs), (v) high drift velocity of elec-
trons in InGaAs (2.8 × 107 cm/s), and (vi) pure-green
luminescence in GaP (λ = 555 nm).

It is ascertained that, as the content of isovalent REEs
in the liquid phase increases from 0.001 to 0.1 at. %,
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inversion of the conductivity type occurs in InP and
InGaAs epitaxial layers when the content of REEs is in
the range of 0.001–0.008 at. %, depending on the back-
ground of acceptor impurities.

It is shown that the ultimate soluble concentration of
REEs in the solid phase is no higher than 1015 cm–3 at
the epitaxy temperature of 645°C; estimation of the dis-
tribution coefficient yielded the value of <10–4.

It is ascertained that REEs, in addition to their inter-
action with background impurities in the liquid phase,
interact with the main components of the solution–
melt, particularly with phosphorus; as a result, super-
saturation of the solution–melt with respect to phos-
phorus decreases, which should be taken into account
when growing multilayered structures.

It is shown that joint doping of solutions–melts with
an REE and Sn makes it possible to vary the electron
concentration in the layers within 1014–1017 cm–3; the
electron mobility is as high as 7000 cm2 V–1 s–1 at 300 K
in InGaAs doped with an REE and Sn (n = (1–2) ×
1017 cm–3).

The use of REEs in the technology of optoelectronic
and microelectronic devices based on InGaAs/InP
made it possible to develop the following structures and
devices:

(I) structures with two-dimensional electron gas that
feature an electron mobility of 1.23 × 104 cm2 V–1 s–1 at
300 K and 7.3 × 104 cm2 V–1 s–1 at 4.2 K and are not
affected by irradiation with white light, which is very
important for field-effect transistors with high electron
mobility (HEMTs);

(II) photodetectors of various types: planar photore-
sistors based on InGaAs and InP for the spectral range
of 0.2–1.6 µm; p–i–n photodiodes for the spectral range
of 1–1.6 µm with a sensitivity of 0.7 A/W, a response
speed of ~50 ps, and a dark-current density of
10−7 A/cm2; avalanche photodiodes with sensitivity in
the spectral range of 0.9–1.35 µm, a multiplication fac-
tor M = 200, and a dark-current density of ~10–5 A/cm2

at 0.9Uf; and vertical field-effect phototransistors,
which are designed for the spectral range of 1.0–1.6 µm
and have a static amplification coefficient of ~100;

(III) Schottky barriers based on n-InP and n-InGaAs
with leakage currents that are smaller than those for
Au–n-InP(InGaAs) Schottky barriers by several orders
of magnitude;

(IV) MIS structures based on InP with the density of
surface states at the insulator–semiconductor interface
<1011 eV–1 cm–2, a fixed charge amounting to
<1011 electron/cm2, and hysteresis voltage lower than
0.2 V;

(V) Schottky barrier field-effect transistors based on
n-InGaAs (n ≈ 2 × 1017 cm–3) with a transconductance
of 180 mS/mm at 300 K and power gain of 17 dB at
4 GHz for the gate area of 1.5 × 290 µm;
(VI) LED p–n structures based on GaP and designed
for the pure-green (λ = 555 nm) emission; and

(VII) Gunn diodes based on n-InGaAs/n+-InP with a
generation efficiency of 2.5% in the 8-mm wavelength
band of microwaves.

The results of studying the surface gettering of
GaAs by REE films can be summarized as follows.

(i) Surface gettering of 1.6-mm-thick GaAs wafers
with an initial carrier concentration of 2 × 1015 cm–3 and
mobility of 1500–2000 cm2 V–1 s–1 made it possible to
decrease the carrier concentration to 108 cm–3 and
increase the mobility to 7000 cm2 V–1 s–1.

(ii) The surface gettering of GaAs by Y films for
one- and two-sided coating of the wafer surface is a vol-
ume effect.

(iii) It is shown that the gettering effect manifests
itself even after annealing at a comparatively low tem-
perature (700°C).

(iv) Flat profiles of the carrier concentration ND – NA

and effective lifetime are extraordinary results.
(v) Generation of antipodal AsGa and GaAs antisite

defects and, possibly, various intrinsic defects (such as
VGa, VAs, IGa, and IAs) occurs in the course of gettering.
Apparently, spatial separation of antipodal defects and
formation of complexes containing these defects are
more important during gettering than direct annihila-
tion of antipodal defects; as a result of this spatial sep-
aration and complex formation, the charge-carrier con-
centration decreases and the carrier mobility increases.

(vi) Gettered GaAs can be promising as a material
for high-voltage high-power devices; for X-ray and
nuclear-radiation detectors and detectors of nuclear
particles (including neutrinos); and for very large-scale
and very high-speed integrated circuits in microelec-
tronics and optoelectronics. It is important that the
technology for production of gettered GaAs is simple
and is compatible with conventional technology for
preparation of substrates; there are only two additional
operations: deposition of gettering films and heat treat-
ment.

Thus, the results of studies reported in this paper
show that the use of REEs in the technology of III–V
compounds and optoelectronic and microelectronic
devices based on these compounds is efficient and
promising.
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Abstract—A review of the experimental investigations of high-temperature superconductivity performed at the
Department of Experimental Physics of St. Petersburg State Technical University (SPTU) under the direction
of Professor V.F. Masterov, Doctor of Physics and Mathematics, is presented. The emphasis will be on the inves-
tigation of the weak-superconductivity effect discovered in samples composed of a high-temperature supercon-
ductor (HTSC) and selenium. In 1975, Masterov became the Head of the Solid-State Spectroscopy Laboratory
on the recommendation of the Head of the Department Professor D.N. Nasledov. Since 1987, one of the
successful lines of research in the laboratory has been the investigation of high-temperature superconductivity.
© 2003 MAIK “Nauka/Interperiodica”.
Twelve years have elapsed since V.F. Masterov pub-
lished a review devoted to the macroscopic effects in
HTSCs and 15 years have passed since the investiga-
tions of high-temperature superconductivity began at
the department of experimental physics of SPTU. All of
the macroscopic phenomena in HTSCs are related to
the so-called electromagnetic effect, which was discov-
ered virtually simultaneously by Masterov and by the
research teams of Osip’yan, Müller, and Bednortz in
1987. We mean the electromagnetic-energy absorption
by a HTSC sample. The effects of magnetic-flux quan-
tization observed in this case when samples are cooled
in a magnetic field make it possible to obtain informa-
tion about the structure of the superconducting state
and the transition to this state. Masterov investigated
the nature of electromagnetic-energy absorption and
concluded that it is the multiply connected Josephson
medium that is crucial for the appearance of the super-
conducting state in granular samples. The characteristic
size of the smallest individual circuit with a weak-cou-
pling section is assumed to be controlled by the linear
size of a grain. In this case, it is possible to observe the
magnetic-flux quantization for a reasonably uniform
crystal-size distribution. It was established that weak
coupling occurs via intercrystalline regions. A signifi-
cant conclusion was also made: the circuit-size distri-
bution has to be narrow. This circumstance leads to
absorption of microwave power in a narrow tempera-
ture interval. The artificial variation in the circuit area
while increasing the fraction of the nonsuperconduct-
ing phase performed by Masterov confirmed the model
suggested. In this case, individual circuits are weakly
1063-7826/03/3708- $24.00 © 20915
coupled because an increase in the magnetic field does
not lead to superconductivity decay in an individual cir-
cuit but only reduces the Meissner effect. The result
obtained in the form of a dependence of the magnetic-
field strength on circuit area agrees well with known
concepts about flux quantization in a superconducting
ring.

Fig. 1. HTSC–Se bulk sample; the diameter of each of the
four tungsten electrodes is 50 µm.
003 MAIK “Nauka/Interperiodica”
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In the early 1990s, studies of HTSC–semiconductor
composites [2–4] began at the aforementioned depart-
ment. Bulk HTSC–selenium structures were fabricated,
and a cycle of investigations, which served as the basis
for the continuation of the studies in the late 1990s, was
performed. The successful realization of the studies
was due to several reasons. The first of these was the
appropriate choice of the semiconductor—amorphous
selenium. This semiconductor was chosen because
Masterov had a good understanding of the object of
investigation, since he had investigated the electron

Fig. 2. Cross section of a quasi-one-dimensional sample.
The inner diameter of the basic capillary is 110 µm. Five
capillaries each with an inner diameter of 20 µm and 10 mm
long are placed inside this capillary. The HTSC–Se medium
is placed inside the capillaries.

4
H, Gs

0 8

1

2

3

Fig. 3. Mesoscopic structure of the microwave-absorption
signal: the dependence of the first derivative of the micro-
wave-absorption signal with respect to the magnetic field on
magnetic field.
spin resonance in selenium, while researching his Can-
didate dissertation [5]. Second, the microwave method
(the basic one in experiments) was also well known by
Masterov. In Figs. 1 and 2, we show two objects fabri-
cated at that time: an HTSC–Se bulk sample and an
HTSC–Se capillary. When processing the current–volt-
age characteristics obtained for the HTSC–Se bulk
samples, Masterov called attention to the existence of a
Josephson current in the structures with the size of
weak coupling exceeding the critical one by an order of
magnitude. It was suggested that a new mechanism of
current transport forming the Josephson medium man-
ifests itself in this case. When discussing the results,
attention was drawn to alternative mechanisms of
superconductivity, in particular, to the model of super-
conductivity in structures with U– centers. Unfortu-
nately, Masterov passed away before the results of stud-
ies in this field were published [6].

Let us consider the electromagnetic experiment with
HTSC–Se capillaries. In Fig. 3, we show the field
dependence of absorption at 77 K. The observation of a
signal in the mesoscopic form makes it possible to esti-
mate the areas of the Josephson circuits and compare
these areas with the known size distribution of HTSC
crystals in the selenium bulk. Our attention is drawn to
the following fact: the appearance of circuits whose
size is larger than that of an individual HTSC crystal
(14 µm; the magnetic field strength B = 0.4 G). After
several temperature cycles, these features disappear
(compare curves 1 and 3 in Fig. 3). At the same time,
conventional magnetic-flux quantization (B = 6–2 G) is
observed in circuits related to the size of an individual
HTSC crystal (approximately 3 µm). Statistical pro-
cessing of the results of X-ray scanning of the surface
yields a distribution with a mean grain size of 3 µm.
The mechanism of the appearance of unconventional
circuits is now investigated in terms of a new model of
superconductivity.

The next cycle of investigations was started at the
Department with the discovery of fullerenes and the
detection of superconductivity in structures based on
them. The investigations in this field were described in
detail in the review devoted to the investigations of
fullerenes at the Department [7]. The microwave
investigations of single-crystal HTSCs are described
in [8].
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Abstract—Results of investigations of the longitudinal magnetic relaxation of the neutral state of the Mn0 cen-
ter in GaAs are presented. Relaxation mechanisms were determined from the broadening of the electron-spin-
resonance line in the temperature range of 3.4–8.2 K and from the variation in the nuclear relaxation rate in the
range of 36–310 K. The nuclear relaxation investigation demonstrates that the electron relaxation is governed
by the interaction between lattice vibrations and local vibrations of the center. This allows one to represent the
electron relaxation at low temperatures as the consequence of anharmonicity of local vibrations of the electron
dipole moment of the Mn0 center. © 2003 MAIK “Nauka/Interperiodica”.
† 1. INTRODUCTION

The results of investigating the spin-lattice relax-
ation (SLR) of a paramagnetic center are of great help
in interpreting the results of electron spin resonance
(ESR), studies especially when the structure of the
spectrum, which allows one to determine the true spin
of the paramagnetic state, is absent. Furthermore, the
manifestation of the excited state of the center in the
spectrum of acoustic vibrations of the lattice (the
Debye spectrum) is possible. This makes it possible,
using SLR investigations, to independently determine
the relatively small energy spacing between the ground
and excited states of the center [1].

A direct investigation of effects related to the mani-
festation of the spin-lattice relaxation, specifically, the
saturation of the signal and the relaxation broadening of
the ESR line [2, 3], is often possible only in a limited
temperature range due to the high rate of SLR. There-
fore, the investigation of nuclear SLR makes it possible
to study electron relaxation at higher temperatures [4].
This is possible since the nuclear SLR time τ1 is sub-
stantially longer than the electron-relaxation time T1. If
the dependence of the time of correlation between the
nuclear and electronic subsystems on temperature is
sufficiently weak, it will then be possible to assume that
the nuclear relaxation rate is proportional to the elec-
tron relaxation rate.

In various publications, the results of [5], which was
devoted to the investigation of the temperature depen-
dence of ultrasonic absorption, were discussed. Ultra-
sonic absorption is of the relaxation type, which makes
it possible to determine the relaxation time from the fre-

† Deceased.
1063-7826/03/3708- $24.00 © 20918
quency at which the absorption is strongest. The results
of [5] admit ambiguous interpretation of the tempera-
ture dependences of the relaxation time, which was
considered in detail in [6]. The second-order Raman
process with the participation of a weakly split multip-
let of the ground state of a neutral Mn center (the
Orbach–Blum mechanism) and the first-order process
in which phonons are involved were compared. A
phonon is in resonance with the spacing between the
ground state of the center and the level that manifests
itself in the Debye spectrum and is due to the impurity
(the Orbach–Aminov mechanism). Comparison has
demonstrated that the rate of the Raman process in the
temperature range 7 K < T < 10 K should be substan-
tially higher, even with allowance made for the random
stresses affecting the center.

In this study, we report the results of investigating
relaxation in a wide temperature range. The use of a
wide temperature range allowed us to obtain a consid-
erable range of variation in the value of T1. The results
demonstrate that the relaxation of the Mn0 center can-
not be considered in terms of conventional concept of
interaction of the magnetic moment of a center with lat-
tice vibrations.

Sample A59 was used for measurements. The sam-
ple properties are described in [7]. In the low-tempera-
ture region, the measurements were carried out using an
ER-220D Brucker ESR spectrometer. At higher tem-
peratures, we used a nuclear magnetic resonance
(NMR) relaxometer, operating at a frequency of
10 MHz, with the same parameters as those described
in [8]. The NMR relaxation was measured using the
nuclei of the Ga71 isotope.
003 MAIK “Nauka/Interperiodica”
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2. RESULTS OF LOW-TEMPERATURE 
MEASUREMENTS

The magnetic-resonance spectrum of a neutral Mn
center in GaAs is due to two transitions which corre-
spond to the selection rules ∆m = 1 and ∆m = 2. The
g-factor is g = 2.82. The main spectral features are
reported in [9].

The SLR investigations of the neutral state of man-
ganese Mn0 were carried out in the temperature range
of 3.8–8 K for the transition with ∆m = 2 [10]. Above
8.3 K, the ESR spectrum of the Mn0 state is not
observed due to strong broadening of the line. This cir-
cumstance, first, unambiguously points to a high SLR
rate and, second, suggests the method of its estimation
from the measurement of the line width. For the centers
with a spin larger than 1/2, it is assumed that the prob-
abilities of relaxation transitions for various spin states
are equal to each other.

The SLR rate may be estimated from the uncertainty
relation ∆E∆t ≈ h [3]. In this case, the energy uncer-
tainty ∆E controls the variation in the ESR-line width.
Specifically, ∆E = gµBδ(∆H), where ∆H is the ESR-line
width, δ(∆H) is the variation in ∆H relative to the tem-
perature-independent value, and µB is the Bohr magne-
ton. The time uncertainty ∆t is comparable with the lon-
gitudinal relaxation time T1. Since the width of an indi-
vidual ESR line of the Mn0 center at 3.8 K is
approximately equal to the hyperfine-interaction con-
stant ~50 G [9], substantial broadening of the spectrum
should be expected even for δ(∆H) ≈ ∆H/2. Substituting
these quantities into the uncertainty relation, we can
demonstrate that, for the transition with ∆m = 2, the
variation in ∆H by 25 G corresponds to ∆t ≡ T1 ≈ 5 ×
10–9 s, which is in good agreement with [5].

The line width cannot be determined directly from
the inflection point of the line due to poor spectral res-
olution. Therefore, with allowance made for the fact
that the concentration of the states of Mn is constant in
this temperature range, the line width was determined
from the relation [2]

(1)

where N is the number of corresponding paramagnetic
centers, K is the constant, and I is the intensity of the
ESR signal.

The measurement results are shown in Figs. 1 and 2.
Since the absolute value of the SLR rate is unimportant
(admittedly high) and only the temperature dependence
1/T1 is of interest, the magnitude of δ(∆H) is plotted
along the ordinate axis. As can be seen from Figs. 1 and
2, the dependence obtained may be approximated with
the same accuracy either as a polynomial,

(2)

N KI ∆H( )2,=

T1
1– aT bT3 cT5,+ +=
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or as an exponential function

(3)

The parameters characterizing the dependences
were determined from the minimum squared deviation
of the calculated dependence from the experimental
data (minimum of χ2).

The minima of χ2 coincide irrespective of the cho-
sen approximation. The values of the factors a, b, and
c, which characterize the polynomial representation of

T1
1– d ∆E/kT–( )exp eT .+=

10

43 5 6 7 8 9

δ(∆H), arb. units

T, K

1
2

Fig. 1. Temperature dependence of the variation in the ESR-
line width for the Mn0 center on a double logarithmic scale.
(1) Results of interpretation of the experimental data;
(2) approximation by polynomial (2). The parameters are
given in the text.
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1.51.0 2.0 2.5 3.0

δ(∆H), arb. units

10/T, K–1

1
2

Fig. 2. Temperature dependence of the variation in the ESR-
line width for the Mn0 center on a semilogarithmic scale.
(1) Results of interpretation of the experimental data;
(2) results of approximation by formula (3).
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the results, are equal to 1.08 ± 0.59, 0.05 ± 0.03, and
(7 ± 4) × 10–4 arbitrary units, respectively. This means
that virtually over the entire temperature range, the
dependence is determined by the bT3 term, and, only at
8 K are the contributions to the relaxation of the second
and third terms comparable. This fact somewhat dis-
agrees with the results of [5, 6]. The values of ∆E deter-
mined from our measurements are virtually equal to
those obtained in [5]: ∆E = (3.0 ± 0.3) meV.

The exponential temperature dependence of the
SLR rate is indicative of the Orbach–Aminov mecha-
nism. The essence of this mechanism is in the succes-
sive absorption and emission of phonons that are in res-
onance with the energy gap ∆ between the ground-state
level of a paramagnetic center and the level of another
state located within the Debye spectrum [1]. The nature
of this state does not affect the temperature dependence
of the relaxation time. However, it affects the absolute
value of T1; i.e., it can be either the excited state of the
impurity center or the state related to one of the modes
of the optical lattice vibrations or a local vibration [10].

In the Raman process, the SLR represents a
sequence of events of absorption–emission of any pair
of phonons with the difference of resulting energies of
the pairs equal to the energy of the microwave quantum.
In the case of the Orbach–Blum process, closely
located levels of the center, which correspond to differ-
ent components of the momentum, are involved in the
relaxation and 1/T1 ∝  T5. For non-Kramers ions, whose
energy structure has low initial splitting in a zero mag-

10

100

τ1, s

T, K

1
2

10

∆E = (403 ± 24) K

∆E = (1520 ± 40) K

T –0.76
T –1.8

Fig. 3. Temperature dependences of the nuclear spin-lattice
relaxation time: (1) Ga71 nuclei in the sample A59; (2)
results of [14] obtained in a high-temperature region for a
similar sample. It can be seen that, at T < 105 K, the depen-
dences cannot be described by polynomials. Solid lines rep-
resent the results of a polynomial approximation in the
range of 105 K < T < 310 K. Designations correspond to the
temperature dependences of τ1 or to the powers of exponen-
tials for different temperature ranges.
netic field, a similar temperature dependence was pre-
dicted by Walker [11].

The dependence T1 ∝  T–3 likely represents a first-
order process describing the relaxation of the non-
Kramers ion, in which one acoustic and one optical
phonon with an energy "ω are involved. This energy is
lower than the energy of the higher lying level, which is
in resonance with the Debye spectrum [10].

For a conventional paramagnetic center, the SLR
rate controlled by any Raman process should be sub-
stantially higher that the value of 1/T1, which is gov-
erned by the Orbach–Aminov mechanism. This follows
from the fact that the number of phonons involved in
the Raman process is incommensurably larger (almost
the entire Debye spectrum) compared with the number
of phonons that are in resonance with the energy inter-
val ∆ in the Orbach–Aminov process [1].

However, it should not be forgotten that the reso-
nance absorption detected in the ESR measurements is
of the electric-dipole type [12]. The presence of the
dipole moment of the center should lead to at least two
consequences. First, the natural frequencies of dipole
vibrations should differ from the frequencies of optical
lattice phonons. Second, the efficiency of the resonance
absorption is comparable with the efficiency of relax-
ation in which local vibrations are involved, i.e., con-
siderably exceeds the efficiency of any Raman process
[10]. Therefore, we may assume that T1 ∝  exp(–∆E/kT),
where the value of ∆E is on the order of a few meV.

The value of ∆E can be presented as the result of
mixing of vibrations corresponding to optical phonons
of the GaAs lattice. Indeed, the energies of longitudinal
(ELO) and transverse (ETO) optical phonons are equal to
36.69 and 33.84 meV, respectively. According to [13],
the difference between ELO and ETO is 2.89 meV, which
agrees with the results presented.

The assumption on the effect of local vibrations dur-
ing the electron relaxation of the Mn0 center is con-
firmed by the results of investigations of the nuclear
magnetic relaxation.

3. RESULTS OF HIGH-TEMPERATURE 
MEASUREMENTS

The results of measurements of the nuclear SLR rate
are shown in Fig. 3. In the range of 310–105 K, the
mechanisms associated with the effect of lattice vibra-
tions on nuclei manifest themselves. These are the

Raman  ∝  T2 (140 K < T < 310 K) and direct  ∝
T (105 K < T < 140 K) processes.

For comparison, Fig. 3 also shows the results of
high-temperature investigations of the nuclear relax-
ation in Mn-doped GaAs [14].

In the temperature range of 105–86 K, a change in
the mechanisms of spin diffusion occurs: the fast diffu-
sion becomes restricted [4]. In this case, the magnetic

τ1
1– τ1

1–
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atoms begin to play a decisive role in the energy
exchange between the nuclear spins and the lattice.

In the case of fast diffusion (the temperature is high
enough), the SLR rate equals

(4)

In the case of restricted diffusion (low temperatures),
the SLR rate is described by the equation [4]

(5)

Here

ω1 is the frequency of the nuclear resonance; T1 is the
time of longitudinal electron relaxation; γn is the gyro-
magnetic ratio, which corresponds to the electron spin
s; Np is the concentration of paramagnetic centers; and
D is the spin diffusivity.

The parameters that have the dimensionality of
length control the effect of the diffusion mechanism:

where b is the diffusion barrier radius; a is the distance
between nuclei; 〈µp〉  is the average thermodynamic
momentum of a magnetic atom involved in the diffu-
sion of the nuclear magnetization; and B1 is the field
induced by the magnetic center at distances where it is
comparable with the field induced by neighboring
nuclei.

For b @ β, fast diffusion occurs, and, for b ! β, dif-
fusion is restricted.

If the electron-relaxation time is short, i.e., the tem-

perature is high, ω1T1 ! 1 and  ∝  ; for ω1T1 @ 1

(the low-temperature region),  ∝  , where α = 1
or 1/4, depending on the diffusion mechanism.

The aforesaid explains the behavior of the tempera-
ture dependence of the nuclear relaxation rate in the
temperature region below 105 K. In the range 80 K <

T < 105 K,  ∝  , and, for 36 K < T < 80K,  ∝

. For the low-temperature portion of the depen-
dence, it should be assumed that α = 1/4. In this case,
the behavior of τ1 is described by the exponential func-
tion with the energy ∆Elow = (403 ± 24) K in the power
of the exponential. Under the assumption that α = 1/4,
this form of the function yields for the electron relax-
ation rate ∆Elow = (1600 ± 100) K ≡ (0.138 ± 0.009) eV.
The value obtained coincides with the power of the
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exponential that describes the behavior of τ1 in the
range of 80–105 K: ∆Ehigh = (1520 ± 40) K ≡ (0.131 ±
0.003) eV. In this case, α = 1. Formally, the shape of the
dependences and the equality of the powers of expo-
nentials are indicative of the manifestation of the mech-
anism of electron relaxation similar to the Orbach–
Aminov mechanism. However, first, the value of ∆E ≈
1560 K ≡ 134 meV is close to the ionization energy of
a neutral Mn center in GaAs and even exceeds it, and,
second, this value substantially exceeds the Debye tem-
perature for GaAs. Depending on the crystal tempera-
ture, the latter can take values from 275 to 341 K.
Hence, the Orbach–Aminov mechanism, as primarily
defined, cannot occur in the GaAs:Mn crystal. There-
fore, the large value of ∆E is indicative of the existence
of the vibrational state of the center, which confirms the
suggestion based on the analysis of electron relaxation.
We can refer to the results of the investigation of optical
absorption and photoconductivity in the GaAs:Mn
crystals, in which vibrations with an energy ~140 meV
were detected [13].

CONCLUSION

Thus, the results of investigations of the temperature
dependence of the SLR rate primarily show that the
mechanisms of fast relaxation should manifest them-
selves even at relatively low temperatures (as low as 8–
10 K). These mechanisms are based on the interaction
of the electric-dipole moment of a neutral Mn center
with lattice vibrations. Otherwise, the passage from
highly efficient Raman mechanisms to the mechanism
of the Orbach–Aminov type with increasing tempera-
ture cannot be explained.

The interaction of the Mn0 center with lattice vibra-
tions is to a large extent controlled by the presence of
the electric-dipole moment of the center.
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Abstract—Boron phosphide single crystals are grown by steady-state crystallization. New photosensitive
structures, In/p-BP and H2O/p-BP, are suggested and fabricated. Steady-state I–V characteristics and spectra of
the relative quantum efficiency of photoconversion of the structures obtained are studied. The type and energy
of direct and indirect interband transitions are determined. It is concluded that the boron phosphide structures
produced can be used in practice. © 2003 MAIK “Nauka/Interperiodica”.
Recently, interest in solids composed of elements
with low atomic numbers have sharply increased [1–4];
this is due to the unique properties of such compounds,
which offer potential for use in high-temperature appli-
cations and development of electrooptical systems
operating in the short-wavelength spectral range.
Among the diamond-like III–V semiconductors,
borides BN, BP, and BAs have not been adequately
studied rather due to technological problems [5, 6]. It
should also be mentioned that the lattice parameter of
BP crystals is such that they are the most suitable mate-
rials for fabricating lasers on silicon substrates [7]. The
photoelectric properties of the boron compound struc-
tures have been virtually unstudied [6]. This study is
aimed at expanding the range of photosensitive struc-
tures based on BP single crystals and the experimental
study of their optoelectronic properties.

The structures were formed on BP single crystals
grown by steady-state crystallization from liquid solu-
tions. The single crystals grown were shaped as octahe-
dra with native mirror faces about 0.5 × 0.5 mm in size.
Such crystals are dark orange colored in transmitted
white light. According to the thermopower sign, the BP
single crystals grown are characterized by p-type con-
ductivity. Their resistivity is ~103 Ω cm at T = 300 K,
which, as a rule, increases no more than two times as
the temperature decreases to 77 K. This suggests that
the conductivity of the p-BP single crystals grown is
controlled by acceptor centers with shallow levels.

Rectifying In/p-BP structures were obtained by the
vacuum thermal deposition of thin layers of pure
indium (~0.05 mm) onto the native mirror planes of BP
crystals. The typical steady-state I–V characteristic of
one of such structures at T = 300 K is shown in Fig. 1.
The forward direction corresponds to a positive exter-
nal voltage U applied to the BP crystal. The initial por-
tion (U < 0.6 V) of the forward I–V characteristics is
1063-7826/03/3708- $24.00 © 20923
described by the diode equation; however, the ideality
factor is high (n' ≅  5–10) due to a high series resistance
of the structures. At bias voltages higher than the cut-
off voltage U0, the forward I–V characteristics begin to
obey the law

(1)U U0 R0I ,+=

1
–1

0

5

U, V

I, 10–6 A

Fig. 1. Steady-state I–V characteristic of the In/p-BP struc-
ture (sample 5) at T = 300 K. The forward direction corre-
sponds to the positive polarity of external bias at the p-BP
substrate.
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where R0 is the residual resistance. The table lists the
values of U0 and R0 for the barriers obtained. The rather
wide ranges of variation of these values suggest that the
conditions of crystal growth and barrier formation
affect the I–V characteristics of the structures grown.
The rectification factor, defined as the forward-to-
reverse current ratio at U ≅  1 V, is K ≅  25 at T = 300 K
for the highest quality structures. The reverse current
obeys the power law I ∝  U1.2–1.4 with increasing voltage
at U ≤ 1–1.5 V, which can be explained by the rather
poor quality of the structure periphery, caused by the
small size (≤1 mm) and specific habitus of the single
crystals.

Photoelectric properties of the structures based on p-BP single
crystals at T = 300 K

Structure
type R0, Ω U0, V ϕB, eV "ωm, eV , V/W

In/p-BP 103–105 0.6–3 1.7–1.84 3.2–3.6 180

H2O/p-BP 5 × 104 3.1–3.6 30

SU
m

2 "ω, eV

η, arb. units

10

3

103

105
1 meV 1

2

Fig. 2. Spectral dependences of the relative quantum effi-
ciency of photoconversion of (1) the surface-barrier In/p-BP
structure and (2) the photoelectrochemical cell H2O/p-BP
in nonpolarized light at T = 300 K (illumination from the
side of the barrier contact and electrolyte).
Upon illumination of the In/p-BP structures, the
photovoltaic effect arises. The photovoltage sign is
independent of the photon energy and the light beam
(~0.2 mm in diameter) position on the structure surface.
The p-BP substrates in the In/p-BP structures are
charged positively under illumination, which corre-
sponds to the forward direction.

