Semiconductors, 2024, Vol. 58, No. 3

Effect of design and growth conditions of metamorphic In(Ga,Al)As/GaAs
heterostructures on electrical properties of In; ;5Gag ,sAs/InAlAs

two-dimensional channel
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Undoped metamorphic structures with Ing75Gag2sAs quantum well and various design of (In,Al)As barriers
were grown on GaAs substrates by molecular beam epitaxy. Electrical properties of such structures were studied
by using a 4-point Van der Pauw method and contactless technique based on the analysis of propagation of surface
acoustic waves along the interface of the piezoelectric LiNbO3 and the sample. Increasing the thickness of the
bottom barrier layer of the Ing 75Gag.2sAs quantum well as well as optimizing the growth temperature and As,/II1
ratio allowed achieving concentration and mobility of 2D carriers in 30 nm—thick Ing75Gag2sAs QW of below
3.4-10" cm~2 and above 2 - 10° cm?/(V - s), respectively, at T = 1.7K.
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1. Introduction

InGaAs/InAlAs heterostructures are widely used in VHF
electronics [1,2]. In particular, HEMT transistors based on
Ing 7Gag 3As/Ing 5pAlg 48As heterostructures, created on InP
substrates, have record-breaking performance and minimal
noise characteristics to date [3,4]. Obtaining structures
with InyGa;_xAs (X > 0.7) quantum wells (QW) on GaAs
substrates has been of a particular interest recently as they
differ from InP by higher manufacturability and lower cost.
At the same time, the high dislocation density arising
in the structures, because of the strong mismatch of the
parameters of the crystal lattice of the GaAs substrate
and the two-dimensional channel of InyGa;_xAs (x > 0.7)
(Aa/a > 5%), has a negative impact on the output cha-
racteristics of devices based on them. Metamorphic growth
technology is used for solving this problem which is based
on the use of a metamorphic buffer layer (MBL) of a
solid solution of variable composition for creation of a low-
defect, elastic stress-free virtual substrate (VS) [5]. VS is
necessary for the formation of pseudomorphic layers on
it, including a two-dimensional electronic channel. The
electrophysical parameters of a 2D channel, such as the
concentration and mobility of carriers, strongly depend on
its design and technological conditions of growth. For
instance, it has been shown that it is possible to control
the concentration of carriers in 30 nm thick undoped QW
of Ing 75Gag 25As/Ing 75Alg 25As from 2 - 10! cm—2 to more
than 4 - 10'! cm~2 by changing the conditions of molecular
beam epitaxy (MBE) of growth [6]. In this case, an
important task is to ensure a high carrier mobility in the
channel at a concentration corresponding to occupation of
only the first level of dimensional quantization for avoiding
the intersubband scattering of carriers.
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This paper is devoted to the study of the electro-
physical characteristics of metamorphic structures of the
original design with a two-dimensional electronic channel
of Ing 75Gag 25As obtained by the MBE method on GaAs
substrates, depending on the design of barrier layers
(In,Al)As and MBE growth conditions (growth temperature
and ratio of streams As4/III).

2. Experiment

A series of metamorphic heterostructures of In(Ga,Al)As
(samples A—E) was obtained using the MBE method
on undoped GaAs(001) substrates using the RIBER 32P
system, the schematic design of which is shown in Figure 1.
Samples A, B and C contained successively from a substrate
a GaAs buffer layer (200nm), InyAl;_xAs metamorphic
buffer layer (MBL), the composition of which varied
according to the root law (1 um), the virtual substrate being
the lower barrier layer, which comprised a superlattice (SL)
of 1 nm—InAs/4 nm—In0.7Alo_3As, In0.75Ga0.25As
QW (30nm), upper barrier layer SL  of
I nm—InAs/4 nm—Ing 7Alp3As (105nm) and the covering
layer of Ing75GagasAs (5nm). The design of the
samples D and E differed from samples A, B and C in
the type of barrier layers used. For instance, the function
of barrier layers in samples D and E was performed by a
triple solid solution of Ing7sAlgosAs. IngAl;_yAs MBL,
the composition of which changed according to the root
law of X = Xmin + (Xmax—Xmin) (I/1t)/2, where Xpin = 0.05
and Xpnax — initial and final contents of In in the MBL,
respectively, and |y — its thickness was used in all structures
studied in this work, since its effectiveness in reducing the
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Table 1. Distinctive features of the design and conditions of MBE growth of the studied metamorphic heterostructures (samples A—E)

