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Abstract. Intersubband plasmon-phonon excitations in InAs/AlSb with InSb- and AlAs-like
interfaces were studied using the Raman scattering method. It was found that InSb interface is
characterized by a decreasing concentration and increasing mobility of 2D electrons in InAs
quantum wells. In the case of AlAs interface at the heterojunction quantum well — barrier, the
formation of AlSby_,Asy solid solution takes place. Revealed are considerable concentration
changes for 2D electrons at low temperatures in dependency on the excitation quantum energy.
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1. Introduction

In the course of formation of semiconductor heterostruc-
ture properties, physical-and-chemical properties of
heterostructure constituents, especially differences in
their lattice parameters, play a leading role. There exist
only several systems with close values of lattice param-
eters. Fig. 1 shows the dependency of low-temperasture
band gap widths on the lattice parameter for some semi-
conductor compounds. Choosing the necessary hetero-
pair, one can create heterostructures with the prelimi-
nary set band separation value or quantum wells (QW)
with a given potential profile, i.e., realize the main idea
of the so-called “zone engineering”. Among A3B° com-
pounds with the close values of lattice parameters, the
classical heteropair GaAs/AlAs is the most thoroughly
studied.

In recent years, actively studied is one more family of
compounds creating practically non-strained pairs. It is
the so-called “6.1 A family” including InAs, GaSb, AISb.
Heterostructures based on these compounds are used in
optoelectronic devices applied in the near- and mid-in-
frared spectral ranges and using interband optical tran-
sitions.
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The nearly-lattice-matched InAs/AISb heterostruc-
tures (appas = 6.0584 A, aaigp = 6.1355 A), the very
large conduction band offsets of 1.367 eV between I con-
duction band minimum in InAs and the X conduction
band minimum in AISb (Fig. 2), combined with a low
effective mass of electrons in InAs (0.023m,, compared
to 0.067mg in GaAs and 0.19m in Si) are attractive for
possible devices such as high-speed field-effect transis-
tors (HEMT) [1], hetero-barrier varactors [2], resonant-
tunneling diodes (RTD) [3], as well as for spintronic ap-
plications [4,5].

Electron transport measurements show that structures
with 15 nm InAs width have 2D electron concentration
about 10'2 cm2 and the electron mobilities at low tem-
peratures reaching 2:10° cm?/V-s [6-8].

InAs/AISb QWs exhibit several unique properties that
distinguish them from the thoroughly investigated GaAs-
Al Ga_,As heterostructures. In particular, electron den-
sities above 10!2 cm2 can be achieved without intentional
doping and are strongly dependent on sample structure
detailes, namely: AISb barrier thickness as well as upper
protective GaSb layer that prevents AISb oxidation [8].
Identified are three main sources of these electrons: do-
nor states on the surface of the protective GaSb layer,
deep donor states in AISb barriers (as the result of “antisite
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Fig. 1. Band gap energy E, versus lattice parameter aq for vari-
ous ITI-V semiconductors, Si and Ge.
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Fig. 2. Energy band structure of GaSb/AISb/InAs/AlISb hetero-
structures.

doping”, when As atoms occupy Al sites) and interface
donor states at InAs-AlSb interfaces [8,9]. When the thick-
ness of the upper AISb barrier are less than 50 nm, the
dominating contribution into the concentration of 2D
electrons in InAs QWs is provided by surface donor GaSb
states [9]. Antisite defects in the barrier layers are ex-
pected to act as a source of additional free electrons [8].
In the latter case, 2D electron gas in InAs QW may be
formed due to the charge carriers transferred from the
“antisite” donors of AISb layer into the energetically
lower conduction band of the InAs layer, giving rise to
depletion of the electrons in AlSb layers and to accumu-
lation in the InAs layer.

It is ascertained that electrical [8] and optical [10]
properties of InAs/AlISb superlattices are strongly de-
pendent on the bond type at the interface between InAs
QW and AISD barrier.
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Really, the InAs/AISb system has a feature that dif-
fers it markedly from the GaAs/ (Al,Ga)As. Because both
the cation and anion change across InAs/AlSb interface,
two distinctly different interface structures can be ob-
tained (Fig. 3). In one case, InAs would be terminated
with a final layer of In, and the adjoining AISb would
start with a layer of Sb, which results in appearance of
InSb bonds across the interface. This is the so-called “InSb-
like” interface. The complement to it is the “AlAs-like”
interface, where Al atoms from AISb side are bound to As
atoms at InAs side. Also, the alternative InSb/AlAs inter-
face can be grown. The high level of control provided by
the molecular-beam epitaxy (MBE) method should make
it possible to grow structures with these interfaces [§].