In addition to the Schottky barriers, the possibility
of developing photosensitive structures by bringing the
p-BP single crystal surface into contact with a liquid
electrolyte was also studied. Distilled water was used as
an electrolyte; a platinum-wire tip (~0.2 mm in diame-
ter) immersed into the electrolyte in front of the BP sin-
gle crystal surface exposed to light was used as a coun-
terelectrode. It turned out that photoelectrochemical
H2O/p-BP cells, as well as solid-state In/p-BP struc-
tures, exhibit both rectification and the photovoltaic
effect. The rectification factor of the cells obtained is
K ≅  102 at U ≅  10 V; the forward direction and the pho-
tovoltage sign correspond to the positive polarity of
p-BP. The highest photo voltaic sensitivity of the best

cells is  = 30 V/W at T = 300 K; it does not exhibit
pronounced degradation, which is typically caused by
photocorrosion of the semiconductor surface.

The spectral dependences of the relative quantum
efficiency η("ω) of photoconversion for typical In/p-
BP and H2O/p-BP structures illuminated from the side
of the barrier contacts are shown in Fig. 2. We can see
that the spectra η("ω) for different barriers are similar.
This circumstance may be caused by the fact that the
photosensitivity is controlled by the photoabsorption in
the same BP semiconductor. As is evident from Fig. 2,
the steep increase in η for the grown structures begins
at photon energies "ω ≥ 1.9–2.0 eV, which is close to

the energy of indirect optical transitions  ≅  2 eV in
the p-BP crystals [5]. It is worth noting that the photo-

sensitivity drops at "ω <  in all of the structures
obtained, which can be caused by a low lattice defect
concentration in the grown crystals. At the same time,
significant structured photosensitivity is typically
observed in the long-wavelength region ("ω < EG) of
the spectra η for the structures on GaP and InP, which
is caused by the transitions in which lattice-defect lev-
els are involved [8, 9]. Therefore, the low photosensi-
tivity of the BP structures in the region "ω < 2 eV may
be considered as an important difference between these
and the well-studied structures on GaP and InP.

Another important feature of the In/p-BP and
H2O/p-BP structures is the fact that their photosensitiv-
ity increases by two to three orders of magnitude as the
photon energy increases ("ω > EG) and has a constant

(highest) value of  in the range of 3.1–3.6 eV (see
table), without exhibiting a distinct short-wavelength
falloff. It is pertinent to emphasize that the photosensi-
tivity of Au/p-BP structures was studied in [5] only at
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"ω ≤ 2.3 eV. We note that, in practice, it is impossible
to obtain thin plates with an area necessary for the
application of absorption spectroscopy because of the
limited size of the BP single crystals (≤1 mm). There-
fore, the spectra η("ω) of photosensitive structures
formed on such small p-BP crystals is, for the time
being, only practical possibility for analyzing the
energy spectrum of such a material in the short-wave-
length region of fundamental absorption of BP ("ω >

).

Figure 3 shows the results of the analysis of the pho-
tosensitivity spectra on the basis of the theory of inter-
band absorption in semiconductors [8, 9]. The analysis
suggests that the long-wavelength edge of the photo-
sensitivity of the H2O/p-BP structures obtained obeys
the law

(2)

Indeed, the photosensitivity spectra are straightened in
the coordinates η("ω)1/2 – "ω in the energy range of
1.9–2.2 eV. Therefore, taking into account and results
of [8, 10], the long-wavelength increase in η at "ω >
1.9 eV may be attributed to indirect interband transi-
tions in BP. Extrapolation of the dependences

(η"ω)1/2  0 allows determination of  ≅  1.9–
2.0 eV for the structures on various BP crystals at T =

300 K. Apparently, the observed change in  may be
related to changes in deviations from BP stoichiometry
within the homogeneity region. This assumption is con-
firmed by the observations [4, 11, 12] of changes in the
BP-lattice parameter in a fairly wide range.

In the high-energy region "ω > 2.3 eV, the spectra
(η"ω) of the Schottky barriers and photoelectrochemi-
cal cells (Fig. 3, curve 2) obey the law

(3)

where  is the energy of direct interband transitions.
The validity of the law (3) may indicate the occurrence
of direct interband transitions in BP crystals; the energy
of these transitions is determined by the extrapolation
(η"ω)2  0. The obtained η("ω) spectra allow us to

estimate the direct band gap of the BP crystals as  ≅
2.5 eV. We should note that thus estimated value for BP
differs from the very contradictory data available in the
literature [5, 11]. Therefore, the question of the BP
band gap calls for further study.

In the case of In/p-BP barriers, the long-wavelength
increase in the photosensitivity is characteristic of pho-
togenerated-carrier emission from a metal into boron
phosphide (Fig. 4). The results of estimating the metal–
semiconductor barrier height ϕB are listed in the table.
The extrapolation η1/2  0 yields ϕB = 1.7–1.84 eV
for various structures. The change observed in ϕB can
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"ω–( )2
.∝
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dir

"ω–( )1/2
,∝

EG
dir
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dir
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be caused by the dependence of the In/p-BP-barrier
height on the conditions of the barrier formation and the
quality of the BP-crystal surface.

2
"ω, eV

4

3

1 2
2

0

5

0

(η"ω)1/2, arb. units (η"ω)2, arb. units

2.
0

2.
48

Fig. 3. Dependences of (1) (η"ω)1/2 and (2) (η"ω)2 on the
photon energy "ω for the H2O/p-BP photoelectrochemical
cell at T = 300 K.

1.8
"ω, eV

η1/2, arb. units

1

2.0

2

3

1.
84

0

Fig. 4. Dependences of η1/2 on the photon energy "ω for
the In/p-BP structures at T = 300 K (sample 1).
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As temperature decreases (T < 300 K), the long-
wavelength edge of the spectra η("ω) shifts to shorter
waves (Fig. 5, curves 1–4). The energy position of the

point "  corresponds to the half falloff  at the
long-wavelength edge of the photosensitivity spectra of
the BP structures and linearly depends on temperature

ω1/2
m η1/2

m

2.0
"ω, eV

"ω1/2, eV

0
2.5

1.0

3.0

1

4

3
2

η, arb. units

200 300
T, K

5
2.1

2.2

~~

Fig. 5. Spectra of the relative quantum efficiency of photo-
conversion of the In/p-BP structure versus temperature: T =
(1) 300, (2) 289, (3) 203, and (4) 169 K (the spectra η are
normalized to the absolute maximum at each temperature)
and the temperature dependence of the energy position of

the point  at the long-wavelength edge of η("ω).η1/2
m

m
 (see Fig. 5, curve 5). This allows us to estimate the tem-
perature coefficient of the band gap variation for the
obtained BP crystals as β = –6 × 10–4 eV / K.

Thus, new photosensitive structures (In/BP barriers
and H2O/BP photoelectrochemical cells) have been
obtained which make it possible to realize the broad-
band photodetection mode with the highest quantum
efficiency of photoconversion in the spectral range of
3.1–3.6 eV. It was ascertained that such structures are
virtually insensitive to radiation with the photon energy
"ω < 2 eV. The sharp long-wavelength falloff in the
photosensitivity of the fabricated structures indicates a
low content of lattice defects in the grown single crys-
tals of boron phosphide. The energy of direct interband
optical transitions and the temperature coefficient (β ≅
(–6 × 10–4 eV/K)) of variation in the band gap of single
crystals of boron phosphide have been estimated.
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Abstract—Current–voltage characteristics, as well as spectral and power–current characteristics, for the emis-
sion of InAsSbP/InGaAsSb double-heterostructure diodes grown on InAs substrates were measured under for-
ward and reverse biases in the temperature range of 25–90°C. It was shown that the conversion efficiency for
negative luminescence, which occurs due to the extraction of charge carriers from the regions adjacent to the
p–n junction at temperatures ~90°C, is higher than the conversion efficiency for electroluminescence. Narrow-
ing of the negative luminescence spectra in diodes with a built-in cavity was observed. © 2003 MAIK
“Nauka/Interperiodica”.
1. INTRODUCTION

The effect of negative luminescence (NL) in semi-
conductors has been known since 1965, when
V.I. Ivanov-Omskiœ and his colleagues at the Ioffe
Physicotechnical Institute observed that the intensity of
emission from one of the surfaces of an InSb sample
subjected to crossed electric and magnetic fields was
lower than the corresponding equilibrium value. A sim-
ilar effect takes place in a reverse-biased p–n junction.
Extraction of the charge carriers from the regions adja-
cent to the junction leads to a reduction of their density

below the equilibrium value, so that (np) < (n0p0) = 
(here, n0, p0, n, and p are equilibrium and nonequilib-
rium densities of electrons and holes, respectively; and
ni is the intrinsic charge-carrier density). Due to the
extraction of charge carriers, the recombination-radia-
tion intensity P decreases and becomes lower than the
thermal background level P0, and absorption dominates
over emission; this means that the luminescence
appears to be “negative”:

Negative luminescence was studied in bulk InAs
crystals [2], in InSb- and CdHgTe-based diodes [3, 4],
and, recently, in superlattice (SL) structures [5, 6].
Devices utilizing the NL effect are used for shielding
photodetectors from a thermal background and for test-
ing photodetector systems [7]. In the latter case, stabil-
ity of the radiation flux is important; thus, the advan-
tages of NL sources in comparison with electrolumi-
nescent (i.e., forward-biased) ones are a uniform
distribution of the NL intensity and a weak current
dependence of the NL power near the saturation point.
More uniform distribution of emission is a consequence
of increased resistance of the reverse-biased p–n junc-
tion, which results in a redistribution of the current flux.

ni
2

∆P P P0– P0
np

ni
2

------ 1– 
  0.≤= =
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Under forward bias, redistribution of the current flux
usually leads to a narrowing of the emitting area with
increasing current [8].

The power of the NL, or the “thermal contrast”, is
limited by the power of the blackbody emission at a
given temperature. At higher temperatures T and longer
wavelengths λ, the power of the NL increases, in con-
trast to the case of electroluminescence (EL). It was
shown that, in a p-InAsSb0.2/n-InAsSb0.2 homojunction
(λ = 5.5 µm), the NL mode of operation becomes more
efficient at temperatures exceeding 80°C [9]; for
InAs/InAsSb SL structures (λ = 4.3 µm), this threshold
was determined as T = 310 K [10]. However, variation
in temperature is accompanied by a change in the emis-
sion wavelength, which is undesirable for test sources.
The wavelength can be stabilized in structures with a
built-in cavity, such as resonant-cavity LEDs (see, e.g.,
[11]). As far as we know, NL sources of this type have
not been investigated yet.

In this paper, we report the results of studying the
NL in double heterostructures with an n-InGaAsSb
active region (λ = 3.8 µm at 20°C), which include
cavity-coupled diodes, in the temperature range from
20 to 90°C.

2. EXPERIMENTAL

Lattice-matched p-InAsSb0.09P0.18/n-InGa0.07AsSb0.07
heterostructures were grown by liquid-phase epitaxy on
n-InAs(111) substrates at 630–680°C. The substrate
thickness was 350 µm, and the electron density was 2 ×
1016 cm–3. Next to the InGa0.07AsSb0.07 active layer of
thickness 2–3 µm, a wide-gap p-InAsSbP layer (with a
band gap Eg = 390 meV at 300 K) of thickness 2–4 µm
was grown; it was doped with Zn to obtain a hole den-
sity of (5–7) × 1017 cm–3. An n-InAsSbP layer of thick-
ness 2–3 µm was grown between the substrate and the
003 MAIK “Nauka/Interperiodica”
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active layer. Previously, we used similar structures to
fabricate high-power lasers emitting at 3.3 µm [12].

Circular mesa structures 300 µm in diameter and the
upper Au:Zn contact to the p-region were formed by
photolithography. Chips 1 × 0.9 mm2 in size were
mounted on an Si holder of size 1.1 × 1.6 × 0.4 mm3

with a U-shaped cathode contact region and a circular
anode contact (this arrangement is called “flip chip
bonding” or “episide bonding”; see also Fig. 1 in [13]).
Radiation was emitted through the wide-gap n-
InAsSbP layer and the substrate, which had been
thinned to 80–120 µm. Some of the experiments were
carried out in a configuration with an interference filter
attached to the substrate; the filter passband was at
3.9 µm. An optical contact between the surfaces of the
filter and the heterostructure was achieved by using
chalcogenide glass with a refractive index of 2.6.
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100

Current, mA

α = 1.08
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Fig. 1. Forward and reverse room-temperature current–volt-
age characteristics of a diode with an InGaAsSb active
region (3.8 µm at 20°C) 300 µm in diameter.
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Fig. 2. Temperature dependences of the saturation current
Isat, the emission power for I = |Isat|, and the conversion effi-
ciency (1) in the NL and (2) in the EL mode for a diode with
an InGaAsSb active region 300 µm in diameter.
Measurements of the EL were carried out in the
pulsed mode. The spectra and the absolute power of the
emission were measured using a HgCdTe-based diode
cooled to 77 K, with the directional pattern of the LED
and the spectral sensitivity curve of the photodetector
taken into account.

3. RESULTS AND DISCUSSION

Figure 1 represents the room-temperature current–
voltage characteristic of a diode with an InGaAsSb
active region; the reverse saturation current is equal to
50 µA, and the ideality factor for the forward portion
α = 1.08. Such a small deviation of α from unity is
indicative of the high quality of the p–n junction and is
an advantage of these diodes in comparison with those
used in [14], which have α = 1.3. At voltages exceeding
about 0.35 V, the p–n junction barrier flattens out and
the I–V curve becomes linear. Around zero bias, the
resistance amounts to R0 = 560 Ω (R0A = 0.4 Ω cm2,
with the diode area A = 0.7 × 10–3 cm2).

Necessary conditions for the observation of NL are
the saturation of the reverse current and the absence of
leakages, which can heat the structure and lead to a
decrease in the radiation contrast. The absence of leak-
ages makes it possible to use the diode as a photodetec-
tor. For example, most studies of NL over the last five
years have been performed using photodiode struc-
tures. The detectability of the diode under study at
room temperature (  = 1 × 1010 cm Hz1/2 W–1)
matches the characteristics of the best photodiodes for
this spectral range, and we succeeded in observing the
negative radiation contrast under reverse bias. Figure 2
plots the saturation current Isat and the emission power
for the cases of negative and positive luminescence
under a current whose magnitude is equal to Isat; the
conversion efficiency for both cases is also shown. At
25°C, the power and the conversion efficiency
(0.05 µW and 0.74 mW/A, respectively) are the same
in both modes, which is related to the linearity of the
power current–ampere characteristics at low currents.
The conversion efficiency is lower by more than a fac-
tor of two in comparison to that for InAs diodes emit-
ting at 3.4 µm; this observation reflects the general
trend of a decrease in the conversion efficiency with
decreasing energy gap [15].

It was shown [16, 17] that, above 200 K, the diffu-
sion mechanism is mainly responsible for the current
flow in p–n junctions based on InAs and related alloys;
i.e., according to the Shockley theory, recombination in
the p and n regions of the junction determines its cur-
rent–voltage characteristics. This conclusion is corrob-
orated by our measurements, which indicate that the
saturation of the reverse current takes place even at ele-
vated temperatures (up to 200°C) [15]. Evidently, sur-
face treatment in narrow-gap diodes does not play a
decisive role for the observation of current saturation,
since, at elevated temperatures, the values of Isat consid-

Dλmax*
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erably exceed the surface-leakage currents. At 90°C,
the saturation current was equal to ~1 mA, which is
higher than the expected leakage current. With increas-
ing temperature, the NL power increased as a result of
an increase in Isat, but the variation in the conversion
efficiency was insignificant. Thus, our results show
that, in the temperature range examined, the increase in
the rate of nonradiative recombination processes
(Auger recombination) depends only slightly on tem-
perature. At the same time, one should note a trend
toward the saturation of the positive emission power,
which manifests itself in a relative decrease of the con-
version efficiency to 0.53 mW/A under high currents.
Previously, we established, both for structures similar
to those under study [18] and for p-InAsSb0.2/n-
InAsSb0.2 diodes (λ = 5.5 µm) [9], that this behavior is
not related to thermal effects. It can be suggested that
the higher conversion efficiency of the NL in compari-
son to that of the EL is a general property of narrow-gap
III–V structures and is related to the influence of Auger
processes at high currents.
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Fig. 3. Spectra of (a) positive and (b) negative luminescence
of the diodes with an InGaAsSb active region at 20 and
50°C; solid lines correspond to an open-surface structure
and dotted lines, to a structure with a filter. The measure-
ments were carried out (a) with 10 µs, 2 kHz pulses at I =
150 mA and (b) with 200 µs, 2 kHz pulses at I = |Isat|.
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Figure 3 represents the spectra of EL and NL
recorded at 20 and 50°C; a shift to longer wavelengths
with increasing temperature can be seen. Taking the
data of Fig. 3 into account, we find that the efficiency in
the NL mode ηNL = 0.8–0.9, which is close to the high-
est values reported in the literature [19].

The spectrum of a diode with a filter virtually does
not shift with varying temperature, since the change in
the filter transmission related to the change in the
refractive index of its layers is small. At the peak of the
filter transmission, the emission power increases in
comparison to the configuration without a filter; this is
due to the antireflection effect caused by the presence
of the built-in cavity (the filter). In the ideal case, the
design of the diode described above makes it possible
to increase the radiation output by 40%.

One can see from Fig. 3 that, both for the open-sur-
face diodes and the diodes with filters, the long-wave-
length shift of the spectral peak is the same for the EL
and the NL, which reflects the symmetry (the interrela-
tion) of the emission and absorption processes. Simi-
larly, the presence of atmospheric carbon dioxide has
the same effect on the shape of both spectra: the “hot”
luminescence (the EL) is attenuated due to the absorp-
tion around 4.3 µm by the “cold” gas in the optical path,
while the “cold” luminescence (the NL) is screened by
the gas, which appears to be “hot” in this case.

4. CONCLUSION

Thus, we observed intense negative luminescence in
the wavelength region λ = 3.9–4.1 µm in reverse-biased
diode heterostructures p-InAsSbP/n-InGa0.07AsSb0.07.
In the temperature range of 25–90°C, its intensity
increased with the current and the temperature. The NL
efficiency was 0.8–0.9, and the conversion efficiency
was 0.74–0.66 mW/A, which is somewhat higher than
for positive luminescence. The behavior of the NL
reproduced all of the features of the positive lumines-
cence, in particular, a weak temperature dependence of
the spectral peak position in the diodes with a built-in
cavity and attenuation of the emission by atmospheric
carbon dioxide.
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Abstract—The influence exerted by wet chemical nitridation of the (100)GaAs substrate surface in hydrazine-
sulfide solutions before fabrication of barrier contacts on the parameters of surface-barrier Au–Ti/GaAs struc-
tures has been studied. The structures fabricated on nitrided substrates are characterized by lower reverse cur-
rents and higher breakdown voltages. The barrier height in structures of this kind is 0.71 ± 0.02 eV, and the
ideality factor, 1.06 ± 0.01. The observed improvement in the electrical parameters of the structures is due to
replacement of the natural oxide layer on the substrate surface by a thin coherent GaN film. © 2003 MAIK
“Nauka/Interperiodica”.
1. INTRODUCTION

The presence of a natural oxide on the surface of
III–V semiconductors largely restricts the possibility of
using these compounds in microelectronics and, in par-
ticular, poses severe difficulties for the fabrication of
surface-barrier (m–s) structures. A key influence on the
electrical parameters of structures of this kind is exerted
by the composition and structure of the interface, which
must be formed, in the ideal case, by the atomic-flat
surface of a semiconductor and the metal layer. At the
same time, the existing procedures for cleaning the
GaAs surface to remove the oxide necessarily leads to
strong disruption of the surface planarity and stoichi-
ometry of the substrate. In particular, thermal cleaning
of the GaAs surface in a vacuum leads to the formation
of multiple elongated pits with a density of 1010 cm–2 on
the surface and even to the appearance of gallium drops
[1]. One of the most efficient and widely used methods
for removing the oxide from the (100)GaAs surface is
the so-called “dry etching”, i.e., cleaning in low-energy
plasma [2]. However, bombardment of the semiconduc-
tor surface with plasma ions can disrupt the surface
layer to a depth of up to a hundred angströms and sig-
nificantly change its electrical and optical properties
[3]. In this case, the interface formed upon deposition
of a metal is far from being ideal and its properties
strongly depend on the conditions of surface cleaning.
This, in turn, impairs the electrical parameters of the
structures and leads to a pronounced scatter of these
parameters. At the same time, it is the stability and
reproducibility of the parameters of m–s structures that
is the necessary condition for the fabrication of high-
quality devices. As shown in [4], it is necessary for
1063-7826/03/3708- $24.00 © 0931
GaAs integrated circuits with transistors based on m–s
structures that the scatter in the potential barrier heights
not exceed ±0.02 eV. However, the real scatter greatly
exceeds this value. Technological procedures aimed to
deal with this problem consist in the development of
techniques for the removal of oxide from the surface
and in the stabilization of a given state of the semicon-
ductor surface in the course of metal deposition.

Chemical passivation of the GaAs surface may aid
in solving the problem of fabricating m–s structures
with reproducible and stable parameters. Chemical pas-
sivation is a method for modifying the semiconductor
surface by creating on it an adsorbed film of foreign
atoms, which remains chemically stable in air or in
some other technological medium. To be compatible
with technological processes, such a film must, in addi-
tion, be sufficiently stable thermally. It seems appropri-
ate to use GaN layers as stabilizing films because of
their thermal and chemical stability. It is known, how-
ever, that, owing to large lattice mismatch, when such
layers are deposited on the GaAs surface they lose their
mechanical stability even at a thickness of two mono-
layers (ML). Therefore, a nitride film can effectively
protect the surface only if it is 1 ML thick. It is very dif-
ficult to obtain such films using the existing nitridation
techniques, which rely upon surface treatment with
nitrogen plasma. In this case, nitride films, which are
either amorphous or have crystalline structure with a
large density of dislocations, stacking faults, and
microcracks, are formed on the surface (see [4]).

In [5, 6], a new technique for GaAs nitridation by
treatment of the surface with hydrazine-sulfide solu-
tions was first developed. It was shown that the
2003 MAIK “Nauka/Interperiodica”
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(100)GaAs surface treated with these solutions is free
of oxide and is covered with a layer of nitrogen atoms
chemisorbed on gallium atoms, i.e., with a nitride
monolayer. The continuity of the layer formed is indi-
cated by the surprising stability of the treated surface
under atmospheric conditions, which does not become
oxidized for at least several months. This, it is hoped
that wet chemical nitridation of the surface of GaAs
substrates will improve the electrical parameters of sur-
face-barrier structures.

The aim of this study was to analyze the influence
exerted by wet chemical nitridation of a GaAs substrate
surface on the properties of Au–Ti/GaAs structures.

2. EXPERIMENTAL PROCEDURE

Surface-barrier structures were fabricated on (100)
n-GaAs substrates with an electron density of 1–2 ×

0.5
Voltage, V

Current, µA
4

–8

0

–4

1

2

–0.5 0–1.0–1.5–2.0–2.5

Fig. 1. Typical I–V characteristic of Au–Ti/GaAs structures
of (1) group 1 and (2) group 2.
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Fig. 2. Forward I–V characteristic of Au–Ti/GaAs structures
of (1) group 1 and (2) group 2.
1017 cm–3. Two types of structures were studied experi-
mentally. For the first group, the substrate surface was
subjected to standard treatment which included the
removal of organic contaminants from the surface and
subsequent etching in standard sulfuric acid etchant. An
ohmic contact was formed on the rear side of a sub-
strate by depositing an Au–Ge layer and subsequent
annealing in vacuum at 450°C for of 5 min. Mesa struc-
tures with an area 2 × 2 mm2 were formed by photoli-
thography on the front side. Before depositing the bar-
rier metal, the GaAs surface was treated with 10% HF
to remove the thick oxide layer. For structures of the
second group, substrates were subjected, after perform-
ing the above procedures and immediately before bar-
rier metal deposition, to treatment in a hydrazine-sul-
fide solution, as described in [5]. Then, the substrates of
both groups were annealed at 450°C in a high vacuum
for 10 min, and 5-nm-thick Ti and 30-nm-thick Au lay-
ers were deposited at 100°C by vacuum evaporation.

To determine the characteristic parameters of the
structures under study, the current–voltage (I–V) char-
acteristics and dependences of the differential capaci-
tance on voltage were measured at room temperature.
In addition, to elucidate the mechanisms of, and rea-
sons for changes in, the structure parameters, atomic-
force microscopy (AFM) was applied to study, under
atmospheric conditions, the morphology of GaAs sub-
strates before and after treatment with hydrazine-sul-
fide solutions. The measurements were done on a
homemade (NT-MDT Company) device operating in
the contact mode with the use of a probe-microcantile-
ver with a rigidity factor of 0.16 and 0.68 N/m and a
radius of curvature of the probe tip of less than 20 nm.
Statistical processing of the AFM topography was done
with SPM Image Magic software [7]. In addition, the
influence exerted by annealing on the microprofile of
nitrided surfaces was studied with a GPI-300 high-vac-
uum scanning tunnel microscope (STM) [CENI (Cen-
ter for Natural-Science Research), Russian Academy of
Sciences, Moscow]. In these experiments, the anneal-
ing was done at 400–550°C for 60 min at a residual
pressure of 2.7 × 10–6 Pa in the preparation chamber,
with a Chromel–Alumel thermocouple as temperature
sensor. After being cooled to room temperature, a sam-
ple was transferred with a vacuum manipulator to the
measuring chamber and fixed in the STM.

3. EXPERIMENTAL RESULTS

It was found that the I–V characteristics of structures
of the first and second groups differ markedly, which is
particularly pronounced under reverse bias (Fig. 1).
The reverse current of structures formed on a nitrided
surface was an order of magnitude lower than the cur-
rent for structures belonging to the first group. Since the
carrier density in the substrates used did not exceed 3 ×
1017 cm–3, then according to [8], the current transport in
the surface-barrier structures under study may be due to
SEMICONDUCTORS      Vol. 37      No. 8      2003
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Fig. 3. AFM topographic images of the surface of GaAs substrates: (a) substrate processed using the standard procedure and (b) that
treated with a hydrazine-sulfide solution.
thermionic emission, for which the dependence of cur-
rent I on voltage U has the form

where A** is the Richardson constant, equal to
8.16 A cm–2 K–2 for GaAs; S, the diode area; T, the
measurement temperature (K); Φ, the potential barrier
height; k, Boltzmann’s constant; q, the elementary
charge; and n, the ideality factor.

Using this expression, the ideality factor n was
determined from the slope of the lnI-vs.-U plot of the
forward I–U characteristic and its extrapolation to the Y
axis yielded the potential barrier height (Fig. 2). The
ideality factors n of the structures formed on the
nitrided surface (group 2) are much smaller (1.06 ±
0.01) than the ideality factors for the structure of group 1
(1.2 ± 0.1). In addition, special mention should be made
of the insignificant scatter of the potential barrier
heights in structures of group 2 (0.71 ± 0.02 eV). The
potential barrier in structures fabricated on substrates
untreated in a hydrazine-sulfide solution (group 1) is

I A**ST2 qΦ/kT–( ) qU/nkT( )exp 1–[ ] ,exp=
SEMICONDUCTORS      Vol. 37      No. 8      2003
somewhat lower, and the scatter of the barrier heights is
much greater than that for group 2 (0.66 ± 0.04 eV). A
study of the surface topography by the AFM method
before and after nitridation revealed that treatment with
a hydrazine-sulfide solution makes the microprofile of
the surface smoother. Figure 3 shows typical topo-
graphic images of the surface of the substrates under
study before and after nitridation. Visually, the initial
GaAs substrates have a mirrorlike surface, whose rms
microroughness is 0.4 nm according to AFM. After
etching, the rms microroughness increases to 0.5 nm.
However, in both the first and second cases, there are
surface microprofile elements with a small radius of
curvature and height of up to 20 nm (Fig. 3a). After
nitridation, the rms roughness is 0.3 nm, the density of
microprofile elements with a small radius of curvature
decreases, and their height does not exceed 2.5 nm
(Fig. 3b).

An STM study of the influence exerted by annealing
in a vacuum on the microprofile of a nitrided surface
demonstrated that prolonged annealing (for 60 min) at
400–500°C does not lead to the development of a
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microprofile, contrary to what commonly occurs in the
case of a GaAs surface with a natural oxide [1]. The
mean microprofile roughness is small, on the order of
1 nm. However, owing to the insignificant number of
microprofile elements with a small radius of curvature,
the maximum height difference in the image is some-
what greater. For example, it is 4.8 nm in the 0.48 ×
0.48 µm2 field (Fig. 4). This suggests that the nitride
film that formed on the GaAs surface upon treatment in
a hydrazine-sulfide solution has sufficient thermal sta-
bility.

4. DISCUSSION

It is known that the use of titanium as a barrier metal
leads to a decrease in the thickness of the separating
oxide film at the interface because of the interaction of
the metal with the oxide layer covering the surface of
the GaAs substrate. Ti/GaAs structures retain their rec-
tifying properties after high-temperature annealing;
however, the potential barrier height changes signifi-
cantly depending on the annealing temperature and
medium, which is probably due to direct interaction of
Ti with GaAs and the formation of intermetallic phases
at the interface [9]. To make the series resistance of m−s
structures lower, titanium nitride, which has metallic
conductivity, is used instead of the metal. TiN/GaAs
structures are commonly fabricated using plasmochem-
ical techniques, which leads to the formation of inter-
mediate GaN layers with poor crystal quality. This is
immediately shown by the potential barrier height and
ideality factor. In this case, only high-temperature

Fig. 4. STM image of the surface of GaAs substrate sub-
jected to nitridation and annealing in a vacuum at T =
500°C. Image field 0.48 × 0.48 µm2.
annealing of the structures (759–800°C) can yield an
ideality factor close to unity (1.07) [10].