Sample Lower barrier layer of QW Thickness of the lower MBE growth conditions of 2D channel
of Ing 75Gag.2sAs (virtual substrate) barrier layer, nm T. °C Asy/lII
A CP 1 nm—InAs/4nm—Ing7Alp3As 40 480 13
B CP 1nm—InAs/4nm—Ing7Aly3As 60 480 13
C CP 1nm—InAs/4nm—Ing7Aly3As 60 480 10
D Ing.75Alp.25As 120 450 10
E IIl().75A1().25AS 120 450 8
to realize an elastically stressed VS and avoid relaxation
Cap Ing 75Ga ,5As 5 nm of elastic mechanical stresses in layers grown over the
VS [8]. Therefore, the final In content in InAlAs MBL was
Ing 75Al) p5AS Xmax = 0.75 in samples A—C and 0.81 in samples D and E.
Top or 105 nm The thickness of the VS varied in the range of 40—120 nm
barrier (see Table 1). It was assumed that using SL of
SL InAs/Ing 7Al 3As InAs/4 nm—Ing 7Alp 3As as an VS would reduce the density
of threading dislocations in a two-dimensional channel and
Channel Ing 75Gag o5As 30 nm thereby improve its electrophysical characteristics.
The growth of all structures studied in this work be-
Ing 75Alg y5AS gan W.ith the procedure of low—.temperature (Ts < 500°C)
Bottom annealing of GaAs substrates in a Ga stream. It was
barrier ot 40-120 nm demonstrated that the reaction of conversion of oxide Ga, 03
SL InAs/Ing 7Aly 3As into Ga,O effectively takes place during such annealing,
and the surface becomes significantly more planar than
in case of a standard high-temperature annealing when
the Ga atoms necessary for this reactions are taken
In Al _ As from the substrate, creating pits in it [9]. The MBE
MBL I um conditions for the growth of InAlAs MBL were similar to
(00 =005~ x5 those given in Ref [10]. The temperature of growth of
the two-dimensional channel of Ing75Gag,sAs and barrier
layers (In,Al)As varied in the range of Ts = 450—480°C
and was controlled by an IR pyrometer (IRCON). The
Buffer GaAs 200 nm pyrometer was calibrated prior to the MBL growth based
on the change of the reconstruction of the GaAs surface
GaAs (001) (2 x 4)As — c(4 x 4).As) using the .diﬂ?raction of fast
substrate reflected electrons. This reconstruction is well known and
occurs at Ts = 500—520°C depending on the pressure of
the incident stream of Ass [11]. The ratio of streams
Figure 1. Schematic design of the studied metamorphic he- of element of groups V and III during the growth of

terostructures In(Ga,Al)As/GaAs with a two-dimensional channel
of In0A75GaoA25AS.

density of threading dislocations was previously demon-
strated compared to MBL with a stepped or linear profile of
the composition change [7]. The value of the inverse step,
representing the difference between the final composition
of the MBL and the composition of the virtual substrate
(VS), was chosen to be Ax =0.05 for samples A, B, C
and 0.06 for samples D and E. It was previously shown that
the inverse step AX = 0.05—0.06 in case of usage of MBL
with a root profile of composition change makes it possible
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Ing 75Gag 2sAs and barrier layers (In,Al)As varied in the
range of Asy/III =8 —13. The growth rate of all layers in
the structures was 0.7 ML/s. ML means a monolayer. The
distinctive features of the design and conditions of the MBE
growth of samples A—E are given in Table 1.

Two methods were used to determine the electrophysical
parameters of the 2D channel of Ing75Gag2sAs, such as
electron concentration and mobility: 1) four-contact van
der Pauw method for measurements at T = 80 and 300K
(for all samples) and 2) a non-contact method based on
the analysis of the propagation of surface acoustic waves
(SAW) along the interface of the piezoelectric LiNbO;
and the sample [12], for measurements at T = 1.7K (for
samples A, C and E).
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The scheme of the acoustic experimental setup is shown
in Figure 2. The sample is pressed by a spring against the
surface of a lithium niobate plate (LiNbOs3), on both sides of
which interdigital transducers are formed for the generation
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Figure 2. Scheme of the acoustic experimental setup: top view
(top panel) and side view (bottom panel).
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Figure 3. Dependencies of absorption I' (¢) and changes

of velocity Av/v (b) of SAW on the magnetic field obtained
for the sample A with the SAW frequency of f = 140 MHz.
v = 2Er/hwc — occupation number, where Er — Fermi energy,
wc = eB/m*c — cyclotron frequency.

and detection of SAW. Then, the SAW is excited by
applying an alternating voltage Ui, to the IDT1 interdigital
transducer due to the piezoelectric effect on the LiNbOj;
surface. The wave is accompanied by an alternating electric
field, which penetrates into a two-dimensional channel and
causes currents of charge carriers, which in turn cause Joule
losses.