In[11,12] resonant inelastic light scattering was pro-
posed as a spectroscopic tool for the study of the elemen-
tary excitations of quasi-two-dimensional electron sys-
tems in semiconductors. Of special interest are the inves-
tigations of the resonance behavior of mixed plasmon-
phonon modes under excitations near optical gaps non-
related with electron-filled states. It is especially impor-
tant in the case of semiconductors with small energy gaps,
such as InAs and AISb, where optical gaps Eyand Ej +
Ag are difficult to practically investigate using resonance
Raman scattering. There are only a few reports on
intersubband Raman scattering in InAs/AISb [13-15],
InAs/GaSb [16] QWs and investigation of interface qual-
ity in InAs/AISb [17].

In this work investigated are mixed intersubband plas-
mon-LO-phonon excitations in InAs/AISb structures with
InAs QWs of 15 and 32 nm thickness on dependency on
the type of interface bonds as well as technology of their
realization.

Variations of the Raman signal with laser energy due
to different resonance behaviors of the contributing scat-
tering mechanisms and changes in the penetration depth
of the laser photons were investigated and analyzed.

2. Experimental details

The unintentionally doped QW structures were grown
on semi-insulating (100) GaAs substrates in Riber 32
molecular-beam epitaxy (MBE) with a valved cracker
cell for arsenic and a standard cracker cell for antimony
to generate molecular beams of As, and Sb,. For the quan-
tum well growth, including the barriers and cap layer,
the substrate temperature was 435 °C to reduce intermix-

Fig. 3. Interface structures for the (a) AlAs-like interface and (b)
InSb-like interface.
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ing at the interface. The nominal thickness of AISb bar-
rier was 24 nm and InAs QW layer was 15 nm or 32 nm.
To protect AISb from reaction with water vapour in the
air, 4.8 nm GaSb cap layer was grown on the top of the
structure. In more detail, growing the quantum well struc-
tures will be described elsewhere [6,7].

Structures possessed two types of interfaces between
InAs and AISb layers: AlAs- and InSb-like ones. In the
latter case, the samples were grown with and without stop-
ping MBE process at QW interface. As shown in [6], this
additive interruption of MBE process results in the de-
creasing density of structural defects, at least, of the
electrically active ones determining 2D electron concen-
tration in InAs QWs, and in noticable growth in the car-
rier mobility.

The Raman experiments were performed in typical
near-backscattering geometry from the (100) growth
plane. As the excitation sources, different lines of of Ar*
laser with an input power lower than 20 mW were used.
The laser beam was focused into a spot size approxi-
mately 100 um in diameter. Raman spectra were meas-
ured at 300 and 90 K. The scattered light was analyzed
using a double monochromator (DFS-24) with photon
counting system for detection. Laser plasma line frequen-
cies were used to check the precise phonon line position.

3. Results and discussion

Fig. 4 represents Raman spectra of the InAs QW sample
with the thickness 15 nm and InSb interface in back-scat-
tering geometry relatively to (100) plane under excita-
tion (E,,. = 2.54 eV) close to the resonance with the opti-
cal gap E1 InAs equal to 2.49 (2.61) eV at T=300(80) K
[18]. Polarizations of incident and scattered light were
set in parallel z(x,x)z and perpendicular z(x,y)z con-
figurations. As far as non-resonant excitation conditions
take place for AlISb barrier layers, Raman spectra were
normalized to the intensity of LO(AISb) mode vy aisp) =
340.4 cm™.

LO (InAs)

Intensity, arb. units

2000 250 300 350 400 450 500

Raman shift, em!

Fig. 4. Raman spectra recorded at 300 K under 2.54 eV excita-
tion for the structures InAs/AISb.
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Besides LO(AISb) band, in the spectrum one can ob-
serve two clearly pronounced peaks in the range 220
240 cm™!. The low-energy one is caused by the low-fre-
quency mixed intersubband plasmon-LO-phonon mode
of InAs QW (w=228.4 cm ™), while the high-energy one —
by the non-screened LO-phonon mode of InAs (@ oanas) =
~234.4cm 1) [18]. In addition, in z(x, x)z spectrum reg-
istered is a clear peak close to 472 cm ™! corresponding to
the two-phonon 2LO(InAs) mode (Fig. 4a). A small con-
tribution into LO(InAs) band can be provided by the scat-
tering on LO(GaSb)-phonons of the protective layer. We
observed the respective peak of LO(GaSb) mode at 7=
= 90 K and resonance excvitation near the optical gap
E{in GaSb (E,,. = 2.71 eV).