Presumably, the nitridation technique used in the
present study makes it possible to diminish the thick-
ness of the separating layer to the maximum possible
extent. In addition, AFM studies of the surface topogra-
phy before and after nitridation revealed that the GaAs
surface microprofile is smoothed by treatment in the
hydrazine-sulfide solution. After this treatment, the
(100)GaAs surface is covered with nitrogen atoms (or,
more precisely, with NH groups) chemically bound to
gallium atoms in the crystal lattice [5]. Such a surface
layer can be regarded as a GaN monolayer coherently
bound to the substrate and covered with adsorbed
hydrogen atoms. An analysis of electron diffraction
(RHEED) patterns of the surface of nitrided samples
demonstrated that the type of the diffraction pattern
(1 × 1) remains unchanged in a wide range of tempera-
tures (from room temperature to above 770°C). The dif-
fraction reflections are the strongest at 400–450°C.
Therefore, the authors believe that sufficiently com-
plete cleansing of the surface to remove physically
sorbed components is achieved at the temperatures
used.

It may be assumed that, in the course of deposition
by vacuum evaporation, titanium interacts with the
nitride layer, which leads to detachment of the nitrogen
layer from the GaAs surface. The interface formed in
this case can be regarded as a contact of TiN with a
GaAs surface terminated with Ga. This conclusion is
confirmed by measurements of the I–V characteristics
of the structures. The ideality factors of groups 1 and 2
differ significantly. This indicates that the interfaces in
these groups differ in thickness and composition. In
structures formed on the nitrided GaAs surface (struc-
tures of group 2), the ideality factor n is close to unity
(1.06 ± 0.01). This fact points to the presence of a thin
tunnel-transparent layer between the metal and semi-
conductor, and the small scatter of n suggests that the
layer thickness is approximately the same over the
entire substrate area.

Comparison of the results obtained in studying the
I–V characteristics and those furnished by AFM and
STM methods suggests that the higher reverse currents
and lower breakdown voltages of structures of group 1,
compared with structures belonging to group 2, are due
to the nonuniform distribution of an electric field over
the surface, which results from the presence of micro-
profile elements with a small radius of curvature and a
height that is comparable to the thickness of the barrier
metal layer deposited by vacuum evaporation (Fig. 3a).

5. CONCLUSION

A comparative analysis of I–V characteristics dem-
onstrated that wet chemical nitridation of the surface of
GaAs substrates before fabrication of the barrier con-
tact greatly improves the parameters of surface-barrier
SEMICONDUCTORS      Vol. 37      No. 8      2003
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Au–Ti/GaAs structures. This is due to the formation of
a high-quality interface between the metal and semi-
conductor on the nitrided GaAs surface.

Indeed, as follows from a comparison of AFM and
STM topographic images of the surface of GaAs sub-
strates with natural oxide and those treated with a
hydrazine-sulfide solution, wet chemical nitridation
makes the microprofile of the surface smoother and the
nitride film formed is thermally stable.
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Abstract—Electrical characteristics of Cr–n-InP and Mo–n-InP diode structures were investigated, and the
charge-transport mechanism was estimated. It was established that this is either a thermionic or generation–
recombination current that dominates in the Cr–n-InP structures, depending on temperature. In Mo–n-InP struc-
tures, the double injection of charge carriers dominates in the drift transport. © 2003 MAIK “Nauka/Interperi-
odica”.
1. INTRODUCTION

Literature data on the technology and investigation
of InP-based metal–semiconductor diode structures
indicate that the properties of such structures doped
with transition metals have virtually not been analyzed.
Meanwhile, the electrical characteristics of such struc-
tures, which are used in practice, are known to prima-
rily depend on the properties of metals. According to
the investigations of the mechanism of formation of the
Schottky barrier [1], in which a number of metals
(including Cr [2]) were used, it is their chemical activ-
ity in particular that plays an important role in interact-
ing with the substrate surface. The Schottky barrier
height and its dependence on the interface properties
control the efficiency of structures developed for prac-
tical purposes. Therefore, it seemed to be of interest to
perform measurements that would make it possible to
estimate the charge-transport mechanism in n-InP-
based diode structures using chromium and molybde-
num as rectifying contacts.

2. PROCEDURE FOR STRUCTURE 
FABRICATION 

To fabricate Cr–n-InP structures, we used Czochral-
ski-grown indium phosphide crystals with an electron
concentration n0 = 2 × 1016 cm–3. The diodes were
formed by the vacuum deposition of chromium on a
preliminarily cleaned and etched substrate surface.
Mo–n-InP structures were formed on crystals with n0 =
3 × 1017 cm–3 also by vacuum deposition of molybde-
num on a substrate surface, which was preliminarily
etched in a Br : C2H5OH (1 : 4) mixture for one minute.
The Mo-layer thickness amounted to ~1000 Å. Indium
contacts were soldered to n-InP and Contactol silver
paste was used to form contacts with the Mo layer.
1063-7826/03/3708- $24.00 © 20936
3. CHARGE TRANSPORT 
IN THE Cr–n-InP STRUCTURE

The current–voltage (I–V) characteristics measured
at T = 77 and 300 K for a typical sample are shown in
Fig. 1. The forward portions can be described by the
relation

(1)

where n is the ideality factor, and the other symbols
retain their conventional meaning. The factor n = 1.01–
1.2 at T = 300 K and increases with decreasing temper-
ature, attaining values of 1.5–2.1 at T = 77 K. The
reverse-bias characteristics do not tend toward constant
values; notably, J0 ∝  Vα, where α = 0.7–0.9. These fea-

J J0
qV
nkT
---------exp 1– 
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Fig. 1. (1, 2) Forward and (3, 4) reverse-bias current–volt-
age characteristics of the Schottky Cr–n-InP diodes at T =77
and 300 K. 
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tures of the I–V characteristics are indicative of a com-
plex charge-transport mechanism, i.e., of contribution
of several types of current, one of them being dominant
in various temperature intervals. In the general form,
the contribution of different charge-transport mecha-
nisms can be represented as

(2)

In our opinion, it is the thermionic emission that
contributes predominantly to the charge transport in the
samples with n ≈ 1.01 at T = 300 K. An estimate of the
Schottky barrier height ϕB from the relation

(3)

yielded ϕB = 0.63 eV (and A* ≈ 9 A/(m2 K2) is the effec-
tive Richardson constant).

The capacitance–voltage (C–V) characteristics
(Fig. 2) yield supplementary data on ϕB and on other
parameters of the diode structure. From the cutoff point
on the abscissa axis, we determined the values of ϕB =
0.65 and 0.43 eV for various samples. The former value
corresponds to that determined from the I–V data, and
the latter one corresponds to the value obtained in [2].
With allowance for the fact that the values of ϕB were
obtained in [2] for samples with atomically clean sur-
faces covered with chromium deposited in ultrahigh
vacuum, the larger value of ϕB we obtained can be
explained by the presence of an intermediate layer
between Cr and n-InP. This fact is corroborated by the
estimate of Nd from the slope of the C–V characteristic
(equal to 2/qεnNd), according to which the value of Nd

differs from the Hall value by a factor of 2–5.
If the temperature decreases, the contribution of the

generation–recombination component to the total cur-
rent determined by formula (2) should increase, espe-
cially at T = 77 K (n ≈ 2); in this case,

(4)

In these expressions, W is the width of the space-charge
layer, ni is the intrinsic carrier concentration, and τr is
the lifetime in the space-charge region. We estimate the
contribution from the diffusion and tunneling compo-
nents of the current. The diffusion component is due to
the possible injection of holes into the neutral region. In
accordance with the definition of the injection coeffi-
cient [3] as

(5)

(Dp is the diffusivity of holes, L is the neutral-region
width), some contribution of the diffusion current
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might be expected only for ϕB = 0.65 eV. However, it
follows from (5) that γp is negligible even at T = 300 K
with ni ≈ 7 × 106 cm–3.

The possible contribution of the tunnel current Jtun,
for example, with respect to the thermionic current Jt,
can be approximately estimated from the relation

(6)

where E00 = . From (6), it can be seen that

Jtun should be taken into account for E00 > kT. With
allowance for the substrate characteristics, E00/kT ≈
0.24 and ≈0.9 at T = 300 and 77 K, respectively. Thus,
the tunnel current contributes negligibly at high tem-
peratures (close to room temperature) and the genera-
tion–recombination current (4) predominates at low
temperatures. From the above, it follows that the mech-
anism of charge transport in the investigated Cr–n-InP
structures is characterized by the contribution of sev-
eral types of current in different temperature intervals
and can vary, depending on the parameters of the diode
structure.

4. CHARGE TRANSPORT IN THE Mo–n-InP 
STRUCTURES

In Fig. 3, we show the I–V characteristics typical of
the Mo–n-InP structure, which are measured at T = 110 K
in the forward direction. As can be seen from Fig. 3,
these dependences are either linear (at low V) or qua-
dratic. From this fact, it follows that there is no emis-
sion mechanism caused by the presence of a barrier at
the metal–semiconductor interface, nor is the charge
transport controlled by recombination in the space-
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Fig. 2. Voltage–capacitance characteristics of the Schottky
Cr–n-InP diodes at T = 77 K. 1 for diode 1, and 2 for diode 2.
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charge layer or in the neutral region; i.e., there is no
analytical dependence of type (2). In our opinion, the
observed character of the I(V) dependences can be
attributed to the double injection of carriers in a high-
resistivity semiconductor layer, with the drift transport
being predominant. Therefore, the structure under
investigation can be represented by the schematic

5
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Fig. 3. Forward current–voltage characteristics for two Mo–
n-InP samples at T = 110 K. The inset shows the schematic
of the structure (ν is the high-resistance layer).
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Fig. 4. Spectral photosensitivity of Mo–n-InP structures at
(1) 110 and (2) 300 K. The inset shows the temperature
dependence of the photovoltage.
shown in the inset to Fig. 3. During the deposition of
molybdenum, the degradation of a thin surface layer
occurs. As a result of this degradation, a set of acceptor
levels related to defects appear in the band gap of this
layer. The acceptor impurities compensate the initial
donor centers in this layer, which leads to the formation
of a relatively high-resistance layer (ν), and the whole
structure has an Mo–ν–n-InP form. From the viewpoint
of the processing cycle, this degradation is similar to
the process of fabricating p-InP-based solar cells by
sputtering n-In2O3, where the surface layer of the sub-
strate transforms into a thin n-layer [4] as a result of the
degradation.

In our case, the application of a forward bias leads
to the intense injection of electrons into the compen-
sated ν-region from a good antiblocking contact (n-
InP) and to the injection of holes from the Mo side.
Analytically, this mode can be represented in the form

(7)

where W1 is the thickness of the compensated ν-layer.
The critical voltage at which the linear portion trans-
forms into a quadratic one Vx ≈ 3 V (Fig. 3) is related to
the transit time of holes tp ≈ τ as follows:

(8)

If we assume the pure Coulomb attraction of holes
by negatively charged acceptor centers with a density
Na ≈ 1016 cm–3, the capture cross section amounts to S ≈
10–11 cm2 at T = 110 K; the lifetime τ = 1/VthSNa (Vth is
the thermal velocity of ~5 × 106 cm/s) is equal to ~2 ×
10–12 s, while the ν-layer width W1 ≈ 2 × 10–5 cm for
mp ≈ 60 cm2 V–1 s–1). The diffusion length of holes Lp <
2 × 10–5 cm, which satisfies the condition for drift trans-
port.

In Fig. 4, we show the spectral-photosensitivity
curves measured at T = 110 and 300 K for a typical
sample. The shift of the descending portion (at λ > λmax)

by 0.07–0.09 eV at the half-maximum (1/2)  to the
long-wavelength region is characteristic of these
curves. This also corroborates that a compensated ν-
region is formed because transitions to shallow com-
pensated levels turn out to be possible. The temperature
dependence of the photovoltage (Fig. 4, inset) for the
case of exposure to light with λ = 0.9 µm shows slight
growth in the range of 110–300 K, which is caused by
a weak variation in the lifetime and in other structure
parameters.

5. CONCLUSION

The results obtained from investigating charge
transport in diode structures based on n-InP show that

J qτµnµp n0 p0–( ) V2
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3
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W1
2
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either the thermionic or generation–recombination cur-
rent (depending on temperature) predominates in the
Cr–n-InP structures and the double injection of carriers
predominates in the Mo–n-InP structures; in the latter
case, the decisive factor is the degradation of the sur-
face n-InP layer.
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Abstract—Raman and infrared spectroscopy were applied to study nanocrystalline GaN films grown by chlo-
ride–hydride vapor-phase epitaxy on SiO2/Si(111) substrates at T = 520°C. It was ascertained that GaN nanoc-
rystals are formed on the oxidized silicon surface at a rate of 10–2 nm/s. It was shown that the peaks in the
Raman spectra E2(high) = 566 cm–1 and A1(LO) = 730 cm–1 correspond to the elastically strained GaN wurtzite
structure. It was detected that a peak related to E1(TO) = 558 cm–1 arises in the infrared spectra, which shows
that elastic stresses in the nanocrystals are insignificant. © 2003 MAIK “Nauka/Interperiodica”.
Gallium nitride epitaxial films play an important
role in the development of short-wavelength devices.
The absence of a perfect substrate material is the main
hindrance limiting progress in the production of high-
efficiency devices based on GaN. Various single crys-
tals (Al2O3, SiC, GaAs, Si) are being actively employed
as substrates for the heteroepitaxial growth of GaN.
Notwithstanding the large misfit between the thermal
expansion coefficients and lattice parameters of the epi-
taxial GaN layer with wurtzite structure and the Si sub-
strate, it is especially attractive to employ the latter in
the development of devices due to the integration of
GaN into silicon microelectronics.

Recently, much attention has been paid to the tech-
nology of producing GaN nanocrystals, as it holds
much promise prospective for nanoelectronic devices.
Gallium nitride nanocrystals [1, 2] and nanowires [3]
have been synthesized by a variety of physical or chem-
ical methods; however, there are no papers devoted to
GaN nanostructures on silicon substrates. Epitaxial
GaN layers on silicon substrates are grown by various
methods: high-vacuum chemical vapor deposition [4],
metal–organic chemical vapor deposition (MOCVD)
[5], and hydride vapor-phase epitaxy (HVPE) [6]. In
low-temperature chloride vapor-phase epitaxy, the for-
mation of a GaN layer on an oxidized silicon substrate
begins with the formation of nanocrystalline islands
[7].

The optical and electronic properties of GaN layers
grown both on Si substrates [8] and GaN nanocrystals
have been successfully studied in detail using Raman
[3, 9] and infrared (IR) [10] spectroscopy.
1063-7826/03/3708- $24.00 © 20940
This paper is devoted to the study of the properties
of GaN nanocrystals grown by chloride–hydride vapor-
phase epitaxy on oxidized silicon substrates.

Heteroepitaxy of GaN was carried out on prelimi-
narily oxidized silicon substrates 50 mm in diameter
rotating in a hydrogen flow at a frequency of 1 Hz. The
ratio of hydrogen and ammonia flows was 2 : 1; the epi-
taxy temperature T = 520°C. After the heteroepitaxy,
the pattern of GaN nucleation was studied using
atomic-force microscopy (AFM) at room temperature
in air.

The Raman spectra were measured in the Z(X, Y)Z
geometry, where the Z axis is directed along the wurtz-
ite C axis. As is known, a perfect GaN crystal is charac-
terized by a hexagonal wurtzite structure (space sym-

metry group  At the Γ point, optical phonons are
described by the irreducible representation Γopt =
A1(Z) + 2B + E1(X, Y) + 2E2, where X, Y, and Z are the
polarization directions. The A1(Z), E1(X, Y), and E2
modes correspond to Raman active phonons, whereas
the B modes are silent. The Raman measurements were
carried out at room temperature using a Dilor XY
monochromator with a multichannel detector. An Ar
laser (λ = 514.5 nm) was used as the excitation source.
The laser-spot size was 1 µm; the spectral resolution
was about 2 cm–1. The incident-beam power was about
20 mW.

Infrared spectroscopy measurements were carried
out using a Bruker IFS66 instrument.

Heteroepitaxial growth on a preliminarily oxidized
silicon substrate at low temperatures begins with three-

C6v
4
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Fig. 1. (a, b) Raman scattering spectra of GaN nanocrystals, (c, d) the GaN/SiO2 surface profile, and (e, f) the size distribution of
GaN nuclei at the growth times of (a, c, e) 100 and (b, d, f) 200 min. The scales (c, d) are 1000 (x), 1000 (y), and 100 (z) nm; T =
300 K.
dimensional nucleation of a GaN island; the height h of
an island at the instant of its appearance is comparable
to its base radius R [7]. The size distribution of GaN
nuclei on the substrate surface varies: the average size
h linearly increases from 15 to 400 nm as the growth
time increases from 10 to 200 min (see Figs. 1c–1f).

GaN nanocrystals with h = 50, 200, and 400 nm
were studied. Infrared spectroscopy showed that the
spectra of nanocrystals with h ≈ 200 and 400 nm are
similar and consist of peaks at 1100 and 480 cm–1,
SEMICONDUCTORS      Vol. 37      No. 8      2003
which we relate to Si, and a peak at 558 cm–1, due to the
E1(TO) mode (Fig. 2). The latter peak is absent in the
spectrum of the nanocrystal with h ≈ 50 nm.

Raman spectroscopy was applied to reveal the prop-
erties of GaN nanocrystals, depending on their sizes, as
well as in the course of high-vacuum deposition of sil-
ver atoms on the GaN surface. For GaN nanocrystals
with h ≈ 400 nm, peaks at 566 and 730 cm–1 were
observed, which were due to the E2 (high) and A1(TO)
modes, respectively, as was a peak at 516 cm–1, which
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Fig. 3. Raman scattering spectra for various thicknesses of
Ag layers deposited on two GaN nanocrystals with h = (a)
50 and (b) 400 nm.
we attribute to Si (Fig. 1b). The spectra of nanocrystals
with h ≈ 50 and 200 nm contained only the peak at
516 cm–1 (Fig. 1a). After all of the nanocrystals under
study were placed in vacuum and annealed, the Raman
spectra initially exhibited only one peak at 516 cm–1

(Fig. 3). However, in the course of Ag deposition on the
surface, a peak at ~737 cm–1 arose, which we attribute
to the A1(LO) mode. After Ag deposition on nanocrys-
tals with h ≈ 200 and 400 nm, one more peak at 716 cm–1

was detected. As Ag atoms were being deposited on the
surface, the intensity of the peak at 516 cm–1 decreased,
whereas the intensities of the peaks at 737 and 716 cm–1

initially increased as the Ag-coating thickness grew up
to 3 nm, and then decreased.

As is known, at the initial stage of the formation of
GaN films, nanocrystalline nuclei arise on the SiO2/Si
substrate; these are subject to both elastic and plastic
strain with the generation of misfit dislocations. The
optical properties of such films may be affected, along
with the state of the nanocrystal itself, by the medium
between nanocrystals (pores, defects, dislocations) and
by the existence of amorphous clusters. Therefore,
analysis of Raman and IR spectra is difficult.

The AFM measurements show that new nuclei arise
on the SiO2 surface and their size linearly increases at a
rate of ~10–2 cm/s with the time of film growth increas-
ing (Figs. 1e, 1f). Such a low growth rate of islands is
caused by the low epitaxy temperature (520°C) and the
high barrier for GaN nucleation on a silicon oxide layer.

The IR absorption spectra for GaN nuclei with h ≈
50 nm show (Fig. 2) only the peaks at 480 and 1100 cm–1,
which are related to Si [10] (Fig. 2a). In the case of GaN
nuclei with h ≈ 200 and 400 nm, the peak at 558 cm–1

arises, which is due to the E1(TO) mode [10] (Figs. 2b,
2c). A similar peak at 566 cm–1 was observed in the IR
spectra of GaN layers 0.8 µm thick grown by MOCVD
on an Si(001) substrate [10]. The fact that the E1(TO)
peak observed by us is shifted to shorter waves can be
explained by weaker elastic stress in nanocrystals
400 nm in size in comparison with the stress in the lay-
ers 0.8 µm thick. This is due to the fact that nucleation
of nanocrystals occurs on the amorphous layer of sili-
con oxide, rather than on Si as in [10]. We should note
that, according to the theoretical estimates [10], the
peak due to the E1(TO) mode in the spectrum of bulk
gallium nitride is at 557 cm–1. Thus, the oxide layer not
only prevents the silicon–ammonia interactions with
formation of Si3N4, but also reduces the elastic strain in
the nanocrystals, caused by the lattice mismatch
between Si and GaN.

The Raman spectra of such nanocrystals confirm the
IR-spectroscopy data. If the size of GaN nanocrystals is
h ≈ 50 and 200 nm, the Raman spectra exhibit only the
peak at 516 cm–1 related to Si. If h ≈ 400 nm, one more
peak at 566 cm–1 arises, which is due to the A1(LO)
mode. A similar peak at 566.2 cm–1 was observed in [8],
SEMICONDUCTORS      Vol. 37      No. 8      2003
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where GaN layers 2 µm thick grown by MOCVD on an
Si(111) substrate were studied; this peak was attributed
to the elastic stress in the layer. Thus, Raman spectros-
copy of GaN nanocrystals with h ≈ 400 nm grown by
HVPE on SiO2/Si(111) and GaN layers 2 µm thick
grown by MOCVD on Si(111) shows similar results,
which indicates approximately equal elastic stress.

Raman spectroscopy of GaN nanocrystals with h =
400 nm placed in high vacuum and annealed at T =
600°C shows the disappearance of the peak at 566 cm–1;
however, deposition of silver atoms gives rise to the
peak at 737 cm–1 in all nanocrystals under study, which
is also due to the A1(LO) mode [11] (Fig. 3). As the
thickness of the deposited silver layer increased to 3–
4 nm, the intensity of the peak at 737 cm–1 increased,
whereas the intensity of the peak at 516 cm–1 decreased.
In the course of deposition of silver, one more peak
appeared at 716 cm–1 in the Raman spectra of nanocrys-
tals with h ≈ 400 nm; this peak was not identified.

Thus, Raman and IR spectroscopy methods showed
that the GaN nanocrystals grown on oxidized silicon
exhibit single-crystal properties inherent to the strained
wurtzite structure. The low (~10–2 cm/s) rate of nanoc-
rystal growth allows one to control the size of nanoc-
rystals and opens up new opportunities for HVPE as
applied to gallium nitride nanoelectronics.
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Abstract—Recently, much attention has been given to measuring and monitoring ultraviolet radiation from the
Sun and artificial sources. Detectors based on various wide-bandgap surface-barrier structures, which are char-
acterized by a linear dependence of the photocurrent on incident power density in the range of 10–2–103 W/m2

and can record various kinds of ultraviolet radiation, are described. For example, GaP detectors with a UFS-6
filter have a spectral photosensitivity range corresponding to that of solar ultraviolet radiation on the Earth’s
surface. The spectral sensitivity of 4H-SiC surface-barrier photodetectors corresponds to the spectral curve of
the bactericidal effect produced by ultraviolet radiation. A model has been developed for explaining the process
of short-wavelength photoelectric conversion. According to this model, photogenerated electrons and holes can
unite into hot excitons, being thus excluded from the photoelectric conversion process. The rise in quantum effi-
ciency with increasing temperature, which has been established experimentally for photodetectors based on
Schottky barriers, is attributed to the capture of photogenerated carriers by traps arising from fluctuations of the
conduction and valence band edges, with subsequent thermal release of these carriers. These fluctuations are
related to imperfections in the surface layer of the semiconductor, which is confirmed by the temperature inde-
pendence of the quantum efficiency of photodetectors based on p–n structures. © 2003 MAIK “Nauka/Interpe-
riodica”.
1. INTRODUCTION

At present, much attention is being given to the
monitoring of solar and artificial sources of ultraviolet
(UV) radiation in the context of topical issues in medi-
cine, biology, and ecology, in particular, the problem of
ozone depletion.

UV radiation (wavelengths λ = 10–380 nm, photon
energies hν = 3.2–124 eV [1]) covers the following
ranges [2–5]: pigmentation radiation, 1.2–4.2 eV,
peaked at 2.8–3.3 eV; erythemal (biologically active)
radiation, 4.0–6.2 eV, with the first peak at 4.2 eV, a dip
at 4.4 eV, and a second peak at 5 eV; vitamin-yielding
radiation, 3.9–5.0 eV, peaked at 4.3 eV; and bactericidal
radiation, 4.0–5.9 eV, peaked at 4.9 eV.

Wide-bandgap semiconductor structures with a
potential barrier and, in particular, a Schottky barrier
are most promising for recording UV radiation. This is
due to their high sensitivity in the short-wavelength
spectral range, linearity of the dependence of the pho-
tocurrent on the incident power density, and compati-
bility with integrated-circuit technology.

This paper reports results obtained from studying
the spectral and temperature dependences of the quan-
tum efficiency of photodetectors with Schottky barriers
based on wide-bandgap semiconductors, such as GaP,
GaN, SiC.
1063-7826/03/3708- $24.00 © 20944
During measurements, the photodetectors studied
were placed in a thermostat with quartz windows and
illuminated with a mercury or deuterium lamp through
a monochromator. The photocurrent was measured in
the short-circuit mode at 78–400 K and incident photon
energies of 3–6 eV. The photocurrent values were used
to determine the quantum efficiency (electron/photon),
i.e., the ratio of current sensitivity (A/W) to the energy
of photons being detected (eV).

2. PHOTODETECTORS BASED ON GaP, GaN, 
AND 4H-SiC SCHOTTKY BARRIERS

GaP photodetectors were fabricated on Czochralski-
grown n-GaP wafers with an electron density n ≈
1017 cm–3 (300 K). An ohmic contact was fabricated on
one side of the wafer by alloying with indium, and an
optically semitransparent barrier contact, on its other
side by chemical deposition of gold. The structure
thickness d = 200 µm; the illuminated surface area S ≈
5 mm2.

The GaP photodetectors were characterized by a
spectral sensitivity range of 2.5–6.2 eV with a peak sen-
sitivity at 3.4 eV (Fig. 1), a dark current density less
than 10–8 A/cm2 (at a voltage of –1 V), and a time con-
stant of less than 10–6 s. With a UFS-6 filter, GaP pho-
todetectors show sensitivity in the spectral range of
003 MAIK “Nauka/Interperiodica”
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3.1–4.2 eV, which is close to the spectrum of solar UV
radiation on the Earth’s surface (Fig. 1). The quantum
efficiency of these photodetectors is 0.4–0.5 elec-
tron/photon (300 K, no antireflection coating); the pho-
tocurrent depends linearly on incident power density in
the range 10–2–103 W/cm2. Thus, these structures can
be used to measure solar UV radiation.

GaN photodetectors with a Schottky barrier have a
spectral sensitivity range of 3.4–5.0 eV, with peak sen-
sitivity at 3.9 eV (Fig. 2), which virtually coincides
with the published values for m–s–m and p–n GaN pho-
todetectors [6–8]. The quantum efficiency γ of these
photodetectors is 0.3–0.4 electron/photon at room tem-
perature. The authors believe that GaN and AlxGa1 − xN
may be promising materials for selective photodetec-
tors of erythemal UV radiation.

4H-SiC layers 25 µm thick with an electron density
of 4 × 1015 cm–3 (300 K) were grown by CVD on com-
mercial n-4H-SiC substrates with n = 1019 cm–3. The
Schottky barrier and ohmic contact were fabricated by
thermal evaporation of Cr onto a substrate in different
temperature modes. The Schottky barrier was semi-
transparent to light; the illuminated surface area S ≈
2.25 mm2.