The interaction of the electric field of the SAW with
electrons in the 2D channel results in a change of the
amplitude and phase shift of the SAW, which are recorded
by the second IDT2 interdigital transducer. In this case,
the deformation is not transmitted to the sample from the
SAW. The acoustic setup was placed in a helium cryostat
with a superconducting magnet. The absorption (I') and
changes of velocity (Av/v) of SAW were measured at a
SAW frequency equal to 140 MHz in a transverse magnetic
field of B < 8 T. An example of the dependencies of I'(B)
and Av/v(B) obtained for sample A at T =1.7K, is
shown in Figure 3. The arrows on Figure 3 indicate the
occupation numbers. Similar dependences were obtained
for samples C and E.

3. Results and discussion

Figure 4 shows the dependences of the real (o7) and
imaginary (o) parts of the high-frequency conductivity
(64€ = 61—i0,) on the magnetic field for samples A (a),
C (b) and E (c) at T = 1.7K, calculated from the obtained
experimental dependencies I'(B) and Av/v(B) in accor-
dance with Ref. [13]. Tt was previously found that the case of
0] < 0, corresponds to a hopping type of conductivity when
carriers are localized at a random impurity/defect potential,
while the case of 7 > 0, indicates conductivity attributable
to delocalized carriers [14]. It should be noted that on
all dependencies o07(B) obtained for samples A, C and E
at T =1.7K (Figure 4), the real part of the conductivity
(01) prevails over the imaginary (o,) with B < 3T (area of
fields where Shubnikov-de Haas oscillations are observed),
which allows making a conclusion that there are no effects
of carrier localization in a two-dimensional channel and
indirectly indicates the high crystal perfection of the studied
structures. The quantum Hall effect mode is implemented
in the studied samples with B > 3T. The concentration of
electrons (n) in the 2D channel of samples A, C and E at
T = 1.7K was determined from the position of the minima
of the Shubnikov-de Haas oscillations in the magnetic field
(Figure 4) (see Table 2). The non-oscillating part of the
actual conductivity component was calculated to determine
the electron mobility (Figure 5) in accordance with the
expressions (1) given in Ref. [15]:

01(B) = 0 (B) + o (B),

enuc?
ol (B) = # (wet =uB/c>> 1), (1)
where 0! and 6 — the oscillating and non-oscillating

parts of the actual component of high-frequency conducti-
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Table 2. Concentration and mobility of electrons in 2D channel of Ing75Gag.2sAs of metamorphic heterostructures at T = 1.7, 80

and 300K and 2D channel growth parameters

T,K MBE conditions

Sample n, 10" cm—2 u, cm?/(B - ¢) of growth of 2D channel
300 80 1.7 300 80 1.7 Ts, °C Asy/111

A 8.1 6.7 59 11200 73300 210000 480 13

B 7.1 6.5 - 11000 61500 — 480 13

C 6.8 5.6 4.6 11000 64000 190000 480 10

D 9.6 44 - 9000 72700 — 450 10

E 9.2 35 34 9000 77500 200000 450 8

vity, respectively, n — electron concentration in QW, y —
mobility of electrons at B = 0, e — electron charge, w. —
cyclotron frequency, 7 — transport relaxation time.

Considering that wc7 > 1, carrier mobility can be de-
termined based on the slope of the dependencies o (1/B?)
(see inserts in Figure 5). The results of measurements of the
electrophysical parameters of the two-dimensional channel
of Ing 75Gag 25As by the van der Pauw method at T = 80
and 300K (for samples A—E), as well as by non-contact
acoustic method at T = 1.7K (for samples A, C and E) are
provided in Table 2.