Itis known that in polarized spectra [ z(x, x)z ] intrin-
sic two-LO phonon scattering is allowed, whereas one-
LO-phonon scattering caused by the deformation poten-
tial mechanism is forbidden through symmetry reasons.
For resonant excitation, however, intrinsic one-LO-
phonon scattering via the Froelich mechanism, as well
as defect-induced one-LO-phonon scattering, contribute
to the Raman spectrum [19]. Therefore, the presence of
an InAs two-LO-phonon signal, and the observation that
InAs one-LO-phonon scattering is stronger for parallel
than for crossed polarizations, show clearly the resonant
enhancement of LO-phonon scattering from the InAs quan-
tum well [18]. The non-resonantly excited AISb one-LO-
phonon signal, in contrast, is, as expected [19], a most
intensive for crossed polarizations. In addition, the Ra-
man spectrum shows a weak peak at 218 cm™! that is as-
signed to scattering by the transverse InAs mode forbid-
den in this configuration. Its appearance can be caused
by presence of structural disorders in InAs QW.

Frequences of mixed intersubband plasmon-phonon
modes in the doped QW are determined from the condi-
tion that the real part of the dielectric function &) is
equal to zero. It is assumed that only the main subband is
filled with electrons (which is usually valid in experi-
ments), and transitions between the first excited and main
subbbands take place. Than, in the approximation of
small wave vectors (Z] = 0) [11,20]:

1 2
w? :E(w(%l + i, +0p )J_r

1 2 2 52 :
iE (DO] + wLO + (DP —
1
Al 0202 2 %2 A
—4| W) Wrp + OTpDp

where w7p is TO-phonon frequency, wy; — the
intersubband splitting between the first excited and main
subbands, wp — the effective plasma frequency:

2 2ng o .
op = S0 Vo1 » Vo1 —the Coulomb matrix element

of interaction between the main and excited subbands of
QW [21].
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It should be noted that the equation (1) is deduced in
the approximation of small wave vectors, for which sin-
gle-particle excitations are impossible, that is without
taking the Landau decay into account.

Energies of intersubband excitations are shifted into
the high-energy side due to the depolarization effect by
the value [22,23]:

*2_ 2 %2
Wg; =0y + Op

2

It follows from the equation (1) that @, depends on
both values ay; and w; , that is, on the well thickness and
electron density.

When @y, >>0. (0p >> 0 ), the high-frequen-
cy mode possesses a plasmon-like character and
o, = 0p >> 0y ,while the low-frequency phonon-like
mode @_ may be considered as a strongly screened LO
phonon, frequency values of which are changed from
(non-screened LO phonon) to wro (fully screened LO
phonon).

In InAs/AlSb structure with InAs QW of 15 nm thick-
ness, @y >>W;o and @p >> 0 [15]. Consequently,
in the Raman spectra (Fig. 4) @_mode should give its con-
tributiion into the frequency range w79 < W_< @0 .
In investigated structures, w; mode was observed at
®; = 1050cm ! [15]. This situation is realized in our case,
too. However, contrary to [15], we have not found w;,
which can be caused by both the other experiment geom-
etry and considerable Landau decay determined by the
finite temperature value as well as effects of collision wi-
dening.

The experimentally observed LO(InAs) frequency
value (@7 oanas) = 234.4 cm ) is less than the respective
value characteristic for the bulk InAs (= 238.6 cm ™! [18]).
This low-frequency shift can arise due to effects of phonon
confinement and lateral expansion tensions.

Longwave optical phonons in InAs and AlSb are lo-
calized in respective heterostructure layers InAs/AlSb
as a consequence of a considerable energy difference in
their dispersion dependences in all the wave vector range
[24]. Therefore, the low-frequency LO-phonon shift will
be determined by their dispersion (scattering wave vector
k = mld), i.e., by the finite thickness (d) of InAs (AISb)
layer. Our estimations showed that in the case this shift
does notexceed ~0.02 cm™!. It can be reliably registered
only at diyas < 3 nm [25].

In InAs realized are low lateral expansion tensions
caused by some mismatch of lattice parameters in InAs
and AISb (~1.26 %), which results in the low-energy shift
of LO(InAs) phonon. At under-critical thickness values
of InAs layer (£ 10.0 nm [26]), the magnitude of this shift
estimated from the expression [27]

AWytrpin(LO) = —330.9¢,

is ~ 4.2 cm™!, which coincides with the experimentally
observed one.