The spectrum of the quantum efficiency of 4H-SiC
Schottky photodetectors lies at photon energies of 3.2–
5.2 eV (Fig. 3). With increasing photon energy, the
quantum efficiency γ grows slowly at hν > 3.2 eV and
more rapidly at hν > 4.2 eV, reaching a maximum value
of ~0.3 electron/photon at 4.9 eV. At hν > 5.0 eV, the
value of γ falls abruptly. 4H-SiC surface-barrier photo-
detectors are characterized by a spectral sensitivity
range close to the spectrum of bactericidal UV radia-
tion. Thus, 4H-SiC Schottky photodetectors can be
used as photodetectors of bactericidal UV radiation.
Moreover, photodetectors of this type can operate at
elevated temperatures.
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Fig. 1. Spectral dependence of the quantum efficiency of the
photoelectric conversion of a GaP photodetector with a
Schottky barrier: (1) without filter and (2) with a UFS-6 fil-
ter. The shaded region corresponds to solar UV radiation
recorded on the Earth’s surface (at Sun elevation of 60°).
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The mechanism of photoelectric conversion in
structures with a Schottky barrier will now be consid-
ered. The long-wavelength threshold of photosensitiv-
ity is determined by the energy gap of a semiconductor.
For example, no photocurrent is observed for 4H-SiC at
hν < 3.2 eV, which is in agreement with published data
on the energy gap of 4H-SiC (Eg = 4.2 eV) [9]. With
increasing hν, the quantum efficiency (at hν > 3.2 eV)
grows slowly at first, which is due to indirect optical
transitions (I1, I2) between the valence-band top at the
Γ point of the Brillouin zone and the conduction-band
bottom at the M point (Fig. 4). At hν > 4.2 eV, when
optical transitions become direct at the center of the
Brillouin zone (D1, D2), the quantum efficiency grows
more rapidly and reaches a maximum at 4.9 eV. At hν >
5 eV, the quantum efficiency falls abruptly. The photo-
sensitivity spectra of GaP and GaN photodetectors
exhibit similar behavior.
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Fig. 2. Spectral dependence of the quantum efficiency of
photoelectric conversion of a GaN photodetector with a
Schottky barrier. 
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Fig. 3. (1) Spectral dependence of the quantum efficiency of
photoelectric conversion of a 4H-SiC photodetector with a
Schottky barrier and (2) spectrum of the relative effective-
ness of bactericidal UV radiation for a human being.
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The photosensitivity of detectors with a Schottky
barrier has a falloff in the short-wavelength part of the
spectrum (5–6 eV), which corresponds to the range of
fundamental absorption of the semiconductor. This fal-
loff can be explained in terms of a hot exciton model
based exclusively on the intrinsic properties of a semi-
conductor, particularly, on the structure of the Brillouin
zone. All of the semiconductors considered have
regions of the Brillouin zone in which the conduction-
and valence-band edges are virtually parallel, and the
curvature of the dispersion curve is low. For GaP, these
regions lie in the vicinity of the X point of the Brillouin
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Fig. 4. Band structure of 4H-SiC and schematic of optical
transitions.
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Fig. 5. Temperature dependence of the quantum efficiency
of UV photodetectors based on GaP Schottky barriers at dif-
ferent photon energies.
zone, with the energy of band-to-band transitions equal
to ~3.9 eV [10]. For 4H-SiC, this is the region between
the Γ and M points of the Brillouin zone, with the
energy of band-to-band transitions equal to ~4.9 eV
(Fig. 4). When the energy of photons being detected
becomes close to the energy of band-to-band transitions
in these regions of the Brillouin zone, a photogenerated
electron and hole move in the same direction at similar
velocities and may form a hot exciton as a result of
Coulomb interaction. The formation of such an exciton
has been predicted theoretically [11]. In view of the low
curvature of the dispersion curves, the exciton has a
large effective mass and binding energy, weakly disso-
ciates in the contact electric field, and weakly interacts
with optical phonons, which leads to its long mean free
path. Thus, it seems possible that hot excitons can pass
across the entire space charge layer, reach the metal or
the quasi-neutral bulk of the semiconductor, and
recombine there. Therefore, the photogenerated hot
electron and hole which form the hot exciton are
excluded from further photoelectric conversion pro-
cesses and the quantum efficiency decreases with
increasing photon energy in the short-wavelength
region.

3. TEMPERATURE DEPENDENCE
OF THE QUANTUM EFFICIENCY 

OF UV PHOTODETECTORS

Figure 5 shows the temperature dependences of the
quantum efficiency of UV photodetectors based on GaP
Schottky structures for different photon energies. The
experimental results are as follows: the quantum effi-
ciency grows with increasing temperature at any energy
of photons being detected; the increase in the quantum
efficiency with temperature is weaker the higher the
photon energy; raising the temperature by a factor of 3
leads to an increase in the quantum efficiency by a fac-
tor of 3.2 at an incident photon energy of 2.83 eV and
by a factor of 1.4 at an incident photon energy of
3.98 eV; the temperature dependence of the quantum
efficiency levels off at high temperatures (T > 300 K)
and high photon energies (hν > 3.4 eV).

It is noteworthy that similar temperature depen-
dences are observed for GaAs detectors with a Schottky
barrier [12].

Figures 6a and 6b show the temperature depen-
dences of the quantum efficiency of UV photodiodes
based on 4H-SiC Schottky barriers for different photon
energies. The experimental results are as follows: at
low temperatures (80–175 K), the quantum efficiency
grows with increasing temperature over the entire range
of photon energies under investigation; at medium tem-
peratures (200–300 K), the temperature dependence of
the quantum efficiency tends to level off with increas-
ing temperature and energy of photons being detected;
at higher photon energies, leveling-off is observed at
lower temperatures; at high temperatures (300–400 K),
the run of the temperature dependence varies with pho-
SEMICONDUCTORS      Vol. 37      No. 8      2003
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ton energy: in the case of the long-wavelength photo-
electric effect (a photon energy of 3.2–4.5 eV), a sec-
ond region of rising quantum efficiency at T > 300 K
after the leveling-off portion (the higher the photon
energy, the weaker the rise) and a second region of
slower rise with a tendency toward leveling-off are
observed; in the case of the short-wavelength photo-
electric effect (a photon energy of 4.9–5.3 eV), the sec-
ond region of rising quantum efficiency is not observed
and the quantum efficiency is virtually temperature-
independent at T > 300 K.

The rise with temperature of the long-wavelength
quantum efficiency at low temperatures can be
accounted for by a shift of the absorption edge and an
increase in the diffusion length of holes with increasing
temperature. According to the authors' estimates, the
diffusion length of holes grows from 0.5 µm at 80 K to
1.5 µm at 400 K, although the authors believe that the
main reason for the rise in the quantum efficiency is the
shift of the absorption edge. In the case of a short-wave-
length photoelectric effect, these factors cannot account
for the rise in quantum efficiency with temperature.

It is noteworthy that the temperature dependence of
the quantum efficiency of photodetectors based on Si
and GaAs p–n structures in the short-wavelength region
markedly differs from the above dependences for pho-
todetectors with a Schottky barrier [13, 14]: for p–n
detectors, the quantum efficiency is virtually tempera-
ture independent at photon energies of 1.4–6 eV (Si
photodetectors) and 1.8–6 eV (GaAs photodetectors).
In this case, measurement error does not exceed 1.5%
and, therefore, it can be concluded that the quantum
efficiency varies in these spectral ranges by no more
than 0.01%/°C.

The rise with temperature of the quantum efficiency
of photodetectors with a Schottky barrier can only be
understood in terms of the fluctuation trap model. The
authors believe that the reason for the significant rise in
quantum efficiency is the high density of imperfections
in the surface layer of the semiconductor. Such imper-
fections may give rise to fluctuations in the conduction-
and valence-band edges. In the absence of an electric
field, fluctuations of this kind lead to localization of
only a single kind of carriers. However, the electric
field of the space charge region simultaneously con-
verts these fluctuations into traps for electrons and
holes. Thus, carriers of different signs are the localized
within a small region of space and, in the course of
time, recombine via tunneling. Varying the temperature
leads to a change in the concentration of free thermal-
ized photogenerated carriers because of their partial
capture by, and release from, fluctuation traps. With
increasing temperature, the concentration of free ther-
malized photogenerated carriers grows because of the
thermal dissociation of electron–hole pairs captured by
traps and, consequently, the quantum efficiency of pho-
toelectric conversion grows with temperature until the
traps become completely depopulated.
SEMICONDUCTORS      Vol. 37      No. 8      2003
The quantum efficiency γ is equal to the product of
probabilities of a number of successive events: the inci-
dence of a photon on the semiconductor (1 – R); the
generation of an electron–hole pair by the photon, η;
the thermalization of this pair in the space charge
region, (1 – δhot); the separation of the thermalized elec-
tron–hole pair by an electric field (1 – δtherm):

Here, R is the reflection coefficient; η, the internal
quantum efficiency; δhot and δtherm, the loss factors for
hot and thermalized photogenerated carriers.

γ 1 R–( )η 1 δhot–( ) 1 δtherm–( ).=

Fig. 6. Temperature dependence of the quantum efficiency
of UV photodetectors based on 4H-SiC Schottky barriers at
different photon energies for the cases of (a) the long-wave-
length photoelectric effect (hν = 3.4–4.4 eV) and (b) the
short-wavelength photoelectric effect (hν = 4.91–5.01 eV).
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The value of δtherm depends only on the concentra-
tion ratio of trapped (nloc) and free (nf) photogenerated
carriers:

If it is assumed that η = 1 and the release of carriers
from traps with an activation energy ∆E occurs in
accordance with the Boltzmann statistics,

then

Interpolation of the experimental data with the use of
the suggested theoretical dependence made it possible
to determine the activation energy of the fluctuation
traps. The activation energy was virtually temperature-
independent and equal to 10 meV for GaP photodetec-
tors and 15 meV for 4H-SiC photodetectors.

In the case of the long-wavelength photoelectric
effect, the second region of rise and leveling-off of the
quantum efficiency of 4H-SiC photodetectors can be
accounted for by specific features of the band structure
of 4H-SiC. The minimum of the 4H-SiC conduction
band lies at the point Γ of the Brillouin zone. With
increasing photon energy, the optical transition of an
electron occurs first indirectly (with phonon absorp-
tion) and then as directly (without phonon absorption).
The probability of an indirect optical transitions grows
with increasing density of phonons, i.e., with increas-
ing temperature. If the characteristic energy of a
phonon is taken to be 30 meV, then the corresponding
characteristic temperature at which the rise in quantum
efficiency must cease will be ~350 K, and it is precisely
this value that is observed in experiment. The photon
energy at which the rise with temperature ceases is the
limiting energy of direct optical transitions. Thus, the
absorption in the spectral range of the short-wavelength
photoelectric effect at photon energies exceeding
4.9 eV involves direct optical transitions, and at hν ≥
4.9 eV a second range of rise in quantum efficiency is
not observed. It follows from obtained the experimental
data that the energy of direct optical transitions is
4.9 eV for 4H-SiC, which is in agreement with pub-
lished calculated data [9].

The temperature stability of photodetectors based
on p–n structures in the short-wavelength region con-
firms the model of fluctuation traps. In p–n structures,
the space charge region lies deep in the crystal bulk.
Imperfections in the surface layer (in particular, fluctu-

δtherm

nloc

n f nloc+
--------------------.=

1 δtherm– ∆E/kT–( )exp ,=

γ 1 R–( ) 1 δhot–( ) ∆E/kT–( )exp .=
ation traps) are not subject to the electric field of the
space charge region and cannot simultaneously serve as
traps for electrons and holes. Therefore, the quantum
efficiency of p–n photodetectors is independent of the
density of defects in the surface layer and virtually tem-
perature independent.

To conclude, it should be noted that investigations of
structures based on a metal and a wide-gap semicon-
ductor were initiated by Professor D.N. Nasledov in the
1970s.
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Abstract—The results of a study aimed at the fabrication of high-sensitivity photodiodes for the 0.9- to
2.55-µm spectral range with a photosensitive area diameter as large as 1–3 mm are presented. A large range of
photodiodes based on GaSb/GaInAsSb/GaAlAsSb heterostructures with a long-wavelength edge of spectral
sensitivity λ = 2.4 and λ = 2.55 µm have been developed. The special features of the photodiodes are their high
monochromatic current sensitivity in the spectral peak, high operating speed, and low reverse dark current den-
sity. The detectivity of photodiodes estimated from the measured noise level and monochromatic current sen-
sitivity in the spectral peak reaches D*(λmax, 1000, 1) = (0.8–1.0) × 1011 Hz1/2 cm W–1. © 2003 MAIK
“Nauka/Interperiodica”.
1. INTRODUCTION

The spectral range of 0.9–3.0 µm attracts the con-
siderable interest of those designing instruments for use
in laser diode spectroscopy of gases and molecules,
laser ranging and location, medicine, and environmen-
tal monitoring [1–4]. The principal problem in these
areas is the detection of an optical signal with minimum
possible intensity. Therefore, the threshold characteris-
tics defining the lowest intensity signals detected at the
noise level are of principal importance. To provide min-
imum noise level, a photodiode must have low dark cur-
rent and, respectively, high dark resistance in the pho-
tovoltaic mode. When a photodiode is used with a
preamplifier, the conditions of low noise level and
broad bandwidth lead to the demand for the lowest pos-
sible capacitance of the photodiode. Further, the spe-
cific detectivity of a photodiode increases with increas-
ing diameter of the active area. A large size of the active
area imposes strict constraints on the surface homoge-
neity and the quality of heterointerfaces between the
semiconductor epitaxial structures forming the photo-
diode.

Using liquid-phase epitaxy (LPE) the laboratory of
IR optoelectronics of the Ioffe Physicotechnical Insti-
tute has designed and fabricated high-performance
LEDs [5], and also lasers [6] and photodiodes with
matching spectral sensitivity [7], including avalanche
diodes [8] based on multicomponent Ga1 − xInxAsySb1 − y

narrow-gap solid solutions. LPE provides for the pro-
duction of high-quality bulk epitaxial layers, and its rel-
ative simplicity and low cost still make it an attractive
method in the fabrication of optoelectronic devices.
1063-7826/03/3708- $24.00 © 20949
In this report, the specific features of the production
of GaInAsSb/GaAlAsSb photodiode heterostructures
lattice-matched with GaSb, as well as the physical pro-
cesses underlying the operation of these photodiodes,
are examined. The principal characteristics of photo-
diodes for the spectral sensitivity range of 0.9–2.55 µm
with an active area 1–3 mm in diameter are presented.

2. PRODUCTION 
OF GaSb/Ga1 − xInxAsySb1 − y/Ga1 − xAlxAsySb1 − y 

LATTICE-MATCHED HETEROSTRUCTURES

GaSb/Ga1 − xInxAsySb1 − y/Ga1 − xAlxAsySb1 − y photo-
diode heterostructures were grown by LPE on (100)
n-GaSb substrates doped with Te to (1–5) × 1017 cm–3.
The binary compounds InSb, GaSb, and InAs were
used as stock components for GaInAsSb epitaxial lay-
ers. For the growth of GaAlAsSb, we used Ga of
99.999 wt % purity, GaSb and Al of 99.999 wt % purity,
and saturating GaAs substrate intended for introducing
As into the liquid phase. The equilibrium mole frac-
tions in liquid and solid phases at fixed temperature and
overcooling were calculated using the thermodynamic
method [9]. To obtain solid solutions lattice-matched
with the substrate, the liquid-phase composition deter-
mined from calculation was ascertained experimen-
tally. The chemical composition of solid solutions at the
surface and its variation across the thickness (normal to
the heterointerface plane) were determined by quantita-
tive X-ray fluorescence analysis using a JXA-5 CAM-
EBAX X-ray microanalyzer.

In this way, epitaxial layers of
Ga0.78In0.22As0.18Sb0.82 solid solutions were reproduc-
ibly grown at the miscibility gap boundary from the liq-
003 MAIK “Nauka/Interperiodica”
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uid phase of the molecular composition at T = 600°C
with overcooling ∆T = 3°C. When (111)B GaSb sub-
strate was used, the indium content in solid phase
increased to x = 0.24 under the same technological con-
ditions and liquid phase composition. A wide-bandgap
“window” of the photodiode heterostructures was
formed by Ga0.66Al0.34As0.025Sb0.975 layers grown at T =
599°C. The average growth rate was 3.0–4.0 and 1–
1.5 µm min–1 for the GaInAsSb and GaAlAsSb solid
solutions, respectively. The parameters of the obtained
epitaxial layers are listed in the table.

According to X-ray diffraction data, the lattice mis-
match between the layer and the substrate was positive
in all samples: ∆a/a = (2–8) × 10–4 at room temperature.
The FWHM of the diffraction reflections was 15′′–20′′
for the layers and 10′′–12′′  for the substrate, which
indicates high structural perfection of the epitaxial lay-
ers and planarity of the layer–substrate interface. The
FWHM of the photoluminescence (PL) peaks (Fig. 1)
for the Ga0.78In0.22As0.18Sb0.82 epitaxial layers was
∆hν = 16–18 meV at T = 80 K, which is typical of solid
solutions with a homogeneous composition. The

Parameters of Ga1 – xInxAsySb1 – y and Ga1 – xAlxAsySb1 – y
epitaxial layers

Solid solution
Growth 

tempera-
ture, °C

Thick-
ness,
µm

Band gap
Eg, eV;

T = 300 K

Ga0.78In0.22As0.18Sb0.82 600 2.2–2.8 0.53

Ga0.76In0.24As0.21Sb0.79 600 2.2–2.8 0.51

Ga0.66Al0.34As0.025Sb0.975 599 1.5–2.0 1.1

Ga0.50Al0.50As0.04Sb0.96 599 1.5–2.0 1.3

Fig. 1. PL spectrum of Ga0.78In0.22As0.18Sb0.82 epitaxial
layer at T = 80 K. Parameters of the intensity peak IPL:
λmax = 2.075 µm, ∆hν = 17.3 meV.
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energy gap of solid solutions (see table) determined in
the study of PL and transmission spectra (Figs. 1, 2)
correlate well with the data calculated from a semi-
empirical relation, where Eg of the quaternary solid
solution for direct transitions was determined by inter-
polation of the energy gaps of the binary compounds
with the use of the bowing parameters for ternary com-
pounds [10].

3. PHOTODIODES WITH A 2.40- TO 2.55-µm 
LONG-WAVELENGTH EDGE OF SPECTRAL 

SENSITIVITY

To produce high-efficiency long-wavelength photo-
diodes based on Ga1 − xInxAsySb1 − y solid solutions, it is
necessary to resolve a series of additional technical
problems, such as the reduction of the majority carrier
density in the active region of high-speed devices, sup-
pression of leak currents, fabrication of ohmic contacts,
and achievement of high linearity of the output signal.

We have produced and thoroughly studied photo-
diodes based on n-GaSb/n-Ga1 − xInxAsySb1 − y/p+-
Ga1 − xAlxAsySb1 − y heterostructures grown on (100)
and (111)B GaSb substrates (see table). The active
region was Te-doped in a wide range of densities n =
(0.2–20) × 1016 cm–3, and the wide-bandgap window
was Ge-doped to p = 8 × 1018 cm–3. Mesa-photodiodes
with an active area 1–3 mm in diameter were formed on
the grown layers by standard photolithography. The
ohmic contacts to the p-GaAlAsSb and n-GaSb sub-
strates were AuGe/Ni/Au and Cr/Au/Ni/Au, respec-
tively.

The solid line in Fig. 3 shows the spectral distribu-
tion of sensitivity for a typical
Ga0.78In0.22As0.18Sb0.82/Ga0.66Al0.34As0.025Sb0.975 photo-

Fig. 2. Transmission spectra of Ga0.78In0.22As0.18Sb0.82
epitaxial layer (thickness ~2 µm).
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diode at room temperature. As seen, at T = 300 K the
long-wavelength edge lies at 2.4 µm. The energy gap of
the narrow-gap Ga0.78In0.22As0.18Sb0.82 solid solution
determined from the wavelength corresponding to a
twofold decrease in sensitivity is 0.53 eV at T = 300 K,
which correlates with the data obtained in studies of the
PL and transmission spectra (table). When the active
region is Ga0.76In0.24As0.21Sb0.79, the long-wavelength
edge of the diode spectral sensitivity is red-shifted to
λ = 2.55 µm (Fig. 3, line 3). The short-wavelength cut-
off of the photosensitivity is due to strong absorption of
the short-wavelength radiation in the wide-bandgap
window. The presence of the window essentially
reduces the loss of light-generated carriers via surface
recombination. The choice of material for this layer
offers an additional means to modify the position of the
short-wavelength edge of the spectral sensitivity and
reverse dark current in a structure. Thus, the short-
wavelength edge of the diode spectral sensitivity is
defined by the energy gap of the window material and
lies at 0.9 µm for Ga0.66Al0.34As0.025Sb0.975 (Fig. 3, solid
line), 0.8 µm for Ga0.50Al0.50As0.04Sb0.96 (Fig. 3, curve 1),
and 1.6 µm for GaSb (Fig. 3, curve 2).

Figure 4 shows temperature dependences of the
long-wavelength edge of spectral sensitivity for a
Ga0.78In0.22As0.18Sb0.82/Ga0.66Al0.34As0.025Sb0.975 photo-
diode. The temperature coefficient of the energy gap of
the narrow-gap Ga0.78In0.22As0.18Sb0.82 solid solution
was found to be α = –3.8 × 10–4 eV K–1 in the tempera-
ture range T = –40–60°C. The estimated temperature
shift of the long-wavelength edge of spectral sensitivity
at the wavelength λ(1/2)max equals 1.6 nm K–1. The
monochromatic current sensitivity in the spectral peak
(λmax = 2.0–2.2 µm) is Sλ = 1.0–1.1 A W–1, which cor-
responds to a quantum efficiency of 0.6–0.7 without a
special antireflection coating. The deposition of antire-
flection SiO2 and Si3N4 films allowed us to reach an
increase in sensitivity by nearly 30% at a wavelength of
about λ = 2.0 µm. However, in this case, the reverse
dark current also substantially increased, so the sig-
nal/noise ratio was adversely affected.

The study of capacitance–voltage characteristics
has shown that the impurity distribution in a hetero-
structure is sharp and that the majority carrier density in
the active region may vary, depending on the doping
level, in a wide range, n = (2–200) × 1015 cm–3, (Fig. 5).
A high operating speed demands minimum intrinsic
capacitance of a photodiode; thus, the majority carrier
density must be low. It is necessary to keep in mind that
dark current has a local minimum at the density n = (8–
20) × 1015 cm–3, which should be regarded as optimum
in this case. The required content of Te in the melt is
NTe = 1.67 × 10–5 at. % (Fig. 5).

The operating speed of the photodiode is defined by
three processes: the time of carrier transit across the
active region (ttr = 10–11–10–12 s); the time of generated
carrier diffusion to the space charge region (in our case,
SEMICONDUCTORS      Vol. 37      No. 8      2003
carriers originate directly in the space charge region);
and, lastly, the RC constant. The operating speed of the
discussed photodiodes is determined by the RC con-
stant; in the operating mode with a load Rl = 50 Ω and

Fig. 3. Spectral distribution of photosensitivity of GaIn-
AsSb photodiodes at T = 300 K: (solid line)
Ga0.78In0.22As0.18Sb0.82 active region and
Ga0.66Al0.34As0.025Sb0.975 wide-gap window; (1)
Ga0.50Al0.50As0.04Sb0.96 window; (2) GaSb window;
(3) Ga0.76In0.24As0.21Sb0.79 active region.
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Fig. 4. The long-wavelength edge of spectral sensitivity of
the Ga0.78In0.22As0.18Sb0.82/Ga0.66Al0.34As0.025Sb0.975
photodiode at temperatures of (1) –40, (2) 20, and (3) 60°C.
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a photodiode intrinsic capacitance C = 1000–2000 pF,
it does not exceed t0.1–0.9 = 120–250 ns, which is a good
result for a photodiode whose active area has such a
large diameter.

As mentioned above, special restrictions are
imposed on the reverse dark current of a photodiode,
because the detectivity is defined by the dark current Id

(photodiode operation mode) or by the shunting resis-
tance R0 = (dU/dU)U = 0 (photovoltaic mode). Figure 6
shows an example of a current–voltage (I–V) character-
istic of a typical photodiode with an active area 2 mm
in diameter, and Figure 7 shows the temperature depen-
dence of the shunting resistance R0. Both the dark cur-
rent and shunting resistance are strongly dependent on
the energy gap of the solid solution and the mechanism
of dark current transport:

(1)

where n is the parameter defined by the dark current
origin; it varies from n = 1 (band-to-band recombina-
tion) to n = 2 (generation–recombination mechanism).
For this situation, it was necessary to study the nature
of dark current in the n-GaSb/n-GaAlAsSb/p+-
GaAlAsSb structure. We have studied forward and
reverse I–V characteristics at different temperatures.
Figure 8a shows typical dependences of the dark cur-
rent on the reverse bias in a photodiode with a 2-mm
active-region diameter at different temperatures. Fig-
ure 8b shows the temperature dependence of the
reverse current at a bias U = –0.2 V, as well as the cal-
culated temperature dependences for the generation–
recombination (G–R) and diffusion mechanisms of cur-
rent transport. It is evident that the experimental data
correlate better with the dependence for the G–R cur-
rent. The temperature dependence of this current is
expressed by I ∝  T 3/2exp(–Eg/2kT). The activation

Id Eg/nkT–( ),exp∝
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Fig. 5. The density |ND–NA| in the GaInAsSb epitaxial layer
as a function of the Te content NTe, at. %, in the liquid phase
for (1) p-type and (2) n-type conduction.

1
2

energy for this dependence is  = 0.3 eV, which is
close to half the energy gap of the active region material
(GaInAsSb, Eg(0) ≈ 0.6 eV). The deviation of the
experimental dependence from that calculated for the
G-R current at low temperatures is due to the increase
of the tunnel component in the dark current [11]; this
component is characterized by a weaker temperature
dependence, so it becomes dominant in narrow-gap
materials under high bias and at low temperatures.

At room temperature, the I(U) dependence under a
reverse bias over 0.2–0.5 V is weak (I ∝  W ∝  U1/2); it is
described by the relation

(2)

where q is the elementary charge, A is the p–n-junction
area, W is the space charge layer width, ni is the intrin-

EA*

IG–R qniWA/τeff,=

Fig. 6. I–V characteristic of the GaInAsSb/GaAlAsSb pho-
todiode with an active area 2 mm in diameter, T = 300 K.
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Fig. 7. Temperature dependence of the shunting resistance
R0 of the GaInAsSb/GaAlAsSb photodiode 2 mm in diam-
eter.
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sic carrier density, and τeff is the effective lifetime of
minority carriers. At ni = 4 × 1014 cm–3 and W ≈ 1 µm,
it can be found from the experimental value of current
that τeff = (1.8–9) × 10–7 s, which considerably exceeds
the data in the literature and is close to the radiative life-
time for GaInAsSb solid solutions. In the best diodes,
the reverse dark current density was j = 3 × 10–3 A cm–2

under a reverse bias U = –(0.2–1.0) V. Analysis of for-
ward I–V characteristics has shown that current can be
presented in an analytical form as I ∝  exp(qU/nkT),
where n increases from n =1.9 to n = 2.8 with tempera-
ture decreasing. This indicates that the mechanism of
dark current changes from generation-recombination to
tunneling.

Thus, according to our study, the bulk component of
the reverse dark current in
Ga0.78In0.22As0.18Sb0.82/Ga0.66Al0.34As0.025Sb0.975 photo-
diodes has two components: generation-recombination
and tunneling. Further reduction of the dark current can
be attained by improving the fabrication technology of
photodiode structures, e.g., by growing the active

Fig. 8. The reverse dark current Id of the GaIn-
AsSb/GaAlAsSb photodiode with the long-wavelength
edge of spectral sensitivity λ = 2.4 µm, 2 mm in diameter:
(a) I–V characteristics at temperatures of (1) 22, (2) –10,
(3) –70, and (4) –100°C. (b): (1) temperature dependences
under a reverse bias U = –0.2 V; calculated dependences for
(2) generation-recombination and (3) diffusion current.
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region with the inclusion of rare-earth elements to
reduce the background density of impurities [12], or by
using lead as a solvent in the growth of GaInAsSb [13].
These methods substantially improve the quality of the
epitaxial layer by reducing the density of defects and
background impurities, which results in a lengthening
of the effective lifetime of carriers in the active region
and, consequently (see (2)), in a decrease in the reverse
dark current. Further, the surface component of the
reverse dark current, which is related to surface leak-
age, can be reduced by choosing the optimal technique
of surface mesa-structure formation [14] or by sulfide
passivation of the lateral surface of the mesa in
GaSb/GaInAsSb/GaAlAsSb photodiode structures
[15].

The photodiode detectivity, estimated from the mea-
sured noise level and the current sensitivity, reaches, in
the spectral peak, the value D*(λmax, 1000, 1) = (0.8–
1.0) × 1011 Hz1/2 cm W–1. The nonlinearity of the output
signal does not exceed 0.1%.

4. CONCLUSION

High-efficiency high-speed GaInAsSb/GaAlAsSb
photodiodes with a long-wavelength edge of the spec-
tral sensitivity λ = 2.4 and 2.55 µm with a large-diam-
eter active area have been produced and studied. In the
best diodes, the density of the reverse dark current is as
low as j = 3 × 10–3 A cm–2 at a bias U = –(0.2–1.0) V.
The investigation of the nature of dark current has
shown that the bulk component of the reverse dark cur-
rent in the diodes under study consists of generation-
recombination and tunneling components.
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Abstract—Light-emitting diodes for the wavelength range λ = 3.3–4.5 µm were fabricated on the basis of
InAsSbP/InAsSb heterostructures grown by metal–organic vapor-phase epitaxy. The use of vapor-phase epit-
axy made it possible to appreciably increase the phosphorus content in barrier layers (up to 50%) in comparison
with that attainable in the case of liquid-phase epitaxy; correspondingly, it was possible to improve confinement
of charge carriers in the active region of the structures. Photoluminescent properties of InAsSb layers, electrolu-
minescent properties of light-emitting diodes, and dependences of the emission power on current were studied.
Two types of light-emitting diodes were fabricated: (i) with extraction of emission through the substrate (type
A) and (ii) with extraction of emission through the epitaxial layer (type B). The light-emitting diodes operating
in the pulse mode (with a relative pulse duration of 20) had an emission power of 1.2 mW at room temperature.
© 2003 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

At present, there is a need for devices that monitor
the level of contamination of the enviroment with nox-
ious gases. To this end, we need efficient and reliable
infrared emitters which operate at room temperature.
Nowadays, the majority of measuring systems that
operate in the wavelength range of 3–5 µm employ
lamp-based infrared sources. Infrared lamps have an
appreciable time lag, which complicates their use in
practical applications. Light-emitting diodes (LEDs)
and lasers offer the following two advantages: low
power consumption and a high modulation frequency.
Compounds based on lead salts (the IV–VI com-
pounds) [1] and narrow-gap HgCdTe solid solutions
(II–VI compounds) [2] feature a low thermal conduc-
tivity and appreciable metallurgical instability, which
makes these compounds less suitable for the production
of infrared emitters compared to III–V compounds. At
present, laser diodes designed for the wavelength range
of 3–5 µm operate stably only at temperatures close to
295 K [3–5]. In addition, gas-monitoring setups based
on laser diodes require an elaborate system for stabili-
zation, as the narrow spectrum of laser radiation is very
sensitive to variations in temperature, which can signif-
icantly reduce the accuracy of measurements. Com-
pared to lasers, LEDs operate reliably at temperatures
as high as 180°C [6] and a LED’s broad spectrum is less
sensitive to temperature variations. Liquid-phase epit-
axy (LPE) is the most-used method for growing LED
structures designed for the aforementioned range of
wavelengths [6–9]. An optical-emission power of
1063-7826/03/3708- $24.00 © 20955
50 µW at a wavelength λ = 5.5 µm was reported by
Matveev et al. [8]. The dependence of the quantum effi-
ciency of LEDs based on an InAs/AlAs0.16Sb0.84 hetero-
structure grown by molecular-beam epitaxy (MBE)
was studied by Kane et al. [10]. The quantum efficiency
was equal to 24% at low currents and at a concentration
of charge carriers (holes) in the active region p = 5 ×
1017 cm–3. Antimony-containing strained quantum-con-
finement structures have been used in the active region
in order to suppress nonradiative Auger processes [11–
13]. The LEDs designed for a wavelength of 4.3 µm
have been developed on the basis of quantum-confine-
ment cascade InAsSb structures grown by metal–
organic vapor-phase epitaxy (MOVPE) [12]. Strained
MBE-grown InAs/InAsSb superlattices were used to
fabricate LEDs with an emission wavelength of 4.2 µm
and optical-emission power of 100 µW at a current
of 2 A.

Studies concerned with the development of LEDs
based on diffused p–n InAs structures emitting in the
region of ~3.3 µm were initiated by D.N. Nasledov and
N.V. Zotova as far back as 1970 [14]. This study is a
continuation of previous investigations and is con-
cerned with the development of light-emitting
MOVPE-grown heterodiodes for the aforementioned
spectral region [15]. Our aim is to refine the MOVPE
growth technology for InAsSbP/InAsSb heterostruc-
tures and improve the characteristics of previously
developed LEDs in order to make LEDs more suitable
for applications in systems for ecological monitoring.
003 MAIK “Nauka/Interperiodica”
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2. EXPERIMENTAL

The InAsSbP/InAsSb heterostructures were grown
in a horizontal reactor under atmospheric pressure. The
InAs substrates were positioned on a molybdenium
substrate holder with resistive heating. The total hydro-
gen flow through the reactor amounted to 18 l/min. As
sources, we used trimethyl indium (TMIn), trimethyl
antimony (TMSb), diethyl zinc (DeZn), biscyclopenta-
dienyl magnesium (C5H5)2Mg, and hydrides, i.e., phos-
phine PH3 and arsine AsH3, both diluted by 20% with
hydrogen. In all experiments, containers with TMIn,
TMSb, DeZn, and (C5H5)2Mg were kept at tempera-
tures of 28, –6, 5, and 20°C, respectively. When grow-
ing the structures, we used the n-InAs:S or p-InAs:Zn
substrates with carrier concentrations of n ≈ 2 ×
1018 cm–3 and p ≈ 5 × 1018 cm–3, respectively. The n-
type substrates were treated in an HCl : H2O : CrO3
mixture prior to growth; the p-type substrates did not
require additional treatment.

The lattice mismatch between the epitaxial layer
and the substrate was estimated from the results of
X-ray diffraction analysis. The elemental composition
of the layers was measured using a CAMEBAX elec-
tron-microprobe analyzer produced by the CAMECA
company. The concentrations of impurities in epitaxial
layers were determined using secondary-ion mass spec-

InAs0.27Sb0.23P0.50

n p

n-InAs
InAs1–xSbx

Eg
A

InAs0.27Sb0.23P0.50

np

p-InAs
InAs1–xSbx

B

Fig. 1. Energy-band diagrams for light-emitting het-
erodiode structures of types A and B. Eg stands for the band
gap.
trometry (SIMS). The optical properties of InAsSb
layers were studied using an analysis of photolumines-
cence (PL) spectra measured at 77 K. Emission was
detected using a cooled InSb photodiode. An IKM-1
monochromator was used as the dispersive system. The
PL was excited using a GaAs diode laser (radiation
wavelength λ = 0.8 µm, luminous power of 10 W in the
pulse mode, pulse duration τ = 5 µs, and pulse-recur-
rence frequency f = 500 Hz). Electroluminscence (L) of
the LEDs was studied in the pulsed and quasi-continu-
ous modes at room temperature. The emission power
was measured using a calibrated system (produced by
OPHIR Ltd.) equipped with a 2A-SH thermocouple
unit.

3. GROWTH OF STRUCTURES 
AND FABRICATION OF LIGHT-EMITTING 

DIODES

Type-A LEDs consisted of an n-InAs substrate
which was overgrown first with a 0.7-µm-thick
undoped InAs0.27Sb0.23P0.50 barrier layer, then with a
2.5-µm-thick active undoped InAs1 − xSbx layer, and
finally with a 2-µm-thick p-InAs0.27Sb0.23P0.50 barrier
layer doped with Zn or Mg. Subsequent measurements
by the induced-current method showed that the p–n
junction was located within the first InAs0.27Sb0.23P0.50
barrier layer at a distance of 0.5 µm from the n-InAs
substrate.

B-type LED structures included a p-InAs:Zn sub-
strate (p ≈ 5 × 1018 cm–3) and an undoped InAs1 − xSbx

active region located between the Zn-doped and
undoped InAs0.27Sb0.23P0.50 barrier layers with thick-
nesses of 0.5 and 2 µm, respectively. The p–n junction
was located at the interface between the
InAs0.27Sb0.23P0.50:Zn barrier layer and the InAs1 − xSbx

active layer. The energy-band diagrams of the A- and B-
type LED structures are shown schematically in Fig. 1.

The InAs0.27Sb0.23P0.50 layers were grown at a tem-
perature of 520°C. The hydrogen that flows through the
containers with TMIn and TMSb were equal to 600 and
20 ml/min, respectively. The flows of AsH3 and PH3
were equal to 2 and 80 ml/min, respectively. The dop-
ing level of p ≈ 4 × 1018 cm–3 was attained at hydrogen
flows of 25 ml/min through the container with DeZn
and 9 l/min through the container with (C5H5)2Mg. The
charge-carrier concentration was determined from the
measurements of the magnitude of the Hall effect in
InAsSbP layers grown on semi-insulating GaAs sub-
strates. The details of the doping of the epitaxial layers
with magnesium and zinc will be given later. The mag-
nitude of the lattice mismatch between the
InAs0.27Sb0.23P0.50 layer and the InAs substrate ∆a/a was
no larger than 6 × 10–4.

The InAsSb layers were grown at temperatures of
575–610°C. In order to calculate the ratios [V]/[III] and
[TMSb]/([TMSb] + [AsH3]) in the gaseous phase, we
SEMICONDUCTORS      Vol. 37      No. 8      2003
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used vapor-pressure values of 3 Torr for TMIn (at 28°C)
and 22.43 Torr for TMSb (at –6°C). InAs layers of
higher quality were obtained at [V]/[III] = 40, a growth
temperature of 610°C, and a growth rate of 0.4 µm/h.
The PL band of InAs layers at 77 K had a full width at
half-maximum ∆hν1/2 = 10 meV; the band was peaked
at 408 meV. A superlinear increase in the emission
power (Fig.2) and narrowing of the band are observed
with increasing excitation intensity. The SIMS was
used to ascertain that the concentration of background
impurities, such as carbon and oxygen, in InAs layers
was below the sensitivity threshold of the measurement
system (~5 × 1015 cm–3). For InAsSb, the growth tem-
perature was lowered to 575°C. The dependence of
Sb content in the solid phase on the ratio
[TMSb]/([TMSb] + [AsH3]) in the gaseous phase is
shown in Fig. 3. If TMSb concentrations in the gaseous
phase were higher than those shown in Fig. 3, Sb drop-
lets were observed on the surface.

The LEDs were fabricated using conventional pho-
tolithography. A chips were mounted with the epitaxial
side faced downward, whereas B chips were mounted
with the substrate faced downward; otherwise, there
were no differences between the structures of both
chips. The point contacts on the upper side of the chips
were 100 µm in diameter. The contacts were formed by
vacuum-evaporation deposition of gold and tellurium
on the n-type layer and of gold and zinc on the p-type
layer. A chip’s area was 500 × 500 µm2 and its thickness
was 200 µm; the rear side of a chip was mounted on a
standard case. A parabolic reflector designed to narrow
the directivity pattern of emission to 10°–12° was addi-
tionally mounted on the case.

Layers with dissimilar compositions (InAs,
InAs0.935Sb0.065, InAs0.895Sb0.105, and InAs0.843Sb0.157)
were used in the active region in order to obtain LEDs
designed for different wavelengths. The positions of the
peaks in the PL spectra were 408 meV for InAs, 364 meV
for InAs0.935Sb0.065, 335 meV for InAs0.895Sb0.105, and
326 meV for InAs0.843Sb0.157. The PL spectra of the
solid solutions under consideration are shown in Fig. 4.
The temperature dependence of EL spectra is governed
by the temperature dependence of the band gap, i.e.,

(1)

where α = 0.25 meV/K and β = 80 K.
In Fig. 5, we show the EL spectra of the type-A

LEDs, which emit at various wavelengths at room tem-
perature. The injection current was equal to 50 mA in
the quasi-steady mode. The positions of the peaks
remained constant in the current range of 0–200 mA.
The EL intensity decreased and the band widths
increased with increasing content of Sb in the active
layer. The increasing lattice mismatch between the epi-
taxial structure and the substrate and the increasing role
of nonradiative Auger processes are the most probable
causes of the aforementioned behavior. The position of

Eg T( ) Eg 0( ) αT2/ T β+( ),–=
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Fig. 2. Dependence of photoluminescence intensity in InAs
layers on excitation power.
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Fig. 3. Dependence of Sb content in the solid phase on the
ratio [TMSb]/([TMSb] + [AsH3]) in the gaseous phase.
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the peak in the EL spectra of LEDs with an InAs active
layer depends on the structure type; the peak is located
at 3.45 µm for an A-type structure and at 3.38 µm for a

400
Energy, meV

Intensity, arb. units

1

0
350300

×30×300 ×10 ×1

1234

Fig. 4. Photoluminescence spectra of InAs1 − xSbx solid
solutions with x = (1) 0 (InAs), (2) 0.065, (3) 0.105, and (4)
0.157.
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Fig. 5. Electroluminescence spectra of type-A light-emit-
ting diodes with emission bands peaked at (1) λ = 3.45 µm
and (2) λ = 4.25 µm at room temperature.
B-type structure. This variation in the peak position is
apparently caused by the difference in the conductivity
type of the active layer. In p-InAs, radiative recombina-
tion occurs with the involvement of acceptor levels,
which are located above the valence-band top; as a
result, the peak of emission shifts to longer wave-
lengths. It follows from the results obtained that the
zinc diffusion from the solid phase is negligible and the
active region in the B-type structures features the n-type
conductivity. The EL spectra for the A- and B-type
structures were virtually identical for LEDs with other
emission wavelengths; it is difficult to determine the
precise position of the peak owing to strong absorption
of emission by carbon dioxide at a wavelength of
4.25 µm. The measurements of induced current show
that the position of the p–n junction is independent of
the Sb content in the active region for the composition
range under consideration. The mechanism of recombi-
nation is probably the same for any structure with
InAsSb and InAs active layers. Detailed data on the
behavior of impurities (zinc and magnesium) will be
reported later.

The dependence of the optical-emission power of
LEDs on the current in the pulse mode is shown in
Fig. 6. The type-A structure ensures better heat
removal; as a result, the emission power of A-type
LEDs is about twofold higher at high injection currents.
In the current range of 0–200 mA, the B-type LEDs are
more efficient than the B-type LEDs owing to a higher
probability of radiative recombination in n-InAs than in
p-InAs [16]. The dependence of the emission power for
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Pulse power, mW
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Fig. 6. Dependences of emission power of light-emitting
diodes on current in the pulse mode at τ = 100 µs and f =
500 Hz. (1, 3) Light-emitting diodes of type A; (2, 4) light-
emitting diodes of type B. The emission wavelength λ = (1)
3.45, (2) 3.38, and (3, 4) ~4.25 µm. The emission power of
type-A light-emitting diodes as a function of wavelength in
the pulse mode at a current of 1.3 A is shown in the inset.
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the A-type LEDs on the wavelength for the injection
current of 1.3 A is shown in the inset to Fig. 6.

The nonradiative Auger recombination, heating of
the structure, and mismatch of the lattice parameters
are probably the factors that limit the performance of
LEDs. Possible methods for increasing LED efficiency
include the growth of InGaAsSb or AlGaAsSb barrier
layers with a more efficient confinement of charge car-
riers and the use of quantum-confinement structures in
the active region with the aim of suppressing the nonra-
diative Auger processes and obtaining the emission at
longer wavelengths.

4. CONCLUSION

We fabricated light-emitting diodes (LEDs) which
operated in the wavelength range of 3.3–4.5 µm and
were based on InAsSbP/InAsSb heterostructures grown
by MOVPE. We studied the photoluminescence of InAs
and InAs1 − xSbx solid solutions with x ≈ 0, 0.065, 0.105,
and 0.157. Light-emitting diodes of two types (A and B)
were fabricated. The electroluminescence spectra and
optical-emission power of the LEDs were measured. It
is ascertained that nonradiative Auger recombination,
mismatch of lattice parameters, and Joule heating are
the main factors limiting the performance of light-emit-
ting diodes. The light-emitting diodes of type B are
preferable in the injection-current range of 0–200 mA,
whereas the light-emitting diodes of type A are prefer-
able at currents higher than 200 mA. The measured val-
ues of the optical-emission power in the pulse mode are
1.2 mW (λ = 3.45 µm), 0.6 mW (λ = 3.95 µm), 0.3 mW
(λ = 4.25 µm), and 0.1 mW (λ = 4.5 µm).
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Abstract—Physical mechanisms leading to the suppression of instability in the electron–hole plasma under
conditions of population inversion and, thus, promoting single-mode lasing and drive-current-controlled tuning
were studied; in particular, nonuniform injection and spatial oscillations of laser flux were considered. Transient
times typical of current- and heat-aided tuning are measured. The effective time constant is estimated as ~1 µs
for heat-controlled tuning; by contrast, it is at least one order of magnitude shorter for current tuning. The tuning
range does not exceed several angstroms and is as wide as 100 Å in the case of heat- and current-aided tuning,
respectively. A single-mode fast-tunable heterolaser which is capable of operating within the 2.8–3.6 µm wave-
length range at 12–120 K and is designed for laser-diode spectroscopy is developed. The results of using the
laser for the detection of absorption spectra in OCS, NH3, CH3Cl, CH4, N2O, and H2O vapors are reported.
© 2003 MAIK “Nauka/Interperiodica”.
INTRODUCTION

The physics of diode lasers originated at laborato-
ries of the Ioffe Physicotechnical Institute by D.N. Nas-
ledov, A.A. Rogachev, S.M. Ryvkin, and B.V. Tsa-
renkov, who managed to obtain amplification in an
electron–hole channel instead of common absorption
[1]. This effect was achieved due to the production of
population inversion, which implies that the population
of lower levels in the conduction band is higher that of
the upper levels in the valence band. The population
inversion appeared as a result of applying short power-
ful forward-current pulses to the p–n junction. The US
scientific team headed by Hall ensured positive feed-
back by installing a p–n junction in an optical cavity
and attained stimulated emission at the wavelength of
maximum amplification [2]; i.e., a diode laser was pro-
duced.

Almost all III–V semiconductors intended for diode
lasers have been synthesized and studied under the
guidance of Nasledov. Direct-gap materials were used
as the electron band-to-band transitions in them imply
no energy loss via lattice oscillations, in contrast to the
case of indirect-gap semiconductors. A wide variety of
III–V semiconductors with different band gaps and
refractive indices predetermined their use as a basis for
solid solutions and heterojunctions and enabled a
reduction of the drive current required for lasing by sev-
eral hundred times.

Heterojunctions have become the area of scientific
interest to Zh.I. Alferov, whose contribution to this field
was rewarded by a Nobel prize [3].
1063-7826/03/3708- $24.00 © 20960
Superinjection, optical and electronic confinement
of the area of excitation, and almost complete elimina-
tion of nonradiative recombination are examples of
phenomena obtained in heterojunctions. Tunnel-per-
meable thin-layer heterojunctions and semiconductors
with foreign quantum-size inclusions gave rise to the
physics of semiconductor nanostructures and greatly
improved the performance characteristics of injection
lasers. As a result, commercially produced diode lasers
appeared for the purposes of optoelectronic communi-
cation, as well as for the reading and processing of
information.

The advantages of a heterojunction laser manifest
themselves in full measure in the case of a double het-
erostructure. The inner layer of such a structure is char-
acterized by a narrower band gap and a higher refrac-
tive index than those in adjacent layers. Radiation is
generated in the inner layer. The outer layers confine
the electron–hole plasma and act as the lateral walls of
the optical cavity. The outer crystal surfaces perpendic-
ular to heteroboundaries act as cavity’s edge walls.
Standing waves appear between the edge walls, the res-
onance frequencies of which are given by

(1)

where i is an integer, c is the speed of light, L is the dis-
tance between the edge walls, and n is the refractive
index. Lasing occurs at the resonance frequency at
which the amplification in the active medium balances
all the losses via the absorption, scattering, and escape
of radiation. In early studies on diode lasers, it was sug-
gested that the dependence of the refractive index on

ν i
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temperature [4] or hydrostatic pressure [5] might be
used for frequency tuning. Current-induced change of
laser temperature was considered promising for diode-
laser spectroscopy applications [6].

By concentrating the stimulated radiation in one
spectral line, one can make its half-width as small as
several megahertz [7, 8], which is 100 times smaller
than the typical width of absorption lines in gases.
Scanning over these lines by diode-laser radiation
allows highly accurate determination of their shape.
This circumstance served as a basis for high-resolution
laser-diode spectroscopy. Lasers intended for this pur-
pose must emit only one spectral line and be tunable
within the range of no less than 10 Å. However, the first
diode lasers, including those developed in Nasledov’s
laboratory, emitted about 10 spectral lines and were
practically untunable, which naturally followed from
the instability of electron–hole plasma in the conditions
of population inversion and optical feedback. Thus, the
problem arose of diminishing the electron–hole plasma
instability.

Under the supervision of Rogachev, the successor of
Nasledov as head of the laboratory, prime attention was
concentrated on the investigation of lasers for the mid-
dle infrared (IR) spectral region, which includes the
absorption lines of gas molecules. For the first time [9],
lasers of a new type were developed on the basis of self-
aligned quantum wells that form at heteroboundaries of
type II when the offsets of the conduction band and the
valence band are equally directed. These lasers were
used in pioneering studies in the area of laser spectros-
copy carried out in collaboration with Moscow col-
leagues V.G. Avetisov, A.I. Nadezhdinskiœ, and
A.N. Khusnutdinov [10]. The narrow-gap layer of the
double heterostructures was made of a quaternary solid
solution, GaInAsSb, and the confining layers, of
AlGaAsSb. Lasers whose narrow-layer had a different
composition emitted in the range λ = 1.8–2.4 µm. Fre-
quency tuning occurred as current pulses heated the
laser from the initial temperature (T = 90–250 K) by
~2 K. Smooth single-frequency tuning occurred at
~5 Å as the current varied from 1.1Ith to 1.5Ith (Ith is the
threshold current). The laser linewidth ranged from 3.3
to 80 MHz. The overtones of the absorption lines in
H2O and CO2 were detected.

Another spectral range was covered with the advent
[11] of lasers with InAsSb narrow-gap and InAsSbP
wide-gap layers, which allowed the detection of the
main absorption lines within the range λ = 3.0–3.6 µm,
depending on the composition of the narrow-gap layer.
The range of tuning due to rising temperature during
the current pulse did not exceed 5 Å. The working tem-
perature varied from 80 to 100 K.

A drawback of heat-governed tuning is the necessity
to choose the amplitude and duration of the pulse so
that the laser heats up by 1–5 K and remains in a single-
frequency mode. At low temperatures, the pulse dura-
tion must be increased considerably because of a drop
SEMICONDUCTORS      Vol. 37      No. 8      2003
of the threshold current. This circumstance leads to a
corresponding decrease in the speed of recording the
absorption spectra of gases. It should be noted here that,
at a high quantum yield of radiative recombination and
low losses of radiation in the crystal bulk, the laser
heating should be insignificant. Only the excess (due to
the useful loss of radiation leaving the crystal) of the
difference between quasi-Fermi levels for electrons and
holes over the photon energy by an order of thermal
energy kT may cause appreciable heating of the active
region.

This situation called for the design of lasers operat-
ing on inertia less effects so as to exclude thermal iner-
tia. Quantum phenomena leading to the self-focusing of
laser radiation could form a basis of inertia-free tuning
[12]. This study contributes to the development of tun-
able diode lasers, which is being carried out at the infra-
red optoelectronics laboratory of the Ioffe Physocote-
chnical Institute and is concerned with the design and
investigation of a single-mode fast-tunable laser for
diode-laser spectroscopy.

The possibility of tuning a diode laser was sug-
gested for the first time by P.G. Eliseev and A.P. Boga-
tov [13, 14] when they took into consideration the
dependence of the refractive index on the concentration
of nonequilibrium carriers and revealed the dependence
of this concentration on the lasing intensity. In special
experiments with GaAlAs/GaAs/GaAlAs nonstripe
lasers [15], a speckled structure was observed in the
near zone with a 10–30% excess of current over the
threshold value, thus indicating the formation of an
optical waveguide in the plane of the p–n junction. In
the far zone, the beam broadened due to its self-focus-
ing in the middle of the waveguide. The absence of
laser radiation at the periphery results in an increase in
the concentration of nonequilibrium carriers and a cor-
responding decrease in the refractive index, which turns
out to be sufficient for the onset of optical confinement.
We should also note the observed spatial self-focusing
instability of the laser channel and the multimode las-
ing.

SELF-FOCUSING IN A STRIPE LASER

Self-focusing was observed [16] with the use of spe-
cially designed mesa-stripe lasers based on n-
InAsSb0.17P0.35/n-InAsSb0.05/p-InAsSb0.17P0.35 double
heterostructures (Fig. 1), which featured highly uni-
form electrical and optical properties and uniform
pump density over the active region. The structures
were grown by liquid-phase epitaxy on n-InAs sub-
strates with (100) crystallographic orientation. The
active layer was nominally undoped and had an elec-
tron concentration of 1016 cm–3. The confining n- and p-
type layers were doped with Sn to an electron concen-
tration of 2 × 1018 cm–3 and with Zn to a hole concen-
tration of 1018 cm–3, respectively. The thickness of the
active region was 1 µm, and the thickness of the confin-
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Fig. 1. The diode laser structure: (a) the arrangement of epi-
taxial layers, (b) the corresponding profile of the band-gap
Eg, and (c) the structure of the mesastripe laser diode.
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Fig. 2. Ratio between the dominant-mode intensity and the
sum of the intensities of all modes Fmax/ΣFi vs. the drive
current I.
ing layers was 2 µm. The stripe width ranged from 10
to 20 µm. The cavity length was L = 275–350 µm. The
experiments were performed at a temperature of 78 K.

For currents within the range I = (1.3–4)Ith, the
intensity of one dominant mode Fmax (Fig. 2) exceeded
the total intensity of all other modes Fi. When excess
current over the threshold was approximately twofold,
the observed lasing was virtually single-mode. As the
drive current grew, the half-height width of the directiv-
ity diagram ∆θ (Fig. 3) first decreased and, after two-
fold excess over the threshold value, steadily grew.

Both the initial narrowing and the subsequent broad-
ening of the radiation pattern with an increase in current
can be attributed to the effect of the emitted radiation on
the refractive index. An increase in current extinguishes
first the weak transverse modes, which can broaden the
radiation pattern; at large currents, the self-focusing of
a dominant longitudinal mode manifests itself. Near the
lateral walls of the cavity, permittivity decreases with
current due to an increase in the nonequilibrium carrier
concentration as a consequence of the low lasing inten-
sity in this region; at the same time, in the middle of the
cavity, the permittivity remains close to its value at the
threshold Nth. Radiation can no longer penetrate to the
lateral walls of the cavity; i.e., the effective cavity width
decreases and the lasing wavelength decreases accord-
ingly. If we assume for the sake of simplicity that the
distribution of field amplitude across the effective cav-
ity width remains close to the cosine function, then the
variation of the wavelength (∆λ) with a change in the
ratio between current and the threshold current (j) can
be expressed as

(2)

where ε is the permittivity and N is the nonequilibrium-
carrier concentration. When dε/dN = 2 × 10–18 cm3 [17],
λ = 3 µm, ε = 13, and Nth = 5 × 1016 cm–3, formula (2)
yields d∆λ/dj = 115 Å. In reality, the values of d∆λ/dj
are lower because of the influence of the crystal bound-
aries at small currents and because of the deviation of
the amplitude distribution from the cosine function at
large currents. At a twofold increase in current, the
value ∆λ = 50 Å is attained [18].

The time constant characterizing a change in the
wavelength with current should be equal to the effective
lifetime of nonequilibrium carriers, which amounts to
10–8–10–9 s in the diode laser under consideration.

In this way, fast-operating tunable laser diodes were
developed for the needs of spectroscopy studies of the
middle-infrared spectral region.

SPATIAL OSCILLATIONS OF LASER FLUX 
ACROSS THE CAVITY

Laser radiation patterns obtained in [19] with the
cavity width >18 µm (Fig. 4) are split by an angle of

∆λ dε
dN
------- λ

2ε
-----N th j 1–( ),≈
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~11°, which is two times less than that expected for the
first transverse spatial cavity mode. A possible reason
for this is the presence of two antiphase radiation fluxes
17 µm apart. By using the conformal transformation,
we calculated the distribution of current across the cav-
ity, which revealed a higher density of injection near the
cavity walls than in the middle. This increase in the
nonequilibrium carrier concentration in the direction
from the middle towards the cavity walls resulted in the
formation of a smooth optical waveguide. Laser flux
generated in the medium with population inversion
could travel in such a waveguide from one lateral wall
of the cavity to another and back, i.e., to execute spatial
oscillations. Antiphase and in-phase fluxes might also
coexist, which would ensure better correlation between
the flux density and the injection density.

Analyzing the wave equation [18, 19] for the laser
flux showed the absence of transverse modes, a fact
which is highly important for providing single-mode
lasing.

SINGLE-MODE LASING

It has been noticed that, in lasers with a short
(~200 µm) cavity, the current-induced onset of single-
mode lasing is accompanied by the abrupt enhance-
ment of the radiation intensity [10]. In contrast lasers
with long cavities (500 µm) show no rise in intensity
and the number of modes grows with current (Fig. 5)
due to the emergence of modes with longer wave-
lengths. Both the longitudinal mode and the transverse
spatial modes are generated. Lasers with a short cavity
(~200 µm) usually generate only one longitudinal
mode, the wavelength of which decreases with increase
drive current (Fig. 6).

The observed dependences have recently been
explained of as follows [20]. The intensity of odd trans-
verse modes varies from zero in the middle of the cavity
to the maximum value at the lateral walls. Thus, the odd
transverse modes disturb the formation of a gradient-
concentration waveguide and the long-cavity lasers
turn out to be virtually untunable. The fact that the
wavelengths of the longitudinal mode and the first
transverse mode are close to each other gives rise to the
dynamic phase grating of the refractive index, which
increases the gain at the long-wavelength side from the
stronger mode and lowers it at the short-wavelength
side [21, 22]. As the drive current grows, the modes
with still larger wavelengths are excited in addition to
the already existing short-wavelength modes, which
also remain. As a result, several tens of modes support
each other.

The most favorable cavity length for a gradient-con-
centration waveguide to appear is the length at which
SEMICONDUCTORS      Vol. 37      No. 8      2003
the first transverse modes fall between the longitudinal
ones, so that

(3)L
2εb2
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where b is the cavity width and

There is a certain value of current for which the
spectral position of the amplification peak coincides
with that of the longitudinal mode. In this case, the lon-
gitudinal mode reduces the carrier concentration in the
middle of the cavity and does not hamper its increase
near the lateral wall. A smooth waveguide appears in
which the spatial oscillations of flux completely sup-
press the transverse modes. The above-mentioned
dielectric grating becomes smoother by a factor of 103,
since the frequency of spatial oscillations (1012 Hz) is
three orders of magnitude higher than the inverse effec-
tive lifetime of carriers in a laser. Finally, only the spec-
tral line that is nearest to the amplification peak sur-
vives. This line and the amplification peak shift in the
same direction. Therefore, the tuning range may exceed
the mode spacing. The disappearance of mode coupling
accompanied with the generation of highly absorbed
difference and sum harmonics leads to the above-men-
tioned increase in the quantum yield of radiation.

Thus, the formation of a gradient-concentration
waveguide and the elimination of transverse oscilla-
tions from the radiation flux are shown to be favorable
for the single-mode lasing with the current-induced
shift of the mode to shorter wavelengths. The widest
tuning range is attained by choosing the temperature at
which the amplification peak shifts with current at the
same rate as the generated cavity mode.

Realizing the spatial oscillations of laser flux at an
appropriate choice of working temperature enables one
to expand the tuning range to 100 Å or more.
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Fig. 5. Emission spectra of poorly tunable laser with a cav-
ity length of 500 µm and a threshold current 70 mA at sev-
eral drive currents.
TUNING RESPONSE SPEED

The speed of the laser response to tuning was stud-
ied with current pulses whose tops have a positive slope
(Fig. 7). The duration of pulses τ varied from several to
hundreds of microseconds, and their shape remained
the same. The amplitude of a pulse was appreciably
larger than its variation. The measurements were car-
ried out at a laser temperature of 78 K. The emitted
radiation was passed through a 1.1-cm-thick silicon
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Fig. 6. Emission spectra of tunable laser with a cavity length
of 230 µm and a threshold current of 90 mA at several drive
currents.
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Fabry–Perot cavity where it became sine-modulated
due to a change in the wavelength during the pulse
(Fig. 8). One sinusoid period corresponded to a change
in the wavelength by 1.5 Å.