Thus, the performed analysis of possible reasons de-
termining the shift of LO(InAs) phonons showed that the
effect of tension is the dominating one.
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Also investigated were InAs/AISb structures with the

thickness of InAs QW 32 nm and InSb interfaces. As seen
from Fig. 5, the intensity of LO(InAs) mode in the paral-
lel polarization configuration [z(xx)z] is larger than that
of @w_ mode, while in the perpendicular configuration
[z(x, X)Z] —the intensities of these modes are practically
the same. The fact that for 32 nm QWs as compared to
15 nm ones we could observe sizable decreasing the
intensities of LO(InAs) and @w_ modes accompanied with
increasing their halfwidth is clearly indicative of wors-
ening the structural quality of the probed InAs layer.
Moreover, the position of @_mode is closer to the high-
frequency side, and its increased halfwidth corresponds
to decreasing the concentration and mobility of 2D elec-
trons in InAs QWs. When exciting the sample in the non-
resonant manner (Fig. 5, curve c), registered in the Ra-
man spectrum are only LO(InAs) and LO(AISb) bands.
The absence of the low-frequency mixed w_ mode beto-
kens a strong resonance dependency of the latter on the
excitation quantum energy.

To study influence of interface type InAs/AlISb struc-
tures and the procedure of interruped growth on the Ra-
man spectra, we measured these structures at the nitro-
gen temperature and various excitation quantum ener-
gies. It is seen from Fig. 6 that the Raman spectrum of the
structures studied depends both on the excitation quan-
tum energy and technological specificity of their grow-
ing. These changes in spectra betoken a considerable
differences in resonant dependences of mixed plasmon-
phonon @_and LO(InAs) modes. An additional contribu-
tion into the observed changes can be caused by effects
related to strong absorption of incident and scattered pho-
tons, which results in differences of wave vectors from g
in the range of +Im{g} [28].

LO(AISb)
~

LO(InAs)

Eoxc=2.54 ¢V
So—,

Intensity, arb. units

200 220 240 260 280 300 320 340

Raman shift, cm -

Fig. 5. Polarizational Raman spectra of InAs/AISb structure with
the nominal thockness of InAs QWs 32 nm and InSb interface
(Eoxe = 2.54 eV). The curve ¢ corresponds to the non-polarized
Raman spectrum (E,,, = 2.41 eV). T = 300 K.
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Fig. 6. Raman spctra of InSb/AISb structures with the nominal thickness of InSb QWs 15 nm for InSb interfaces made using interruption
of MBE growing process (curves a, d, g), and without it (curves b, e, /), as well as for AlAs interfaces with interruption (curves c, f, i).

T =90 K.

When E,.= 2.6 eV (Fig. 5 a,b,c), we could observe
an essential growth of LO(InAs) band intensity, which is
conditioned by the proximity the excitation quantum en-
ergy to the optical gap E; in InAs (2.6 ¢V) [18]. Differ-
ences of the Raman spectra in the dependences on the
interface type (Fig. 5 a,c) and the influence of InSb inter-
face growing process interruption (Fig. 5b) can be inter-
preted by the following way. The absence of @w_mode for
the sample with InSb interface grown using the interrup-
tion method (Fig. 5, curve a) is caused by simultaneous
action of two factors: i) the resonance amplification of
the phonon component for the mixed plasmon-phonon @_
and non-screened LO(InAs) modes as a result of the exact
resonance with the gap E; in InAs; ii) decreasing 2D elec-
tron concentration in InAs QWs, which results in the
high-frequency shift of @_mode. In the samples with InSb
interfaces grown without growth interruption and with
AlAs interfaces done using the interruption on interfaces
(Fig. 5 b, ¢, respectively) m_mode is pronounced from the
low-frequency side of LO(InAs) band. It corresponds to
the increasing 2D electron concentration (the frequency
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of w_mode decreases) and to some removal from reso-
nance excitation conditions for LO(InAs) mode. The lat-
ter is confirmed by the well-known fact of the essential
growth in the energy E;in InAs (2200 meV) inherent to
InAs/AlISb structures with AlAs interfaces as compared
to those with InSb interfaces, which can be explained by
different values of straines taking place at their
heterointerfaces [29]. The above mentioned facts enable
to assume that the strain value in InAs layer for struc-
tures with similar InSb interfaces depends not only on the
interface type but on technological regimes of their grow-
ing. Straines are larger in the structures prepared with-
out the growth interruption at the heterointerface. Be-
sides, for all three samples we can clearly observe a weak
scattering on TO phonons in InAs (= 218 cm™') forbidden
in the used experimental geometry.