The time dependence of a change in the wavelength
(Fig. 9) consists in a linear component and a leveling-
off component. The leveling-off component has the
same shape for any pulse duration and, hence, may be
considered as originating from heating after the switch-
ing-on of the pulse, since a change in the pulse ampli-
tude is much smaller than its magnitude. The leveling-
off component reaches 63% of its peak value in 0.9 µs.
This value coincides with the effective time constant
calculated under the assumption that heat is emitted in
the active region and expands over the crystal and then
reaches the laser holder. The estimation can be made by
the following formula:

(4)

where cp = 0.018 cal/(g K) is the heat capacity; ρ =
6 g/cm3 is the density; κ = 1 W/(cm K) is the thermal
conductivity; b = 18 µm is the cavity width; and D =
500 µm and h = 100 µm are the width and the thickness
of crystal, respectively. The formula is obtained when
2h/D ! 1 and 2h/b @ 1. A more general expression is
presented in [23].

It would seem that considerable nonradiative spon-
taneous recombination should be presumed to account
for heat release in the active region. The above-thresh-
old part of the current is considerably smaller than the
threshold value, and the tuning range during the
progress of a pulse is appreciably wider than that in the
beginning. Consequently, the linear component should
be attributed to an increase in current rather than having
a thermal origin. The wavelength varies with current for

τ3*
cpρ
3κ
--------b2 π 4h

D
------– 

  2– 4h
b

------,ln
2

=
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Fig. 8. Pulse shapes after passing the silicon Fabry–Perot
cavity for the pulse duration τ = (1) 4.5 and (2) 9 µs.
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all pulse durations (Fig. 8). The angular frequency of
sinusoids are ωs = 107 Hz at a pulse duration of 4.5 µs.
Therefore, the response time of the current-induced
tuning is no longer than 1/ωs = 10–7 s.

Thus, it is shown that current-induced tuning has a
wider range with a smaller interval of currents as com-
pared to thermal tuning and provides a response time no
longer than 10–7 s.

LASING LINEWIDTH IN TUNABLE DIODE 
LASERS

The spectral linewidth is the most important charac-
teristic of a laser used for highly accurate spectroscopic
studies of vibrational–rotational spectra of gas mole-
cules. The linewidth of radiation emitted by current-
tuned lasers based on InAsSbP/InAsSb/InAsSbP was
analyzed in [24–26]. The lasers were driven by saw-
tooth-modulated direct current in the interval from one
to five threshold values in the temperature range from
12 to 100 K. The emission corresponding to the mode
was passed through the gas under study or through the
reference cavity. The detected signal was fed to both the
differentiating RC filter and one of the digital oscillo-
scope channels. The filter time constant τf amounted to
20 µs, which was two orders of magnitude longer than
the rise time of the signal in the detection system. The
oscillograms in Fig. 10 show the signal U of the laser
radiation passed through CH3Cl (curve 1) and the deriv-
ative of this signal dU/dt (curve 2). From the time inter-
val between the two minima, which corresponded to the
known lines of absorption in CH3Cl, we determined the
value of ν', which is the rate of change in the wave num-
ber ν with time. When using a single line of absorption,
the rate ν was obtained from the eigenfrequencies of
the reference cavity. The second channel of the oscillo-

0 2 4 6 8 10
t/µs
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6

4

2

0

1 2

Wavelength shift, Å

3

Fig. 9. Temporal variation in the lasing wavelength in a
laser driven by pulses with duration τ = (1) 4.5 and (2) 9 µs
and (3) the thermal component.
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scope was used to measure the linearly averaged deriv-
ative UR and the root-mean-square deviation 〈Uµ〉 .
These values were measured at the inflection points of
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Fig. 10. Oscillograms of (1) signal U proportional to the
intensity of laser radiation transmitted through CH3Cl and
(2) its time derivative dU/dt obtained after RC differentia-
tion; the drive current is sawtooth-modulated.
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Fig. 11. The experimental linewidths ∆f of the V-12191-3
laser at different currents as obtained from the lines of
absorption in CH3Cl and OCS gases (circles) and the calcu-
lated dependences of ∆f on current under the assumption of
a current-independent concentration of nonequilibrium car-
riers (dashed line) and under the assumption of growing
concentration of nonequilibrium carriers with current (solid
line).
curve 1, where they are maximal, and averaged. The
half-height width of the laser radiation peak was calcu-
lated from the formula

(5)

The experimental values of the linewidth ∆f depend
on the drive current I (Fig. 11). There is a certain value
of current, I = Imin, corresponding to the minimum las-
ing linewidth. At currents I < Imin, an increase in ∆f with
current is sharp; if I > Imin, it is gradual (Imin = (3–4)Ith).
In the laser under consideration, ∆f remains within 32–
18 MHz. In multimode lasers, the spread in the widths
of several simultaneously generated modes is no more
than 20%. If temperature deviations from the optimal
value (at which the tuning range is maximum) are
within ±10 K, a change in the lasing linewidth at a fixed
difference I–Ith follows the direction of temperature
variation, but is less pronounced.

Along with the experimental points, Fig. 11 shows
two analytical curves. The dashed curve is the lasing
linewidth calculated for the studied V-12191-3 laser
according to the expression derived by Henry [8]:

(6)

where R is the mean rate of spontaneous emission, αn is
the ratio between the variations of the real and imagi-
nary parts of the refractive index, and P is the number
of photons in the cavity. It is assumed in Henry’s theory
that, starting from a certain value Nth, the average con-
centration of nonequilibrium carriers N is independent
of current. In this case, the values of R, αn, and ∆f are
governed by the change in the number of photons in the
cavity P, and ∆f is attributed to the fluctuations of spon-
taneous emission into the mode, which is consistent
with both the basic theory developed by Shawlow and
Townes [27] and its applied version suggested by
Yamada [28]. A hyperbolic decrease in ∆f with I – Ith is
observed only at small currents (Fig. 11) [29]. In tun-
able lasers, the nonequilibrium carrier concentration
grows with current. Another factor that affects the las-
ing linewidth is the fluctuations of cavity eigenfrequen-
cies due to the fluctuations in the number of carriers in
the cavity and the corresponding change in the refrac-
tive index.

In the absence of laser radiation, the probability dis-
tribution function of the cavity eigenfrequencies has the
width

(7)

where V is the volume of the active region and δN is the
excess of nonequilibrium carrier concentration over the
threshold value; we relate this excess to the lasing fre-

∆f 2cτ f ν' Uµ〈 〉 /UR.=

∆f R 1 αn
2+( )/4πP,=

∆ f 0 2
f
n
--- dn

dN
-------

2
V
--- N th δN+( ),=
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quency deviation δf from the value at the threshold cur-
rent:

(8)

In the presence of laser radiation, the distribution func-
tion narrows by the same factor as decreases the carrier
lifetime (from τ0 to τp). Therefore, the linewidth can be
expressed as

(9)

Considering the velocity equation for a change in N at
given injection and amplification rates in the conditions
of bimolecular recombination typical of lasers, we have

(10)

where N0 is the nonequilibrium carrier concentration at
the threshold of population inversion for the given
mode and N0/Nth = 0.75–0.80. The solid curve in Fig. 11
represents the values of ∆f calculated by formulas (7)–
(10) at n = 3.6, dn/dN = 0.25 × 10–18 cm3, and Nth = 9.4 ×
1016 cm–3; good correlation with the experimental data
is seen. In the case where the lasing linewidth and its
dependence on current are defined by the fluctuations
of cavity eigenfrequencies associated with the fluctua-
tions in the number of carriers, the lasing linewidth is
inversely proportional to the square root of the volume
of the active region. This circumstance enables the
reduction of the lasing linewidth by increasing the cav-
ity width. In lasers with a cavity width of 100 µm [25],
the lasing linewidth was made as narrow as 10 MHz.
When the working temperature is between 15 and 20 K,
it has been possible to attain a linewidth of 7 MHz [26].
This value is 15–50 times smaller than the linewidths
typical of lines of absorption in gases. In the tempera-
ture range from 60 to 80 K, the laser operated in a sin-
gle-mode regime; the wavenumber could be tuned
within 2–4 cm–1. Being able to attain single-mode oper-
ation with a narrow line in lasers with a wide cavity
indicates high crystal perfection of the epitaxial layers
grown by liquid-phase epitaxy and makes such lasers
promising for applications in spectroscopy due to their
high power and small lasing linewidth. Using our tun-
able lasers, we were able to measure the absorption
lines of the following gases: N2O [18], CH3Cl [24, 25,
29, 30], H2O [29, 30], OSC [25, 30], and NH3 [30].

THE ABSORPTION SPECTRA OF GASES

The current-tuned diode laser described above was
used to study the absorption spectra in gaseous CH3Cl,
N2O, OCS, NH3, HCl, CH4, CO2, and H2O in a wide
frequency range (Figs. 12–17). The aim of these exper-
iments was to investigate the potential of the proposed
laser spectrometer and to find out whether it is capable

δN
δf
f

----- n
dn/dN–( )

------------------------.=

∆f ∆ f 0

τ p

τ0
-----.=

τ0

τ p

----- 1
I/I th( ) 1 δN /N th+( )2

–
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of revealing the molecules of harmful gaseous pollut-
ants.

As a first step, we detected the reference spectrum,
which contained a variety of absorption lines in the
spectral region under examination. To identify the ref-
erence spectrum, we used the atlas [31]. Based on the
reference, we corrected the calibration of the laser.
Then, the gas to be tested was admitted into the work-
ing chamber.

The spectrometer was tested in laboratory condi-
tions. The gases CH3Cl, OCS, and H2O were of main
interest to us. First of all we calibrated the laser and
monochromator on the basis of gases that have been
thoroughly studied in the spectral range under consid-
eration. We found that the OSC gas is the most useful
for calibration due to a diversity of vibrational lines,
which are observed in its spectrum within 3090–
3100 cm–1 (Fig. 12) (7O) (2C) and can be used for the
identification of lines obtained in experiment. The cor-
rectness of our identification of the absorption lines
according to the HITRAN catalogue [31] was verified
with the CH3Cl gas (Fig. 13). The frequency calibration
of the spectrometer (Fig. 18) was carried out using OCS
lines within six spectral ranges. The CH3Cl spectrum
obtained with the use of the reference data for OCS was
then compared to that provided by HITRAN. It turned

3100.5 3101.0

0
10

3099.0 3100.0

0
10

3099.5

3097.5 3098.5

0
10

3098.0

3096.0 3097.0

0
10

3096.5

3094.0 3096.0

0
10

3095.5

3092.0 3094.0

0
10

3093.5

–10
3095.5

3095.03094.5

3093.03092.53091.5
–10

Wavenumber, cm–1

Intensity, arb.units

Fig. 12. OCS transmission spectra obtained by the laser-
beam scanning.
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out that the experimental spectrum of CH3Cl coincided
with the spectrum given in the catalogue within
0.003 cm–1. Insignificant shifts of the wavelengths
(0.01 cm–1) were observed only for comparatively high
injection currents (above 250 mA), when the drive-cur-
rent heating of laser resulted in a nonlinear dependence
of the frequency shift on current. However, in the mid-
dle of the tuning range (3091–3097 cm–1), the shift of
the wavelength is still a linear function of current in this
case. Figures 14a and 14b show the same part of the
spectrum taken either from HITRAN or recorded by a
laser-diode spectrometer, respectively. A characteristic
Q portion of the vibrational–rotational spectrum
(3095.5–3096.5 cm–1) is seen. A comparison between
these spectra shows good agreement between the
absorption bands detected by our spectrometer and
those reported in the literature.

The presence of atmospheric water (Fig. 15) (vibra-
tional lines of the 2ν2 bands) (14C) exerts some influ-
ence on the spectral background. This effect is particu-
larly pronounced in the OCS spectrum, where it leads
to the broadening of the line at 3096 cm–1 (Fig. 12).

By means of the same laser, we made a detailed
recording of the absorption spectrum of NH3 within the
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Fig. 13. CH3Cl transmission spectra obtained by the laser-
beam scanning.
range of 100 Å (Fig. 16) and of a separately located
group of absorption lines of CH4 (Fig. 17).

CONCLUSION

The idea of developing a laser monochromator had
appeared even before stimulated radiation in p–n junc-
tion was obtained by Nasledov, Rogachev, Ryvkin, and
Tsarenkov. However, the first diode lasers, including
those developed at Nasledov’s laboratory, emitted
about ten spectral lines and were virtually untunable—
a natural consequence of the instability of electron–
hole plasma in the conditions of population inversion.
Smoothing of the spatial periodic inhomogeneities in
plasma density undoubtedly favors single-mode lasing
as it provides the conditions by which the lasing line
gains maximum amplification within a wide range of
drive currents. The spatial width of the laser flux
decreases with the drive current, since the flux is
expelled from the lateral walls of the cavity as the
refractive index becomes lower there with an increase
in nonequilibrium carrier concentration. The narrowing
of flux accelerates its propagation; i.e., the lasing line
shifts to shorter wavelengths. Simultaneously, the peak
of amplification also shifts in the same direction. By
properly choosing the design parameters of the laser
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Fig. 14. CH3Cl transmission spectra near the characteristic
Q portion of the vibrational–rotational spectrum (3095.5–
3096.5 cm–1) according to (a) HITRAN and (b) our experi-
ment.
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and the working temperature, one can make the rate of
the shift of the amplification-peak equal the rate of the
laser-line shift and, thus, obtain a fairly wide tuning
range.

A higher injection density near the lateral walls of
the cavity than in its center facilitates the compression
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of flux at small currents. It becomes possible for the
compressed flux to travel between the cavity walls and
to smoothen periodic inhomogeneities in the spatial
distribution of electron–hole plasma. As a result, the
amplification turns out to be sufficient for lasing at a
single cavity mode but insufficient for any other line to
be generated.
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The above principles were realized in the design of
laser diodes based on InAsSbP/InAsSb/InAsSbP dou-
ble heterostructures; these lasers operated at wave-
lengths of 2.8–3.6 µm and temperatures of 12–120 K.
The single spectral line emitted by these lasers has a
width from 7 to 30 MHz and can be tuned within 100 Å,
with an average variation of current from approxi-
mately 30 to 300 mA. The characteristic time constant
of tuning is no greater than 10–7 s.

The developed lasers allowed us to detect the
absorption lines for a number of noxious industrial
gases (OCS, NH3, CH3Cl, CH4, N2O, and H2O) and to
record up to 20 lines. Such a large number of lines is
convenient for their identification using the data avail-
able in catalogues. The lasers are capable of operating
both in a neutral gas medium and in vacuum, a circum-
stance which enables their application to both terres-
trial and outer-space conditions.
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Abstract—High efficient LED structures covering the spectral range of 1.6–2.4 µm have been developed on
the basis of GaSb and its solid solutions. The electroluminescent characteristics and their temperature and cur-
rent dependences have been studied. The radiative and nonradiative recombination mechanisms and their effect
on the quantum efficiency have been investigated. A quantum efficiency of 40–60% has been obtained in the
quasi-steady mode at room temperature. A short-pulse optical power of 170 mW was reached. © 2003 MAIK
“Nauka/Interperiodica”.
1. INTRODUCTION

Over the last decade, the requirements for perma-
nent environment monitoring have been increasing.
Sensors for determining natural gas (methane) leaks
and concentrations of carbon dioxide, carbon monox-
ide, and other pollutants are being demanded in all
rooms in every house. In spite of definite progress in the
development of chemical and adsorption gas sensors,
optical sensors offer evident advantages, such as high
selectivity, corrosive stability, and high operating
speed.

As is known, quite a number of important chemical
compounds have characteristic absorption bands in the
mid-IR spectral range. Among these are water in liquid
and vapor forms (1.94, 2.75–2.85 µm), methane (1.65,
2.3, 3.3 µm), CO2 (2.65, 4.27 µm), CO (2.34, 4.67 µm),
acetone (3.4 µm), ammonium (2.25, 2.94 µm), and
many other inorganic and organic substances. A new
promising application of optical sensors is in the design
of devices for noninvasive medical diagnostics. These
devices usually include a linear array of emitters for
various wavelengths in the IR range. The processing of
time-separated signals generated by different sources
and partially absorbed by the medium under study and
comparison of these signals with standard values make
possible, for example, the monitoring of sugar and
other substances in blood. In this case, an optical head
is simply brought in contact with the patient’s skin at
points with abundant blood circulation. This type of
device is still being developed.

Dispersive IR sources (incandescent lamps) emit-
ting in a very wide spectral range in accordance with
Planck’s law are currently widely used in optical sensor
devices. The necessary band is selected with special
optical filters. However, the compactness of such a
device is limited by the necessity to use additional fil-
1063-7826/03/3708- $24.00 © 20971
ters and modulators and also by its high dissipated ther-
mal power.

The optimal way to eliminate all these deficiencies
would be to develop high-power, high-speed light-
emitting diodes (LEDs) for the mid-IR range, which
would emit in a narrow spectral range. Systematic stud-
ies in this area first started at the Laboratory of IR opto-
electronics of the Ioffe Physicotechnical Institute more
than 20 years ago. These investigations were preceded
by the creation of a GaAs fast-response IR source by
D.N. Nasledov et al. [1]. Over the last decade, several
groups around the world have been performing active
studies in this area [2–4]. Here, we present an extension
of studies performed at the IR Optoelectronics Labora-
tory of the Ioffe Institute [5–8]; it is devoted to the
improvement of the efficiency of 1.6–2.4 µm LEDs.

2. LED DESIGN FEATURES

To produce a series of highly efficient LEDs cover-
ing the spectral range of 1.6–2.4 µm, we fabricated and
performed a detailed study of LED structures for eight
discrete wavelengths: 1.65, 1.75, 1.85, 1.95, 2.05, 2.15,
2.25, and 2.35 µm. A 0.1-µm interval was chosen on the
basis of the minimum half-width of the LED spectrum,
which was 0.12 µm, so as to cover the whole spectral
range.

LED heterostructures were grown by LPE. Quater-
nary GaInAsSb solid solutions with an In content rang-
ing from 5 to 22% were used in the active layer of LEDs
for wavelengths exceeding 1.8 µm. In 1.75-µm LEDs,
the GaSb binary compound was used, and for λ =
1.65 µm the active layer consisted of quaternary
AlGaAsSb solid solution with 3% Al.

Structures with one-sided and double-sided confine-
ment of carriers were produced (Fig. 1). The confining
layers were quaternary AlGaAsSb solid solutions with
003 MAIK “Nauka/Interperiodica”
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an Al content of 34% (Eg = 1.1 eV) and 64% (Eg =
1.2 eV). In all cases, (100) n-GaSb substrates with an
electron density of 2 × 1016 cm–3 were used. A series of
experiments was performed to define the optimal con-
tact systems for n- and p-type materials and the optimal
modes of contact burning-in. A four-layer
Cr/(Au+Te)/Ni/Au system was applied to n-substrates.
An upper gold layer was additionally grown by electro-
plating to a thickness of 1.5 µm. A compact contact
with a similar four-layer Cr/(Au+Zn)/Ni/Au system
was deposited by vacuum evaporation onto the p-layer.

To reduce Joule heating in the active layer, we used
a novel LED design (Fig. 2b), which is fundamentally
different from the design presented in [7, 8]. Our design
provides a uniform spread of current over the whole
area of the p–n-junction and a very low thermal resis-
tance, because the active layer lies only 2 µm away
from the LED package. In the quasi-steady mode with
a current amplitude of 300 mA, the active region tem-
perature was 7–9 degrees above the ambient tempera-
ture, whereas in the mesa structure shown in Fig. 2a,
there was overheating by 30–40 degrees. The guarantee

x, arb. units

Eg, arb. units

n-GaSb
Substrate

n-GaInAsSb

n-AlGaAsSb p-AlGaAsSb

p-GaSb
Contact

n-GaSb
Substrate

n-GaInAsSb

p-AlGaAsSb

p-GaSb
Contact

(a)

(b)

Fig. 1. Energy diagrams of LED structures with (a) one-
sided and (b) double-sided confinement of carriers.
of high-quality, nearly ideal contacts with minimum
thermal resistance, and maximum homogeneity of cur-
rent flow in the produced LED structures are of great
importance, because stability and reliability are funda-
mental parameters for devices primarily intended for
metrology and medical diagnostics.

For a simple cubic-shaped chip, the fraction of emis-
sion leaving the crystal is smaller, but more predictable
than in the case of a mesa structure. This fact allowed
us to calculate the internal quantum efficiency of emis-
sion with higher precision.

The spectral characteristics of LEDs were studied at
different currents, in different pulse modes, and at var-
ious temperatures. An original, specially derived
method allowed us to make corrections to the shapes of
spectra; determine the spectral density of the power and
integral power; and determine the dependences of the
integral power on current, off-duty factor, and tempera-
ture. This method takes into account all parameters of
the measuring setup: the spectral dependence of the
detectivity of a cooled InSb photodetector, the spectral
dependences and bandwidths of the diffraction grat-
ings, the frequency response of data acquisition and
amplification systems, etc. Finally, the recorded spec-
trum is multiplied by the correction coefficient K(λ),
and the spectral density of the LED power Pden(λ) is
obtained. The integral of this function over the whole
spectrum yields the integral LED power P(λ). A com-

Top contact
d = 50 µmActive layer

d = 300 µm

(a)

Top layer
d = 150 µm

Active layer
d = 300 × 300 µm

(b)

I

I

Fig. 2. (a) Schematic of a standard LED mesa-structure, and
(b) the design used in the present study.
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Fig. 3. Spectral power density Pden for four LED structures of the 2.0- to 2.4-µm spectral range: (a) LED20, (b) LED21, (c) LED22,
and (d) LED23. The temperature of measurement: (1) 10, (2) 22, and (3) 55°C. Parameters of measurement: the frequency f =
500 Hz, off-duty factor Q = 2, current I = 200 mA.
parison of the data of measured power obtained by our
group with the data obtained for the same LEDs in the
United States (Instrumentation Metrics Inc.) and
France (Montpelier University) showed perfect agree-
ment. The obtained values of the integral power dif-
fered by no more than 10%.

3. OPTICAL CHARACTERISTICS 
OF 2.0- TO 2.4-µm LEDS

First of all, we will discuss LED structures with
emission peaks at 2.05, 2.15, 2.25, and 2.35 µm. At
these wavelengths, the absorption in the GaSb substrate
is minimum, since its absorption edge lies at λ =
1.72 µm. Therefore, circular contacts 150 µm in diam-
eter were formed on the substrate side by photolithog-
raphy. Chips 300 × 300 µm2 were mounted in standard
TO-18 packages with the active layer faced down. The
emission output occurred through the substrate. For
thermal measurements, the LED chips were mounted
on frigistors in TO-5 packages 9 mm in diameter.
SEMICONDUCTORS      Vol. 37      No. 8      2003
Figures 3a–3d show the spectral power density dis-
tributions for four LED structures with emission peaks
at approximately 2.05, 2.15, 2.25, and 2.35 µm, at three
different temperatures.

One of the fundamental specific features of these
structures is the existence of type II heterojunctions
formed by the GaSb substrate and GaInAsSb active
layer, which exerts an influence on the recombination
processes. Heterostructures with double-sided, wide-
bandgap confinement were also studied, but making the
technology more complex did not improve the radiative
recombination conditions for these wavelengths,
because the p-AlGaAsSb layer (see the structure in
Fig. 4) provides very good confinement for electrons,
whereas the introduction of the additional wide-band-
gap layer does not raise the barrier for holes.

Figure 5 shows the power density distributions as
functions of the photon energy for four structures at T =
22°C. The emission peaks correspond to 0.608 eV (for
LED20), 0.583 eV (LED21), 0.568 eV (LED22), and
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0.534 eV (LED23). These data correlate with the
energy gap values calculated for four compositions of
the active layers: LED20 12% In, Eg = 0.610 eV;
LED21 16% In, Eg = 0.575 eV; LED22 19% In, Eg =
0.550 eV; LED23 22% In, Eg = 0.526 eV.

Substrate
n-GaSb (100)
2 × 1016 cm–3

n-GaInAsSb
(1 – 2) × 1017 cm–3

3 – 5 µm

p-AlGaAsSb
(1 – 2) × 1018 cm–3

64% Al
Contact

layer
p-GaSb

1019 cm–3

Fig. 4. Energy-band diagrams of LED structures LED20,
LED21, LED22, and LED23 under forward bias.
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Fig. 5. Spectral power density Pden vs. the photon energy
for four LED structures at room temperature (T = 22°C).
The measurement parameters are the same as in Fig. 3.
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Fig. 6. Temperature dependences of (a) photon energy in the
emission peak and (b) integral optical power for LED struc-
tures of the 2.0- to 2.4-µm range.
Figure 6a shows temperature dependences of pho-
ton energies in the emission peak for four LED struc-
tures. The temperature coefficient of photon energies
in the emission peak near room temperature was
determined. For structures LED20–LED23 the values
were –2.9 × 10–4, –2.6 × 10–4, –2.2 × 10–4, and –1.8 ×
10–4 eV K–1, respectively. For comparison, the temper-
ature coefficient of the GaSb energy gap equals –3.78 ×
10–4 eV K–1.

Figure 6b shows temperature dependences of the
integral optical power. With temperature rising, the
power decreases as exp(T0/T). In LED20, the maximum
spectral density of the optical power is higher than in
LED21 and LED22 (Fig. 5), but, since the spectrum is
broadened from 160 nm for LED20 to 280 nm for
LED23, the maximum integral power is observed in
LED22. The LED23 structure is substantially inferior
to the other three structures in its peak power spectral
density, as well as in its integral power. The active
region composition in LED23 (22% In) lies near the
miscibility gap for the GaSb–InAs system, which
results in a higher density of defects raising the nonra-
diative recombination rate.

We will now look at the current dependences of the
spectral power density and integral power in more
detail, using the LED20 structure as an example.

In the course of measuring the light–current charac-
teristics, LED structure heating by driving current was
compensated by a built-in frigistor. In this way, the tem-
perature of the chip remained constant, which is also
confirmed by the fact that the peak wavelength does not
shift (Fig. 7). At currents below 100 mA, the power
increases superlinearly (Fig. 8a); between 100 and
250 mA, the rise in power is virtually linear; and only
above 250 mA is a slight deviation toward sublinearity
observed.

The external quantum efficiency of emission was
determined using the relation

(1)

where P is the optical power, I is the current across the
structure, hν is the photon energy, and q is the elemen-
tary charge. In current range of 200–250 mA, the exter-
nal quantum efficiency was 1.35–1.37%. The well-
known relation between the internal and external quan-
tum efficiencies of emission through a single facet has
the form [10]

(2)

where n = 3.95 is the GaSb refractive index and yields
ηext/ηin = 0.82%. Taking into account the ratio between
the emission through the top and side faces of a chip
and the absorption by contacts, in our case, we deter-
mined that ηin = 43.6ηext. The dependences of the inter-
nal quantum efficiency on current were calculated for

ηext
P
I
--- q

hν
------,=

ηext

η in
--------

1

n n 1+( )2
----------------------,=
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the LED20–LED23 samples (Fig. 8b). At currents of
200–250 mA, the maximum internal quantum effi-
ciency at T = 22°C was 60% for LED22, 53% for
LED21, 50% for LED20, and 35% for LED23. The
dependence of the quantum efficiency on current can be
analyzed in terms of the known equation for overall
recombination in IR-optoelectronic materials [3]:

(3)

where nac is the carrier density in the active region and
h is the active region thickness. The total recombination
rate Rtot includes recombination via levels in the band
gap ASRHnac (Shockley–Read–Hall), radiative recombi-

nation Brad , and Auger recombination CAuger . At
currents below 100 mA, nonradiative Shockley–Read–
Hall recombination is substantial. At currents of 150–
250 mA, the contribution of radiative recombination,
which is proportional to the squared carrier density,
increases and, consequently, the quantum efficiency
grows. At currents above 250 mA, the quantum effi-
ciency slightly decreases. As mentioned above, this
decrease is not associated with a rise in the temperature
of the structure, rather, it can be attributed to the
increasing contribution of the nonradiative Auger
recombination, which is proportional, as a first approx-
imation, to the cubed carrier density in the active
region.

4. OPTICAL CHARACTERISTICS 
OF 1.6- TO 2.0-µm LEDS AND REASONS

FOR THEIR LOWER EFFICIENCY 
AS COMPARED WITH 2.0- TO 2.3-µm LEDS

In the first version of the linear array of LEDs, we
used the same structure and design as for the LED20–
LED23 series to fabricate LED19 and LED18 diodes
emitting at 1.95 and 1.85 µm, respectively. A GaSb sub-
strate almost entirely absorbs the 1.65 and 1.75 µm
emission; thus, in the design of LED16 and LED17, we
used heterostructures with double-sided wide-bandgap
confinement and an emission output through the top p-
layer instead of through the substrate. Figures 9a–9d
show the spectral distribution of the power density Pden
for the four LED structures with emission peaks at 1.65,
1.75, 1.85 and 1.95 µm, respectively, at three different
temperatures; and the power density distributions for
the four samples as functions of the photon energy at
T = 22°C are shown in Fig. 10. The spectra of the
LED16 and LED19 diodes have one peak and a normal
FWHM of about 120–140 nm. The spectrum of LED17
exhibits a second peak, which shifts from 1850 nm at
T = 10°C to 1900 nm at T = 55°C. A separate second
peak is not observed in the LED18 spectrum, but the
FWHM of the peak is 180 nm at T = 22°C, which is
40 nm broader than that for LED19. For the LED16–
LED19 diodes, the room-temperature emission peaks
correspond to 0.758, 0.733, 0.667, and 0.638 eV, respec-
tively. The temperature coefficients of the photon energy

Rtot q ASRHnac Bradnac
2 CAugernac

3+ +( )h,=

nac
2 nac

3
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(Fig. 11a) were in the range –(3.6–4.0) × 10–4 eV K–1,
which correlates with the temperature dependence of
the energy gap in these materials.

The emission power of all four LED structures in the
1.6- to 2.0-µm range is significantly less than in the 2.0-
to 2.4-µm diodes. To account for this fact, as well as for
the specific features of the LED17 and LED18 spectra,
we will discuss the band diagrams of the structures
(Fig. 12) in more detail. With the In content in the active
region raised from 0 to 20%, the energy spacing
between the valence band and Γ valley of the conduc-
tion band decreases from 0.726 to 0.55 eV. The gap
between the valence band and L valley of the conduc-
tion band decreases more weakly, from 0.81 to 0.76 eV.
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Fig. 7. Spectral power density Pden measured at different
currents in the quasi-steady mode (Q = 2, f = 500 Hz, T =
22°C). I: (1) 25, (2) 50, (3) 100, (4) 150, and (5) 200 mA.
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Fig. 9. Spectral power density for four LED structures of the 1.6- to 2.0-µm range: (a) LED16, (b) LED17, (c) LED18, and
(d) LED19. The temperature of measurement T: (1) 10, (2) 22, and (3) 55°C. Parameters of measurement: f = 500 Hz, Q = 2, I = 200 mA.
Earlier thorough investigations of GaSb and quaternary
GaInAsSb solid solutions [13] showed that three accep-
tor levels always exist in Czochralski-grown, uninten-
tionally doped GaSb: a shallow level with an activation
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Fig. 10. Spectral power density Pden vs. the photon energy
for four LED structures of the 1.6- to 2.0-µm range at room
temperature (T = 22°C). For the measurement parameters,
see Fig. 9.
energy E1 = 11–17 meV and two deep levels with E2 =
30–35 meV and E3 = 70–90 meV, which can be attrib-
uted to double-charged structural defects in the crystal
lattice, i.e., gallium vacancy and Ga at the Sb site
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Fig. 11. Temperature dependences of (a) the photon energy
in the emission peak and (b) the integral optical power for
LEDs of the 1.6- to 2.0-µm range.
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(VGaGaSb). In quaternary solid solutions, the probability
of structural defect formation decreases when Ga atoms
are replaced with In and when the density of deep
acceptor levels in the crystals decreases.

The lifetime of minority carriers, which is deter-
mined from the characteristic time of emission decay
upon switching the current off and from the amount of
charge extracted upon switching from forward to
reverse current [5], decreased by an order of magnitude,
from 50 ns for LEDs with λ = 1.8 µm to 3–5 ns for
LEDs with λ = 2.4 µm (Fig. 13).

We can offer two reasons for the substantial
decrease in the quantum efficiency (Fig. 14) and in the
maximum emission power on passing from the LED22
structure emitting at 2.25 µm (Fig. 8) to shorter-wave-
length structures, especially LED18 and LED17
(Fig. 15).

(i) Deep levels of a double-charged structural defect
in the crystal lattice of GaSb and closely similar solid
solutions act as trapping levels for injected minority
carriers in the n-type active region. This effect raises the
lifetime of radiative recombination, which has been
confirmed by direct measurements, and reduces the
quantum efficiency in accordance with the relation

(4)

As mentioned above, the density of deep levels in a
solid solution decreases with increasing In content (or
Al for the λ = 1.65 µm LED). Obviously, the presence
of the second peak in the LED17 spectrum and the
broadening of the LED18 spectrum are related to radi-
ative recombination via acceptor levels.

(ii) The energy spacing between L and the Γ valleys
of the GaSb conduction band is only 84 meV. Further-
more, the electron mass and, hence, the density of states
in an L valley is an order of magnitude higher than in Γ.
The spacing between L and Γ valleys increases as the In
content rises; thus, the ratio of electron densities in L
and Γ valleys changes in favor of the Γ valley.

5. NATURE OF SPONTANEOUS 
ELECTROLUMINESCENCE OF 1.8- TO 2.4-µm 

LEDS IN 77–300 K TEMPERATURE RANGE

All diodes can be arbitrarily classified into two
groups according to their electroluminescence (EL)
properties: short-wavelength, with emission at λ <
2 µm; and long-wavelength, with emission at λ > 2 µm.
The room-temperature emission spectra of all LEDs
have the form of a band with a FWHM of 0.04–0.06 eV,
with the peak energy hνmax close to the energy gap Eg

of the narrow-gap layer. Along with the spectral and
power characteristics, we studied the lifetime of non-
equilibrium carriers in relation to current and tempera-
ture. The lifetime of nonequilibrium carriers was
assumed to be equal to the characteristic time of emis-
sion decay on switching the current off. The measure-

η in

τnr

τ r τnr+
-----------------.=
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ments were done in the 77–300 K temperature range at
currents of 0.3–1000 mA. As the temperature changes
from 300 to 77 K, the emission spectra of the long-
wavelength LEDs (λ ≥ 2 µm) do not exhibit qualitative
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Fig. 12. Energy-band diagrams of (a) GaSb and (b) GaIn-
AsSb with 20% In (LED22). The transition energies are
given in electronvolts.
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changes: they remain single-band, but the peak energy
hνmax is 10–30 meV lower than Eg and it depends on
current. When the temperature changes from 300 to
77 K, the spectra of short-wavelength LEDs (λ < 2 µm)
become multiband; they contain several bands, A, B,
and C. The energies of the B and C bands are, respec-
tively, 20 and 80 meV lower than Eg, and their intensity
strongly depends on current. The emission of the longer
wavelength bands C and B dominates at small currents.
As the current rises, the emission intensity of these
bands tends toward a limiting value (C band), whereas
the dependence of intensity in the short-wavelength
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band on current gradually varies from superlinear to
linear (A band). The contribution of the A band in the
short-wavelength LEDs increases with rising tempera-
ture, and it is this band that becomes predominant at
room temperature. The external quantum efficiency is
at a maximum (up to 6%) in 2.0- to 2.2-µm LEDs and
decreases gradually to η= 1–2% for both shorter and
longer wavelength (2.4 µm) diodes. At a fixed current
of 30 mA, the external quantum efficiency decreases
with rising temperature in all of the structures. In the
range of 77–150 K, the temperature dependence of η is
weak; at higher temperatures, it is strong.

The transient characteristics of EL observed upon
applying a rectangular pulse of forward current (I =
200 mA) depend on the LED emission wavelength. The
minority carrier lifetime determined from the charac-
teristic time of emission decay on switching the current
off, and also from the amount of charge extracted on
switching from forward to reverse current, was the
highest (50 ns) for λ = 1.8 µm LEDs and decreased
gradually by an order of magnitude to 3–5 ns for λ =
2.4 µm diodes.

We will now analyze the obtained experimental
data.

All of the LEDs demonstrate properties typical of
semiconductor luminescent devices: the peak energy of
the emission bands is close to the energy gap, the
FWHM of bands exceeds kT, the external quantum effi-
ciency of emission ηext decreases with rising tempera-
ture (Fig. 16a), and the speed of radiative response
depends on temperature.

We analyzed the calculated radiative (τr) and nonra-
diative (τa) lifetimes of minority carriers and compared
them with the experimentally observed lifetimes
(Fig. 16b). In the calculations, we used the expression
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Fig. 18. Spectra of E-800 LED structure recorded in different pulsed modes (f = 500 Hz): (a) the off-duty factor Q = 2, τ = 1 ms and
(b) Q = 1000, τ = 200 ns. The current, I: (1) 0.1, (2) 0.15, (3) 0.2, (4) 0.3, (5) 0.4, (6) 1, (7) 2, (8) 3, (9) 4, and (10) 10 A.
obtained by Gel’mont and Zegrya [11], taking into
account the nonparabolicity of energy bands and the
spin-orbit splitting of the valence band.

It seems that, at 77 K, the radiative lifetime τr

exceeds the experimental value only by ~20%, which
indicates good agreement between the calculated and
experimental data. With temperature rising, the calcu-
lated τr increases as T3/2, whereas the experimental
dependence is substantially weaker, which implies the
contribution of other recombination channels at higher
temperatures.

We will now discuss the nonradiative lifetime of
minority carriers. As is known, band-to-band nonradia-
tive Auger recombination dominates in narrow-gap
materials. The most probable process in n-type semi-
conductors is the Auger process in which minority
holes recombine with electrons and the excess energy is
transferred to another electron in the conduction band
(CHCC process).

The nonradiative time for holes τa in this process
was calculated the same way as in [12]. At a tempera-
ture of 300 K, the calculated τa value is higher than the
experimental one by a factor of 1.5 and twice as small
as the calculated radiative time τr. With temperature
falling, τa strongly increases. The total time

exceeds the experimental value of τ only by 10–25%
(satisfactory agreement); thus, we may conclude that, at
low temperatures, radiative recombination dominates
in short-wavelength LEDs, and, at T > 200 K, the non-
radiative Auger recombination of the CHCC type
makes a significant contribution which is comparable to
the radiative recombination. The calculated internal

τ ra

τa τ r–
τa τ r+
---------------=
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quantum efficiency of emission ηin is 98% at 77 K, and
with temperature rising it decreases to 35% at 300 K.
The experimental external quantum efficiency of emis-
sion differs from the calculated one: it is 30–40% at
77 K, and strongly decreases to 1–2% as the tempera-
ture rises to 300 K.

We will now move on to an analysis of long-wave-
length LED properties. According to [12], the radiative
lifetime under band-to-band bulk recombination must
increase by 40% with Eg decreasing from 0.7 to 0.5 eV
independently of temperature, whereas the nonradia-
tive lifetime at 300 K should decrease by a factor of 2.
However, the experimental lifetime does not increase,
rather, it decreases in the entire temperature range by a
factor of 2.5–5, with Eg decreasing from 0.68 to
0.53 eV. This leads to the assertion that band-to-band
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Fig. 20. The energy-band diagram of the E-816 LED structure.
recombination in the bulk does not dominate in long-
wavelength LEDs.

The predominance of radiative recombination at low
temperatures is confirmed by the fact that the external
quantum efficiency of emission in long-wavelength
LEDs at 77 K is 20–35%, which corresponds to the
domination of radiative recombination if the absorption
of emission is taken into account. At room temperature,
ηext is an order of magnitude smaller than at 77 K and,
correspondingly, the lifetime is defined by the nonradi-
ative process.

Thus, radiative recombination dominates in long-
wavelength (λ ≥ 2 µm) LEDs at the temperature of liq-
uid nitrogen, whereas, at room temperature, the contri-
bution of nonradiative Auger recombination at the het-
erointerface is significant.

6. RAISING THE QUANTUM EFFICIENCY
OF 1.85-µm LEDS BY THE INSERTION

OF A BUFFER LAYER

To raise the quantum efficiency of 1.85-µm LEDs, it
was necessary, first of all, to reduce the negative effect
of deep levels related to double-charge structural
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Fig. 21. Current–voltage characteristic of the E-816 LED
structure at T = 22°C.
defects in the crystal lattice. The concentration of struc-
tural defects in GaSb substrates reached 2 × 1017 cm–3.
Nearly the same defect density was observed in GaSb
or quaternary solution layers with a low (<6%) In con-
tent and which were grown directly on these substrates.
The density of natural structural defects related to sto-
ichiometry depends on the ratio of the Ga to Sb content
in the melt. A method for modifying this ratio by intro-
ducing Pb as a neutral solvent was suggested in [13].
Using this method, the density of deep acceptor levels
can be reduced to 2 × 1016 cm–3.

In this study, a minimum defect density in the active
region was obtained by growing an n-GaSb buffer layer
6 to 10 µm thick on n-GaSb substrate. Lead was used
as a neutral solvent in the epitaxial process. Further, a
1.5-µm-thick Ga0.95In0.05AsSb active layer doped with
Te to n ≈ 1017 cm–3 was grown on top of the buffer layer.
The LED structure also included a p-Al0.34Ga0.66AsSb
layer (3 µm), acting as a wide-bandgap barrier for elec-
trons, and a contact GaSb layer (0.5 µm) doped to p ≈
1019 cm–3.

As is seen in Fig. 17, the E-800 LED structure with
a thick buffer layer surpasses the initial E-542 structure
by 13% in internal quantum efficiency and by two times
in the integral operating power. At the same time, the
spectral FWHM is 130 nm for the E-800 structure and
180 nm for the E-542 structure. This indicates that we
have succeeded in reducing not only the density of deep
acceptor levels in the active region, which are responsi-
ble for the increase in the lifetime of radiative recombi-
nation, but also the density of shallow acceptor states;
it also indicates that we have depressed the density-of-
state tails responsible for the broadening of the spec-
trum. The increase in the spectral FWHM as the current
exceeds 3 A in pulsed mode (Fig. 18b) is most probably
related to the fact that the radiative recombination pro-
cess involves not only the carriers near the conduction-
band bottom and the valence-band top, but also the car-
riers with higher energies, since the current density at
SEMICONDUCTORS      Vol. 37      No. 8      2003
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I = 10 A was 111 A cm–2. The maximum internal quan-
tum efficiency (Fig. 19) reached 82% at a current of 2 A
(Q = 1000).

In addition to the rise in the share of the Auger
recombination, the operation of LEDs at high currents
in real structures is limited by possible breakdown or
overheating due to local inhomogeneities in the crystal
or chip surface. The quality of the E-800 structure
allowed us to substantially raise the operating power of
the LEDs owing to the increase in currents at which
LED operation was stable. For example, an optical
power P = 1.66 mW was obtained at a current of
400 mA in the quasi-steady mode (Q = 2) and P =
60 mW at 10 A in pulsed mode (Q = 1000, τ = 200 ns).

7. RAISING THE QUANTUM EFFICIENCY 
OF 1.95-µm LEDS WITH A THYRISTOR 

STRUCTURE

In the design of the 1.95-µm LED structure with
increased quantum efficiency (E-816), we applied the
same buffer-layer growth technology as in the E-800
structure. The buffer layer was 10 µm thick. However,
one more new element was used here. A 0.5-µm-thick
p-GaSb layer was introduced between the buffer and
the active layer (Fig. 20).

The shape of the current–voltage characteristic of
the obtained n–p–n–p-structure was typical of a thyris-
tor structure (Fig. 21). The turn-on voltage was 1.9 V. In
the “on” state, the voltage sharply decreased to 0.45 V.
As is known from the theory of thyristor structures, the
height of a barrier subject to reverse bias drops sharply
due to the electron and hole charge that accumulates on
both sides of the interface (in our case, it was a type-II
heterointerface between p-GaSb and n-GaInAsSb),
which is a positive charge in p-type and a negative one
SEMICONDUCTORS      Vol. 37      No. 8      2003
in an n-type semiconductor. The processes in this com-
plex structure demand more detailed discussion. We
note only that, in all probability, the interface between
p-GaSb and n-GaInAsSb makes a positive contribution
to radiative recombination.

Figure 22 shows the spectra of the E-816 structure
recorded in (a) quasi-steady and (b) pulsed modes, and
Fig. 23 compares (a) light–current characteristics and
(b) the dependences of the internal quantum efficiency
on current for two 1.95-µm LED structures, E-729 and
E-816. A maximum internal quantum efficiency was
obtained in the E-816 structure; it was 52% in the
quasi-steady mode at a current of 250 mA and 77% in
the pulsed mode at 3 A (Q = 1000). The maximum out-
put optical power was 2.5 mW at an off-duty factor Q =
2 and 71 mW at Q = 1000.
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8. HIGH-EFFICIENCY LED STRUCTURES 
EMITTING AT 1.65 AND 1.75 µm

As mentioned above, all LED structures for the 1.8-
to 2.4-µm spectral range were grown on n-GaSb sub-
strates and mounted with their active layer facing down
on the package, with emission output through the sub-
strate. This provided a sufficient heat sink for a LED
even at currents of about 10 A (a current density over
100 A cm–2). However, this approach is inapplicable in
the design of LEDs emitting at wavelengths below
1.75 µm, because photons with an energy above
0.72 eV are completely absorbed by the GaSb sub-
strate. The only possible principal solution to this prob-
lem is to fabricate a specially grown substrate with a
wider energy gap, grow a LED heterostructure on it,
and then remove the GaSb substrate (Fig. 24).

After the removal of the GaSb substrate, chips were
mounted onto packages with the p-GaSb contact layer
facing down. Emission output took place through a
thick (150 µm) n-AlGaAsSb layer. The structural per-
fection of this thick layer was much higher than that of
the GaSb substrate. Correspondingly, the active region
was free of deep acceptor levels related to crystal struc-
ture defects.

The spectra were single-band at all currents. The
FWHM of the emission band in the quasi-steady mode
was 130 nm for the E-833 structure (Fig. 25a) and
140 nm for the E-832 structure (Fig. 25c). The internal
quantum efficiency reached 60% (Fig. 26). In the short-
pulse mode, the spectra were broadened at a current
over 4 A (Figs. 25b, 25d). We believe that, similar to the
E-800 and E-816 structures, the increase of FWHM is
related to the contribution of higher energy carriers to
the radiative recombination, but this problem demands
further investigation.

The integral optical power was measured in the
short-pulse mode (the off-duty factor Q = 1000); it was
140 mW and 170 mW for the E-832 and E-833 struc-
tures, respectively (Fig. 19a). In both structures, the
internal quantum efficiency in this mode reached 100%
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(Fig. 19b). At currents of 1–5 A, the rate of radiative
recombination in the E-833 structure substantially
exceeded the rates of nonradiative Shockley–Read and
Auger recombination processes. In the E-832 structure,
this range of currents was narrower (2.5–4 A). Figure
27 shows the final values of the internal quantum effi-
ciency, which was measured at room temperature in the
quasi-steady mode (Q = 2, f = 500 Hz) for eight LED
structures emitting in the spectral range of 1.6–2.4 µm.
We are planning to improve the design of LED chips in
future investigations, with the goal of raising the exter-
nal quantum efficiency and the output optical power.

9. CONCLUSION

In this study, LED structures completely covering
the 1.6- to 2.4-µm spectral range were designed and
investigated. The mechanisms leading to a decrease in
the internal quantum efficiency have been studied. In
n-GaSb and quaternary solid solutions used as an active
region, the CHCC Auger process occurs and becomes
more important with decreasing energy gap and tem-
perature rising. This process is responsible for the
decrease in quantum efficiency at high currents in all of
the structures. It has been shown that the decreasing
internal quantum efficiency of LED structures with the
energy gap increasing from 0.56 to 0.72 eV is due to the
fact that the radiative recombination lifetime becomes
longer. Deep levels of double-charged structural
defects of the crystal lattice in GaSb and closely related
solid solutions act as trapping levels for the injected
minority carriers in the n-type active region. This
reduces the radiative recombination rate. Based on
these conclusions, we have developed new LED struc-
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tures for 1.65-, 1.75-, 1.85-, and 1.95-µm wavelengths
with increased quantum efficiency. An internal quan-
tum efficiency of 40–60% was achieved in the struc-
tures under study. A high peak power of 170 mW and
100% internal quantum efficiency were attained in the
short-pulse operation mode. These LEDs can be widely
applied in environmental monitoring and medical diag-
nostics.

ACKNOWLEDGMENTS
We are grateful to M.P. Mikhailova for her assis-

tance in interpreting the experimental data.

REFERENCES
1. A. A. Gutkin, A. A. Rogachev, V. E. Sedov, and

B. V. Tsarenkov, Prib. Tekh. Éksp., No. 4, 187 (1963).
2. Y. Mao and A. Krier, J. Electron. Mater. 23, 503 (1994).
3. A. Krier, H. H. Gao, V. V. Sherstnev, and Yu. P. Yakovlev,

Appl. Phys. 32, 3117 (1999).
4. X. Gong, H. Kan, T. Makino, et al., Jpn. J. Appl. Phys.

39, 5039 (2000).
5. A. A. Andaspaeva, A. N. Baranov, A. A. Guseœnov, et al.,

Pis’ma Zh. Tekh. Fiz. 15 (18), 71 (1989) [Sov. Tech.
Phys. Lett. 15, 734 (1989)].
6. A. A. Andaspaeva, A. N. Baranov, A. A. Guseœnov, et al.,
Fiz. Tekh. Poluprovodn. (Leningrad) 24, 1708 (1990)
[Sov. Phys. Semicond. 24, 1067 (1990)].

7. A. A. Popov, V. V. Sherstnev, and Yu. P. Yakovlev, Pis’ma
Zh. Tekh. Fiz. 23 (20), 19 (1997) [Tech. Phys. Lett. 23,
783 (1997)].

8. A. A. Popov, V. V. Sherstnev, Yu. P. Yakovlev, et al., Elec-
tron. Lett. 33 (1), 86 (1997).

9. Handbook Series on Semiconductor Parameters, Ed. by
M. Levinshtein, S. Rumyantsev, and M. Shur (World
Sci., Singapore, 1996).

10. T. Ashley, C. T. Elliott, N. T. Gordon, et al., Appl. Phys.
Lett. 64, 2433 (1994).

11. B. A. Gel’mont and G. G. Zegrya, Fiz. Tekh. Polupro-
vodn. (Leningrad) 25, 1381 (1991) [Sov. Phys. Semi-
cond. 25, 1216 (1991)].

12. A. R. Beattie and P. T. Landsberg, Proc. R. Soc. London
249 (1256), 16 (1959).

13. T. I. Voronina, B. E. Dzhurtanov, T. S. Lagunova, et al.,
Fiz. Tekh. Poluprovodn. (St. Petersburg) 32, 278 (1998)
[Semiconductors 32, 250 (1998)].

Translated by D. Mashovets
SEMICONDUCTORS      Vol. 37      No. 8      2003



  

Semiconductors, Vol. 37, No. 8, 2003, pp. 985–991. Translated from Fizika i Tekhnika Poluprovodnikov, Vol. 37, No. 8, 2003, pp. 1010–1016.
Original Russian Text Copyright © 2003 by Moiseev, Mikha

 

œ

 

lova, Yakovlev.

                                              

PHYSICS OF SEMICONDUCTOR
DEVICES

                                            
Special Features of Spontaneous and Coherent Emission
of IR Lasers Based on a Single Type-II Broken-Gap 

Heterojunction
K. D. Moiseev*, M. P. Mikhaœlova, and Yu. P. Yakovlev

Ioffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg, 194021 Russia
*e-mail: mkd@iropt2.ioffe.rssi.ru

Submitted February 11, 2003; accepted for publication February 17, 2003

Abstract—The electroluminescence characteristics of a single type-II p-Ga0.84In0.16As0.22Sb0.78/n-
In0.83Ga0.17As0.80Sb0.20 heterostructure have been studied in the temperature range 77–300 K. A new advanced
laser structure based on a type-II broken-gap p-GaInAsSb/n-InGaAsSb heterojunction as the active region has
been suggested and fabricated. Single-mode lasing at wavelength λ = 3.14 µm under a threshold current density
jth = 400 A/cm2 (T = 77 K) was obtained. The domination of TM- over TE-polarization, observed both in the
spontaneous and coherent modes of operation of the novel laser structure, can be accounted for by involvement
of light holes, tunneling across the heterointerface, in radiative recombination. © 2003 MAIK “Nauka/Interpe-
riodica”.
1. INTRODUCTION

In recent years, considerable attention has been
drawn to the design and study of mid-IR (λ = 2–5 µm)
diode lasers based on III–V compounds. These devices
have multiple important applications, such as the
remote monitoring of atmospheric contamination by
gases, laser ranging in the wavelength range safe for the
eyes, monitoring in the high-tech industry, and medical
diagnostics [1, 2]. Another possible application can be
optical communications in free space, in the 3- to 5-µm
window of atmospheric transparency. For the majority
of applications, it is important that diode lasers be able
to operate at room temperature.

The design of long-wavelength lasers operating at
high temperatures is in progress at several leading sci-
entific centers [3–6]. To date, only uncooled injection
GaInAsSb/GaAlAsSb lasers operating at λ < 2.7 µm
[3], quantum-cascade lasers emitting at λ > 5 µm [4],
and lasers based on type-II quantum-confinement het-
erostructures with optical pumping [5] have been
reported. However, there are still no long-wavelength
(3 < λ < 5 µm) lasers operating on band-to-band transi-
tions at room temperature. IR lasers based on narrow-
gap InAsSb/InAs, GaInAsSb/InAs, AlGaAsSb/InAsSb
heterostructures grown by LPE, MBE, and MOCVD
operate at temperatures up to T = 120 K in the CW-
mode and up to T = 255 K in the pulsed mode [6].

The high-temperature operation of long-wavelength
lasers based on III–V compounds has several funda-
mental limitations. The principal factors defining the
limiting temperature of laser operation are the follow-
ing: (i) Auger recombination, (ii) intraband absorption
of radiation, and (iii) heating of carriers. The strongest
1063-7826/03/3708- $24.00 © 20985
influence upon the temperature dependence of the
threshold current is exerted by Auger recombination.
This process dominates over radiative recombination in
bulk narrow-gap semiconductors, such as InAs and
GaAs and their solid solutions, whose energy bands
have a “resonance” structure, in which the energy gap
Eg is close to the spin–orbit splitting of the valence band
∆so [7]. An important factor which must also be taken
into account is the leakage of carriers from the active
region of a laser based on InAs-rich compositions; this
leakage results from the low height of potential barriers
at the heterointerfaces with InAsSbP confining layers,
in contrast to the system of AlGaAs(Sb)/GaAs(Sb)
solid solutions.

Several original physical approaches have been sug-
gested recently to suppress Auger recombination in nar-
row-gap heterostructures and improve the temperature
characteristics of IR diode laser structures based on type-
II heterojunctions [8, 9]. Quaternary Ga1 − xInxAsySb1 − y
solid solutions are promising materials for the produc-
tion of efficient optoelectronic devices, because they
form both staggered and broken-gap type-II hetero-
junctions and completely cover the 2- to 5-µm IR spec-
tral range.

The specific feature of type-II broken-gap GaIn-
AsSb/InAs heterojunctions is such a mutual position of
bands at the interface at which the valence band of the
wide-gap GaInAsSb solid solution lies 60–100 meV
above the conduction band of the narrow-gap material
(InAs) [10]. In thermodynamic equilibrium, the band
bending at the heterointerface between two semicon-
ductors gives rise to a deep potential well for electrons
on the InAs side. Electrons are contained at the hetero-
003 MAIK “Nauka/Interperiodica”
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interface by the internal electric field created by holes
localized in a self-consistent potential well on the solid
solution side. This results in the formation of a quan-
tum-confined semimetallic channel of spatially sepa-
rated carriers localized on opposite sides of the hetero-
interface. When a negative voltage is applied to p-InAs,
the depth of wells increases due to the inflow of exter-
nal carriers to such an extent that one or even two occu-
pied levels can be formed in the electron quantum well
(QW). In such a structure, tunnel transitions of carriers
across the heterointerface with their subsequent radia-
tive recombination become probable.

Earlier, we suggested a new physical approach to the
design of a semiconductor diode laser for the mid-IR
range which relies upon the tunnel injection of carriers
across the type-II interface in a single broken-gap p-
GaInAsSb/p-InAs heterojunction. In this heterostruc-
ture, asymmetrical band offsets of the conduction and
valence bands (∆EC ≈ 0.64 and ∆EV ≈ 0.42 eV) give rise
to potential barriers for electron and hole quantum con-
finement simultaneously, which results in the strong
accumulation of carriers in the active region and
enhances the recombination efficiency for spatially
separated electrons and holes near the heterointerface
[11]. In this case, the driving current can be maintained
by tunnel injection of electrons from the bulk of the nar-
row-gap semiconductor.

High-intensity electroluminescence (EL) was
observed in the spectral range 0.3–0.7 eV. At T = 77 K,
the EL spectra exhibited two distinct emission bands
with peak photon energies hνA = 0.314 eV and hνB =
0.378 eV. A blue shift of the second band was observed
as the current increased through the structure. A third
high-energy band hνC = 0.633 eV, which was broader
and had a lower intensity, was observed only at a high
injection level because of the recombination of Auger
electrons from the QW with holes from the bulk of the
Ga0.84In0.16As0.22Sb0.78 solid solution (Eg = 0.635 eV
[12]). This band indicates that the height of the effective
potential barrier for electrons in an isotype p–p hetero-
structure is considerably less than the conduction band
offset at the heterointerface (Ve < 0.4 eV).

We have also studied and produced a novel tunnel-
injection laser with an isotype type-II broken-gap p-
Ga0.84In0.16As0.22Sb0.78/p-In0.83Ga0.17As0.80Sb0.20 hetero-
junction in the active region [13]. Single-mode lasing
was obtained in the temperature range 77–125 K. At
T = 77 K, the wavelength of the stimulated emission
was λ = 3.26 µm and the threshold current density
reached jth = 2 kA cm–2. In this laser structure, the
Auger recombination at the heterointerface was sup-
pressed and the temperature dependence of the thresh-
old current was weaker: a high characteristic tempera-
ture T0 = 60 K was reached in the temperature range
80–110 K, which indicated good prospects for the
improvement of the operating characteristics of IR
lasers based on a type-II broken-gap heterojunction.
Further studies of the temperature and threshold
characteristics of these lasers have revealed several
principal factors limiting their operation at higher tem-
peratures. The first, and the main one, is a high leakage
of carriers from the laser active region. Holes from the
valence band of the wide-gap semiconductor move to
the valence band of the narrow-gap one across the nar-
row barrier at the heterointerface; the appearance of this
barrier is due to the energy diagram of a p–p hetero-
structure under reverse bias. Moreover, electrons from
the QW on the narrow-gap solid solution side move to
the conduction band of the wide-gap solution layer via
Auger-electron emission over the potential barrier Ve at
the heterointerface. Second, the minority carriers, elec-
trons in the given case, are localized near the heteroint-
erface because of the occurrence of the zero-threshold
Auger process [14]; this localization enhances intra-
band absorption, which depends exponentially on tem-
perature.