The tendency of changing w_ and LO(InAs) modes
for these samples is more clearly pronounced in the Ra-
man spectra at E,,. = 2.54 eV (Fig. 5 d e,f). Seen is the
considerable difference in @_ intensity ratio. Energy po-
sitions of both @w_and non-screened LO(InAs) mode are
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changed, too. The highest intensity and the lowest
halfwidth of w_ mode are observed in the sample with
InSb-like interface grown using the stop of epitaxy at the
interface (Fig. 5d). The low-frequency shift of @w_ mode
from 231.8 cm™! (Fig. 5d) down to 231 cm™! (Fig. 5/) and
229.2 cm™! (Fig. 5e) betokens the increasing concentra-
tion of 2D electrons, and decreasing the intensity accom-
panied by increasing its halfwidth tells about the mobil-
ity drop [15,30]. Thus, our data confirm the mentioned
after electrical investigations [6] fact of positive influ-
ence of the interrupted MBE process when growing InAs/
AISDb heterostructures with InSb-like interfaces. As it was
expected, the removal from the resonance excitation con-
ditions results in essential decreasing the intensities of c_
and LO(InAs) modes. However, it is noteworthy that the
intensity of @_ mode in the sample with InSb interface
prepared without the growth interruption (Fig. 54) is
higher than that with it (Fig. 5g), which is sharply distin-
guished from the case E,,. = 2.54 eV (Fig. 5 d,e). The
latter enables to assume that at E,,..= 2.41 ¢V the Raman
spectrum can be contributed by non-homogeneities at the
interface that can result in violation of the wave vector g
conservation law. These non-homogeneities can be re-
lated to formation of InAs;_,Sb, solid solutions as a re-
sult of interdiffusion, which was observed in InAs/AISb
multilayer structures [31]. The fact that these interdiffu-
sion processes are less pronounced in the Raman spectra
of the sample prepared without the growth stop is a good
confirmation of our assumption. From this viewpoint, the
non-homogeneities in structures with AlAs interfaces are
the most possibly related to AliIn;_As solid solution.

The more strange feature is pronounced from the high-
frequency side of LO(InAs) band. Earlier, it was ascribed
to GaAs interface vibrations [32-34]. It is possible only
at presence of non-controlled As concentration excess in
MBE growing chamber and its prevalable localization
at the interfaces. To enlighten this question, it needs an
additional investigation.

In Fig. 7a, in more detail, shown is the Raman spec-
trum at E,,.= 2.6 eV for the sample with InSb interface
grown using growth interruption. The weak band corre-
sponding to interface InSb-like vibrations is registered at
~190 cm ! [17]. The other band at ~218 cm ™! is caused
by the scattering on TO(InAs) phonons forbidden in this
geometry. Both these facts seem to be very important. On
the one hand, substantiated is the fact of the presence of a
thin intermediate InSb layer at the boundaries of the quan-
tum well. On the other hand, the indistinctness of the con-
sidered peak and appearance of the forbidden TO(InAs)
one can be indicative of possible non-ideality of inter-
face regions between QWs and barriers. Besides, the fact
that 2LO(InAs) peak frequency (Fig. 7b) essentially ex-
ceeds the doubled LO(InAs) frequency value is indicative
of considerable mixing the single-phonon LO vibrations
with 2D electrons, which results in the low-frequency shift
of the single-phonon LO(InAs) line.

Thus, we have demonstrated the efficiency of the reso-
nance Raman spectroscopy method in investigations of
2D electron plasma and interface features in InAs/AISb
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Fig. 7. Raman spectra of InAs/AlSb structure when the excita-
tion nar the resonance with E; in InAs takes place. The fre-
quency scale in the range of the first order LO (InAs) phonon
(curve a) is doubled.

heterostructures. It has been shown that decreasing the
concentration and increasing the mobility of 2D elec-
trons in InAs quantum well take place in the case of InSb-
like interface, these being especially pronounced when
using the MBE method with interruption of the growing
process at the interface. The resonance behavior of scat-
tering intensities has been studied for the low-frequency
mixed intersubband plasmon-LO-phonon w_mode and
non-screened LO(InAs) mode when varying the excita-
tion photon energy in the range of the resonance with the
optical gap E; in InAs. For the first time, we found essen-
tial changes in 2D electron concentration and their inter-
action with LO(InAs) phonons in dependency on the ex-
citation quantum energy at low temperatures. It is condi-
tioned both by the proximity of the excitation quantum
energy to respective optical gaps and by effects of polari-
zation rule and wave vector conservation law distur-
bances.

The work is fulfilled with the assistance of the Ukrain-
ian-Russian program “Nanophysics and nanoelectro-
nics”. The authors thank V.G.Litovchenko for fruitful
discussions.
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