In this study, radiative recombination in a type-II
broken-gap p-GaInAsSb/n-InGaAsSb heterojunction
was analyzed as a promising kind of laser active region.
We have studied the EL in the temperature range of 77–
300 K and the specific features of coherent emission,
including luminescence polarization characteristics,
from an asymmetrical p-Ga0.84In0.16As0.22Sb0.78/n-
In0.83Ga0.17As0.80Sb0.20 laser structure.

2. EXPERIMENT

In view of the specified problem, a model p-
Ga0.84In0.16As0.22Sb0.78/n-In0.83Ga0.17As0.80Sb0.20 single
heterostructure was fabricated on the basis of undoped
layers of a quaternary GaInAsSb solid solution, wide-
gap p-Ga0.84In0.16As0.22Sb0.78 with a hole density p = 2 ×
1016 cm–3, and narrow-gap n-In0.83Ga0.17As0.80Sb0.20
(Eg = 0.395 eV at T = 77 K) with an electron density n =
1016 cm–3. The lattice-matched heterostructure was
grown by liquid-phase epitaxy (LPE) on undoped (100)
n-InAs (n = 2 × 1016 cm–3) substrate. The epitaxial
structures produced under conditions of thermody-
namic equilibrium in the phase diagram of the melt and
the layers grown were unstrained and characterized by
a high quality of the sharp heterointerface, as confirmed
by X-ray diffraction analysis. The lattice mismatch
between the epitaxial layers and the substrate did not
exceed ∆a/a ≈ 2 × 10–3 [15].

The solid solutions produced form an almost-stag-
gered type-II heterojunction (Fig. 1). The estimated
overlap between the valence band of the wide-gap
semiconductor and the conduction band of the narrow-
gap one is, according to our estimates, about ∆ ≈ 10–
20 meV. The energy ∆ was calculated by linear interpo-
lation of the electron affinities of binary compounds
constituting the quaternary GaInAsSb solid solution.
Due to comparatively small band bending at the inter-
face, the potential barrier in the conduction band was
high, Ve ≈ ∆EC = 0.6 eV, which ensured the quantum
SEMICONDUCTORS      Vol. 37      No. 8      2003
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confinement of the electron gas and suppressed the
Auger processes involving emission of hot electrons to
the conduction band of the p-GaInAsSb solid solution.
A good ohmic contact to the epitaxial heterostructure
was provided by a reversely biased type-II broken-gap
p-Ga0.84In0.16As0.22Sb0.78/n-InAs heterojunction.

3. RESULTS AND DISCUSSION

When external bias was applied in such a way that
the negative potential was at the n-GaInAsSb epitaxial
layer, and the positive potential, at n-InAs, high-inten-
sity spontaneous emission was observed in the spectral
range 0.24–0.45 eV in a wide temperature interval, up
to room temperature (Figs. 2 and 3). As is seen in
Fig. 2, the EL spectra at T = 77 K exhibit two clearly
pronounced emission bands with peak photon energies
hνA = 0.280 and hνA = 0.383 eV. It is necessary to note
that the spectral position of the observed bands nearly
coincides with the position of EL bands for the p-GaIn-
AsSb/p-InAs heterostructure, which suggests a com-
mon nature of recombination transitions that is deter-
mined by the influence of the type-II heterointerface.

Similarly to the spectra of the p–p structure, the EL
spectra are dominated at low (I < 10 mA) injection lev-
els by a low-energy band A (hνA = 0.250 eV, FWHM
50 meV) (Fig. 2 a). With the driving current I rising, the
peak of this emission band shifts to higher energies and
reaches 0.345 eV, while the position of the high-energy
band B with an FWHM of 18 meV is virtually current-
independent (Fig. 2 b). A further rise in current does not
induce a noticeable shift of the A peak, because it could
be overlapped by the low-energy tail of a B peak having
a higher intensity. A B band appears at even higher
injection levels (I = 7 mA), its intensity grows steeply
with increasing current through the structure, and at I *
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0

E, eV
+ –

EC

EFp

EV

Eh

Ee

EC

EFn
qU

EV

A

B

p0-Ga0.84In0.16As0.22Sb0.78
n0-Ga0.83In0.17As0.82Sb0.18

Fig. 1. Band diagram of the type-II p-
Ga0.84In0.16As0.22Sb0.78/n-In0.83Ga0.17As0.80Sb0.20 het-
erojunction under an external bias U. Arrows indicate pos-
sible radiative transitions.
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30 mA it dominates in the EL spectra. Both bands have
a similarly asymmetric peak shape: an abrupt high-
energy edge and a tail exponentially decreasing into the
range of lower photon energies.

If the dependence of the EL intensity is represented
as

where Φm is the EL intensity and I is the current across
the structure, then two portions can be distinguished in
the dependence of the EL intensity on current for the A
band

for small currents I < 20 mA, which is transformed into
a linear portion

at I > 30 mA. In the entire current range under study, the
emission intensity in the B band peak increases as Φm ∝

Φm Iη ,∝

Φm I2∝

Φm I∝
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Fig. 2. EL spectra of the single type-II p-
Ga0.84In0.16As0.22Sb0.78/n-In0.83Ga0.17As0.80Sb0.20 het-
erostructure under forward bias at T = 77 K for different
current values at (a) low and (b) high injection levels. The
arrow indicates the absorption band of atmospheric CO2
(λ ≈ 4.25 µm).
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Iη, with the parameter η > 1. This complicated depen-
dence of intensity on current can be accounted for by
the simultaneous contribution of several mechanisms of
current transport across the structure near the heteroint-
erface. The EL spectra of the p–n structure does not
contain a high-energy band of the type hνC = 0.633 eV,
which was observed earlier in the p–p structure and was
attributed to Auger recombination in the bulk of the
wide-gap GaInAsSb solid solution. This fact confirms
our assumption that the electron containment in the
active region of the heterostructures under study has
been improved.

The blue shift of the A band with rising current and
its larger half-width can be attributed to the filling of the
potential well for holes on the side of the wide-gap
GaInAsSb layer. A high injection level and, conse-
quently, a higher bias across the structure, create the
conditions for the formation of quantum levels of hole
localization, which is manifested in the experiment by
the stabilization of the position of the A band (hνA =
0.345 eV). In its turn, the position of the B band
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Fig. 3. EL spectra of the single type-II p-
Ga0.84In0.16As0.22Sb0.78/n-In0.83Ga0.17As0.80Sb0.20 het-
erostructure under forward bias (a) at T = 300 K and differ-
ent currents across the heterostructure and (b) at T = 77 and
300 K and a current of 150 mA. The arrow indicates the
absorption band of atmospheric CO2 (λ ≈ 4.25 µm).
remains unchanged with current rising, which is
accounted for by the contribution to recombination
from transitions via surface levels at the heterointer-
face.

The most impressive fact is that high-intensity EL
was observed at room temperature (Fig. 3). In this case,
the EL spectra also contain two emission bands but, in
contrast with the low-temperature case (T = 77 K), a
redistribution of intensity between A and B peaks is
obvious. At T = 300 K, an A band with a peak photon
energy hνA = 0.320 eV and an FWHM of 26 meV dom-
inates in the spectrum, whereas a B peak is seen as a
weaker and broader band with hνB = 0.355 eV and an
FWHM of 68 meV. The observation of EL at T = 300 K
in the A band demonstrates the possibility of fabricating
high-efficiency emitting devices operating near room
temperature and which are based on type-II broken-gap
heterostructures. At higher temperatures (T > 200 K),
the p-Ga0.84In0.16As0.22Sb0.78/n-In0.83Ga0.17As0.80Sb0.20
heterojunction becomes of the broken-gap type and,
from the very beginning, we have a semimetallic chan-
nel at the interface; this channel is filled with carriers.
Applying a small external bias gives rise to high-inten-
sity interfacial EL (hνA = 0.320 eV), which dominates
over the bulk luminescence manifested by the B band
(hνB = 0.355 eV).

The novel laser structure contains a type-II p-
Ga0.84In0.16As0.22Sb0.78/n-In0.83Ga0.17As0.80Sb0.20 hetero-
junction; as an active layer its band diagram is shown in
Fig. 1. Figure 4 shows a five-layer structure with sepa-
rate quantum confinement, which was grown by LPE
on (100)p-InAs substrate. Quaternary InAs1 − y − xSbyPx

(x = 0.30) solid solutions were used as capping layers.
Mesa-stripe laser diodes with a stripe width d = 60 µm
and a cavity length L = 400 µm (Fig. 4c) were produced
by standard photolithography. The laser chips were
mounted on a copper heat sink. The output emission
was measured at the front working face.

Spontaneous and coherent emission was observed in
this structure. Single-mode lasing was obtained at a
wavelength λ = 3.14 µm under a threshold current den-
sity jth = 400 A cm–2 at T = 77 K (Fig. 5a). Stimulated
emission arose at the high-energy wing of the spontane-
ous emission spectrum. For comparison, the same
figure shows the EL spectrum of a round mesa-struc-
ture based on a single p-Ga0.84In0.16As0.22Sb0.78/n-
In0.83Ga0.17As0.80Sb0.20 heterojunction grown directly on
n-InAs substrate. It may be concluded that the lasing
relies upon recombination transitions at the heterointer-
face.

The principal mechanism of radiative recombina-
tion in this heterojunction is tunneling radiative recom-
bination via the quantum states at the type-II heteroint-
erface. This is why we anticipated the suppression of
the Auger recombination and the achievement of a
weaker temperature dependence for the threshold cur-
rent as compared with the results of [13], in which an
SEMICONDUCTORS      Vol. 37      No. 8      2003
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isotype type-II broken-gap p–p heterojunction was
used as the active region, where the threshold current
was rather high owing to a large leakage of carriers
(both electrons and holes) across the heterointerface.
Indeed, the threshold current observed in the new struc-
tures was a factor of 5 lower than in the laser structure
with a type-II broken-gap p–p heterojunction in the
active region studied earlier. As can be seen in Fig 5b,
in the new laser, we succeeded in extending the region
of a weak temperature dependence of the threshold cur-
rent in the pulsed mode (τ = 200–500 ns) to T = 140–
150 K, in contrast to T = 110 K in the laser with the p–
p junction. We also obtained a higher characteristic
temperature, T0 = 47 K at T = 77–140 K and T0 = 23 K
in the range of 150–200 K. The limiting working tem-
perature of the laser was raised to T = 195 K. As the
working temperature rose above 150 K, the threshold
current increased considerably (T0 = 23 K), which can
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Fig. 4. (a) Composition of layers, (b) the layer-by-layer pro-
file of the band gap in the novel laser structure with the type-
II p-Ga0.84In0.16As0.22Sb0.78/n-In0.83Ga0.17As0.80Sb0.20
heterojunction in the active layer, and (c) the working front
face of a laser chip.
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be accounted for by the contribution of the Auger pro-
cess involving both the transition of hot holes to the
spin–orbit-split band (CHHS) and the absorption of
radiation by free carriers within the valence band.
Recent advancements in the design of new hybrid (III–
V)/(II–VI) laser structures have shown possible ways to
achieve quantum confinement of hole gas and contain
holes in the active region of a laser [16].

The study of polarization of light in the spontaneous
and coherent modes has shown the dominance of TM-
over TE-polarization for the luminescence related to
the type-II heterojunction in the structures under study
(Fig. 6). This fact is indicative of the tunneling origin of
the optical radiative transitions across the type-II het-
erointerface. As is seen in Fig. 6a, maximum emission
intensity is obtained when the polarizer vector is nor-
mal to the heterojunction plane (TM-polarization
mode). When the polarizer is rotated by 90°, the laser
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emission nearly vanishes, whereas the intensity of the B
band in the spectrum of spontaneous EL obtained near
the lasing threshold at T = 80 K decreases by a factor of
2 (Fig. 6b). Moreover, an additional band hνC =
0.410 eV appears, the polarization dependence of
intensity of which is opposite to that for the A and B
emission bands observed earlier. It seems most likely
that this band is related to radiative transitions in the
bulk of the narrow-gap n-InGaAsSb solid solution. Pre-
viously, the TM-polarization of emission from a
GaSb/GaInAsSb staggered type-II heterojunction was
attributed [17] to the subbarrier tunneling of light holes
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from the p-GaSb valence band across the heterojunc-
tion, with their subsequent recombination with elec-
trons in the n-GaInAsSb layer.

Thus, in the proposed novel laser structure we have
achieved good electron confinement and containment
of electrons in the active region. However, there
remains the essential problem of hole leakage across a
weak potential barrier associated with the valence band
offset at the type-II p-Ga0.84In0.16As0.22Sb0.78/n-
In0.83Ga0.17As0.80Sb0.20 heterointerface. In our opinion,
the A band originates from the tunneling of electrons
and holes from the localization levels in self-consistent
QWs across the heterointerface due to strong overlap of
the wave functions, whereas the B band is related to
radiative transitions in the narrow-gap n-InGaAsSb
solid solution involving electrons from the QW and
holes tunneling via the bound states at the heterointer-
face.

4. CONCLUSION

We have studied the EL characteristics of a single
type-II p-Ga0.84In0.16As0.22Sb0.78/n-In0.83Ga0.17As0.80Sb0.20
heterostructure in the temperature range of 77–300 K
and demonstrated the prospects for designing IR laser
structures based on type-II broken-gap heterostructures
which operate on tunneling radiative recombination
transitions across the heterointerface. A novel
improved laser structure was suggested and fabricated
on the basis of a type-II broken-gap p-GaInAsSb/n-
InGaAsSb heterojunction in the active region. Single-
mode lasing was observed at a wavelength λ = 3.14 µm
under a threshold current density jth = 400 A cm–2 (T =
77 K). A high characteristic temperature T0 = 47 K was
obtained, and a limiting working temperature T =
195 K of the laser in the pulsed mode was achieved.
The predominance of TM- over TE-polarization of the
emission in both the spontaneous and coherent opera-
tion modes was observed. This fact can be attributed to
recombination with light holes tunneling across the het-
erointerface.

To improve the characteristics and raise the working
temperature of InAs-based lasers to room temperature,
further optimization of the laser structure design is nec-
essary, and this would need to include the study of fun-
damental mechanisms of nonradiative losses (Auger
processes, heat loss in the confining layers of the struc-
ture, and intraband absorption and the related heating
of carriers).
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Abstract—Using synchrotron radiation, the spectra of an X-ray absorption near-edge structure in a region of
P-L2, 3 edges of a band spectrum are obtained for the first time. The spectra give insight into the local density
of states in the conduction band for MOCVD-grown nanostructures with InP quantum dots on GaAs(100) sub-
strates and for porous InP layers obtained by anodic pulse electrochemical etching of single-crystal InP(100)
wafers. For all of the nanostructures, quantum-confinement effects are observed, which manifest themselves in
the emergence of an additional level 3.3 eV above the conduction band bottom, as well as in variation in the
band gap of the materials under investigation upon the dimensional quantization of the electron spectrum. A
band-to-band origin of the luminescence spectra for the nanostructures investigated is assumed. © 2003 MAIK
“Nauka/Interperiodica”.
1. INTRODUCTION

In recent years, researchers have paid serious atten-
tion quantum-well III–V structures owing to their
unusual properties. The formation of self-organized
low-dimensional semiconductor layers on III–V single
crystals has turned out to be especially promising due
to the possibility of achieving the dimensional quanti-
zation of electronic states in homogeneous and stable
(dislocation-free) clusters. Self-organized MBE- and
MOCVD-grown heterostructures, in contrast to nan-
odimensional structures formed using photolitography,
are characterized by a high density of electronic states
(caused by the dimensional quantization), an atomlike
structure of the electron energy spectrum, and high
emission efficiency due to a low defect density [1].

In addition, porous quantum-confinement III–V
materials can be used as matrices for obtaining nanodi-
mensional structures of the quantum-wire type.

To date, however, there is very little known about
local partial density of states in the conduction bands of
these materials. We, at any rate don’t know of any avail-
able data on the X-ray absorption in the near-edge
region of the L2, 3 bands even for III–V single crystals.
The purpose of this study is to show that synchrotron
investigations are promising for the examination of the
local density of states in III–V nanostructures. Of prime
importance is to investigate the energy structure of the
conduction band for the III–V porous materials and
1063-7826/03/3708- $24.00 © 20992
nanostructures with InP quantum dots (QDs) buried in
the InGaP matrix and grown on GaAs substrates.

It is known that the spectrum of the electron quan-
tum yield corresponds to the spectrum of the X-ray
absorption near-edge structure (XANES) [2] and
reflects the distribution of the local partial density of
states (LP DoS). This density corresponds to unoccu-
pied states in the conduction band with the accuracy to
a probability factor equal to the squared matrix element
of the electron transition from the core level to free
states in the conduction band [3]:

(1)

where

is the matrix element of probability of the electron tran-
sition from the core level with the wave function ϕi and
the eigenvalue Ei to the states in the conduction band
with the wave function ϕf, H'] is the perturbation oper-
ator, and hν is the energy of the absorbed quantum of
synchrotron radiation (SR).

We correlated the obtained XANES spectra with
ultrasoft X-ray emission spectra (USXES). The
USXES spectra allow one to determine the LP DoS of

µ E( ) ν3 M fi
2δ E f Ei– hν–( ),

f

∑∝

M fi ϕ f*H'ϕ i rd∫=
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occupied states in the valence band of the material
under investigation:

(2)

where

is the matrix element of probability of the electron tran-
sition from the valence band with the wave function ϕj

and the eigenvalue Ej to the vacancy of the inner level
with the wave function ϕi.

The correlation between the XANES and USXES
spectra in the unified energy scale relative to the core 2p
level for the L2, 3 spectra permits one to estimate the
band gap from the distribution of partial (s + d) states.

2. EXPERIMENTAL

The XANES investigations were carried out using a
Russia–Germany channel of a BESSY II synchrotron.
An X-ray optical scheme of XANES measurements
includes four Au-coated mirrors and four Au-coated
gratings with 600 grooves per mm. The energy resolu-
tion is 0.03 eV. The thickness of an informative layer of
the samples under investigation, which is limited by the
depth of electron escape, was no larger than ~20 nm.

The USXES were obtained using a PSM-500 labo-
ratory X-ray spectrometer–monochromator with a
spherical mirror and a spherical grating with 600
groves per mm with the excitation by an electron beam.
The energy resolution of the spectrometer is 0.3 eV in
the region of the P-L2, 3 spectrum. The analysis depth
for the electron beam (1–2 keV) was ~10–20 nm. The
residual pressure in an X-ray tube during measu-
rements of the X-ray emission spectrum was ~2 ×
10−6 Torr.

The samples with InP QDs were grown by the
MOCVD technique using an Epiquip VP 50-RP instal-
lation under a pressure of 100 mbar and with micro-
wave heating of the substrate. Self-organized nanodi-
mensional InP clusters were grown in an In0.5Ga0.5P
matrix on GaAs(100) substrate [4]. A schematic draw-
ing of a similar structure is given in the inset to Fig. 1.
The nanostructures thus obtained contained nanocrys-
talline InP layers with effective thicknesses varying
from three to ten monolayers (ML), which were buried
under a wide-gap In0.5Ga0.5P layer 20 nm thick.

The surface profile of the QD-containing nanostruc-
tures was investigated using a Philips EM-420 high-res-
olution electron microscope with an accelerating volt-
age of 120 kV.

The porous InP samples were prepared under pulse
anodic electrochemical etching of the n-InP(100) sin-
gle-crystal substrate in HF-, HCl-, or HBr-containing
electrolytes.

I E( ) ν3 Mij
2δ Ei E j– hν–( ),

j

∑∝

Mij ϕ i*H'ϕ j rd∫=
SEMICONDUCTORS      Vol. 37      No. 8      2003
3. RESULTS AND DISCUSSION

3.1. III–V Nanostructures with InP Quantum Dots

The P-L2, 3 XANES spectra in the p region for the
III–V structures with InP QDs grown on GaAs(100)
single-crystal wafers and for the In0.5Ga0.5P solid solu-
tion are shown in Fig. 1. The XANES spectra reflect the
partial density of electron states in the conduction band.
In this case, these will be the (s + d) states of P in accor-
dance with dipole transitions from the 2p1/2, 3/2 to the
(s + d) states of the conduction band (Ec is the conduc-
tion-band bottom).

The USXES P-L2, 3 of the In0.5Ga0.5P solid solution
reflects the local partial density of occupied states in the
valence band of the material under investigation (Ev is
the valence band top).

As was mentioned above, to date there is no data on
the edges of X-ray absorption for the L2, 3 region even
for the III–V single crystals. However, using SR, we
were able to record the P-L2, 3 XANES spectra for the
nanostructures with InP QDs, as well as the spectrum of
the In0.5Ga0.5P solid solution. We were also able to show
that these spectra feature a clearly pronounced fine
structure with two main peaks at ~131 and ~132 eV
(Table 1).

All of the spectra that are shown in Fig. 1 are very
similar both in the energy position of their main fea-
tures (Table 1) and in the intensity ratio of their two
main peaks. A main distinction between the XANES
spectra of QD-containing nanostructures and the
In0.5Ga0.5P solid solution is the presence of a weakly
pronounced additional peak at 133.5 eV (in the case of
QDs). Despite the presence of a In0.5Ga0.5P protective
coating, which covers the InP QDs, the intensity of this

142140138136134132130128126124
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Quantum dots InP
(InGaP substrate)

Ec edge
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3 ML

In0.5Ga0.5P

InGaP buffer InGaP cap

GaAs substrate

InP quantum dots

Intensity, arb. units

Fig. 1. P-L2, 3 XANES spectra for the nanostructures with
InP quantum dots with various number of monolayers and
the spectrum for the In0.5Ga0.5P solid solution (Ec is the
conduction-band bottom). The schematic representation of
the structure with InP quantum dots in the In0.5Ga0.5P
matrix on the GaAs(100) substrate is in the inset.
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Table 1.  Energy positions of the main features of the XANES and USXES spectra for the nanostructures with InP quantum dots

Sample, number of monolayers 
(ML)

Position of band edges, eV
Energies of spectral features, eV

USXES, Ev XANES, Ec

Quantum dots InP, 3 ML – 130.3 130.9 131.6 133.6

Quantum dots InP, 4 ML – 129.9 130.4 131.2 133.5

Quantum dots InP, 5 ML – 130.2 130.8 131.5 133.5

Quantum dots InP, 10 ML – 130.2 130.8 131.5 133.5

Solid solution In0.5Ga0.5P 128.5 130.4 130.9 131.8 –
additional peak increases as the number of InP mono-
layers increases from three to ten. It seems likely that
the presence of the additional peak at 133.5 eV is asso-
ciated with stresses induced at the interface between the
InP QDs and the matrix and which propagate through-
out the entire In0.5Ga0.5P protective layer.

Figure 3 shows the transmission electron micros-
copy (TEM) image of the QDs for the nanostructures
with three InP MLs coated with the 40-nm-thick
In0.5Ga0.5P protective layer. The average QD size is

108104
Energy, eV

0.8

0

Intensity, arb. units

Ev edge In0.5Ga0.5P

112 116 120 124 128 132

Fig. 2. P-L2, 3 USXES for the In0.5Ga0.5P solid solution (Ev
is the valence-band top).

200 nm 200 nm

Fig. 3. TEM images of the InP quantum dots with an effec-
tive thickness of three monolayers at different magnifica-
tions.
about 80 nm with an average QD density of 3 × 109 cm–2.
The TEM data (Fig. 3) show the emergence of dark
zones whose diameter is close to the effective QD sec-
tion of ~80 nm.

The correlation between the band gap of ~1.9 eV for
the In0.5Ga0.5P solid solution and the PL peak energy
(Fig. 4 in [4]) shows good agreement between the meth-
ods used. The band gap of the solid solution is defined
as the difference between the energy position of the
valence-band top Ev and the conduction-band bottom
Ec (Table 1). For the nanostructures with InP QDs, an
average decrease in the energy position of the conduc-
tion-band bottom by 0.2 eV is observed (Table 1),
which should lead to a decrease in the band gap for the
nanostructures under consideration. Thus, we may con-
clude that, both for the solid solution and for the QD-
containing nanostructures, the PL peak has a band-to-
band origin.

3.2. Porous III–V Phosphides

The AFM images of the surface profile of the porous
InP (por-InP) under investigation are shown in Fig. 5
(AFM is the atomic-force microscopy).

The P-L2, 3 XANES spectra of por-Si, grown on sin-
gle-crystal InP(100) wafers using anodic pulse electro-
chemical etching in HF-, HCl-, or HBr-containing elec-
trolytes, are shown in Fig. 6.

The USXES spectra of HCl-etched por-Si are
shown in Fig. 7, along with the spectrum of single-crys-
tal InP (c-InP). The energy positions of the main fea-
tures, as well as of the edges of the conduction bands Ec

(XANES), and of the valence bands Ev (USXES) for
the samples investigated are listed in Table 2.

Comparison of all of the data obtained (Figs. 1 and
6, Tables 1 and 2) shows that the fine structure of the
XANES spectra observed for por-InP virtually coin-
cides with the XANES spectra of the InP QD-contain-
ing nanostructures in the position of their energy peaks.
However, the peaks of XANES spectra for por-Si,
obtained by etching in HCl, have a pronounced quasi-
molecular character (Fig. 6). We attribute this fact to the
formation of clusters or quasi-molecules of InP, which
cover the surface of pores. The fine structure of this
SEMICONDUCTORS      Vol. 37      No. 8      2003
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sample is most pronounced in comparison with the
samples obtained by etching in the HF- and HBr-con-
taining solutions. These distinctions may be attributed
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Fig. 4. Photoluminescence spectra (T = 77 K) for the nano-
structures with InP quantum dots (three monolayers). The
pump power is (a) 100 W/cm2 and (b) 5 kW/cm2 [4].
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Fig. 6. P-L2, 3 XANES spectra of porous InP obtained by
substrate etching in various electrolytes (Ec is the conduc-
tion-band bottom).
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to the smaller dimensions of the InP clusters which
emerge in the products of interaction with chloride
solutions. This conclusion correlates with the data of

1
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Fig. 5. AFM images of porous InP: (a) aged and (b)
refreshed in the etchant, as well as (c) the pore size distribu-
tion law.
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Fig. 7. P-L2, 3 USXES of porous InP obtained by substrate
etching in HCl solution and of single-crystal InP (Ev  is the
valence-band top).
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Table 2.  Energy positions of main features of the XANES and USXES spectra for porous InP

Sample (electrolyte)
Position of band edges, eV

Energies of spectral features, eV
XANES, Ec USXES, Ev

Porous InP (HCl) 128.5 130.3 130.7 131.5 133.5 134.6

Porous InP (HF) – 130.1 130.7 131.6 133.7 134.9

Porous InP (HBr) – 130.2 130.8 131.6 – –
comparative chemical analysis of porous layers
obtained in fluoride-, chloride-, and bromide-contain-
ing electrolytes [5]. Furthermore, it is known that chlo-
rine ions are most reactive with crystalline InP [6].

Our previous XANES investigations of por-InP [7]
show (Fig. 7) that the main peak of the P-L2, 3 spectrum,
which reflects the density of the P3s states, is ~25%
broader for por-InP than for crystalline InP. This obser-
vation points to considerable disordering of In–P bonds
in the surface layer of por-InP or to the formation of
dangling bonds at the surface of quasi-molecules. This
is precisely the circumstance in connection with which
considerably greater suppression of the fine structure in
the upper part of the valence band of por-InP occurs
compared with c-InP, in which sp3 hybridization of the
III–V compounds manifests itself.

Furthermore, the density of localized states above
the valence-band top Ev is considerably higher for por-
InP than for c-InP (Fig. 7), which also characterizes the
partial disordering of the In–P bonds in the surface
layer of por-Si. However, in this case, the USXES and
XANES data indicate that phosphorus in the surface
quasi-molecules remains bonded mainly with In and
virtually unbound to oxygen [8].
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Fig. 8. Photoluminescence spectrum (T = 77 K) of a thin
single-crystal InP film grown on porous InP.
In the PL spectrum in Fig. 8, a high-energy peak at
hν = 1.4 eV is attributed to the c-InP film covering the
por-InP layer, whereas the left-hand peak at hν =
1.27 eV is related directly to the porous layer. A consid-
erable decrease in the energy of the left-hand peak
when it has a band-to-band origin may be attributed to
the existence of a high density of localized states in the
band gap, above the Ev top (Fig. 7, upper curve), which
narrows the band gap of por-InP.

4. CONCLUSION

For the first time, the spectra of an X-ray absorption
near-edge structure (XANES) close to the P-L2, 3 edge
for nanostructures with InP quantum dots (QDs), an
In0.5Ga0.5P solid solution, and porous InP were obtained
using the BESSY II synchrotron. The XANES data on
the local density of states in the conduction band com-
bined with the data of ultrasoft X-ray emission spectra
(USXES) on the local density of states in the valence
band are in good agreement with the photolumines-
cence (PL) spectra. This points to the band-to-band ori-
gin of PL peaks.

The fine structure of X-ray absorption spectra for all
samples investigated is characterized by two peaks 0.7–
0.9 eV apart. This may be associated with the spin–
orbit splitting of the P-L2, 3 level. An additional peak at
133.5 eV, which is found at a distance of ~3.3 eV from
the conduction-band bottom Ec, is caused by quantum-
confinement effects.

The XANES spectra of porous InP show the narrow-
est peaks of local density of states with a quasi-molec-
ular character. This observation is associated with the
formation of InP quasi-molecules in the surface layers
of porous InP.
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