A number of the following conclusions can be drawn
by comparing the design and conditions of the MBE
growth of the structures studied in the paper (see Table 1,
the conditions of the MBE growth are duplicated for
convenience in Table 2) with their electrophysical char-
acteristics (see Table 2). An increase of the thickness
of the lower SL of 1 nm—InAs/4nm—Ing7Alp3As (in the
case of samples A and B) from 40 to 60nm results in
a slight decrease of the concentration of carriers in the
two-dimensional channel of Ing75GagosAs from 8.1- 10!
to 7.1-10" ¢cm~2 and from 6.7 - 10" to 6.5-10'"' cm~2
at T =300 and 80K, respectively, due to the reduction
of the probability of the overshooting of carriers localized
near the MBL/VS, in Ing75GagasAs QW. At the same
time, the mobility of the carriers at room temperature
remains unchanged and is equal to ~ 11000cm?/(B-c).
The lower electron mobility in the 2D channel in the
sample B compared with the sample A at T =80K is
attributable to the development of the surface relief during
the growth of the SL caused by suboptimal MBE conditions
(Ts = 480°C, Asy/III=13) and, as a result, an increased
contribution of scattering on the roughness of the interface
of Ing75Gag 25As/(In,Al)As. Earlier, a decrease of electron
moblhty in Ing 7Gag 3As/Ing g4 Alg 36As QW due to scattering
on the interface roughness was reported in Ref. [16]. The
reduction of the ratio of streams of Asy/III from 13 to 10
at constant growth temperature of Tg =480°C of QW
and the design of the structure as a whole (sample C)
allowed obtaining the concentration of electrons in the
2D channel of Ing75GagsAs, not exceeding 6.8 - 101,
5.6-10'" and 4.6-10''cm=2 at T =300, 80 and 1.7K,
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respectively, as well as increased the carrier mobility at
T = 80K up to 64000cm?/(B - c).

Several papers [17,18] reported that the scattering over
the fluctuations in the composition of solid solutions is
main mechanism reducing electron mobility in undoped
InGaAs/InAlAs QW. It was assumed that the use of SL
of InAs/Ing 7Alg.3As as barrier layers for Ing 75Gag 2sAs QW
would reduce the contribution of this scattering mechanism
in the structures studied in this paper. Nevertheless,
the electron mobility values achieved at T = 80K in the
sample D containing a triple solid solution of Ing 75Alp 25As
as barrier layers were not lower than the values in the
samples, containing SL of InAs/Ing;Alp3As. At the
same time, the twofold increase of the lower barrier
layer thickness (up to 120nm), as well as a decrease
of the growth temperature of the barrier layers and
QW to Ts =450°C with a stream ratio of As4/IIl equal
to 10, allowed obtaining the concentration of carriers in
the channel not exceeding 4.4 - 10" cm=2 at T = 80K.
The lowest carrier concentration in the two-dimensional
channel (3.5- 10" and 3.4- 10" cm~2 at T = 80 and 1.7K,
respectively) was achieved in sample E, the only difference
from the sample D consisted in using a lower stream ratio
Asy/Ill =8 during the QW and barrier layer growth. In
addition, this sample demonstrated the highest electron
mobility among all studied structures that was equal to
77500cm?/(B - c) at T = 80 K. Increased electron concen-
tration at room temperature in the two-dimensional channel
of samples D and E compared with samples A, B and C
is explained by the absence of SL of InAs/Ing;Alp3As,
in which InAs layers localize part of the electrons. In
addition, it was shown in [19] that InAs layers can
act as barriers to the propagation of optical phonons,
thereby reducing electron-phonon scattering in QW, which
explains the lower mobility of carriers at room temperature
in samples D and E (9000cm?/(B-c)) compared to
samples A, B and C (11000cm?/(B-c)). It should
be noted that all structures studied in this paper at
T =1.7K (samples A, C and E) are characterized by
high values of carrier mobility in the 2D channel of
Ing 75Gag 25As (190 000—210 000 cm?/(B - ¢)), which is at
the level of the world’s best results. The lower carrier
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mobility at T = 1.7K in sample C (190000 cm?/(B - ¢) at
n=4.6-10"" cm~2) compared with samples A and E, is
most likely explained by the contribution of intersubband
carrier scattering, which, as shown in Ref. [17], is maximal
with a carrier concentration of n~ (3.7—4.0) - 10!! cm—2
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Figure 4. Dependences of the real (o7) and imaginary (o2)
parts of the high-frequency conductivity on the magnetic field for
samples A (a), C (b) and E (¢) at T = 1.7K and SAW frequency
of f = 140 MHz. The arrows show the occupation numbers (v).
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Figure 5. Dependences of the non-oscillating part of the

conductivity (ai) on the magnetic field for samples A (a), C (b)
and E (¢) at T=1.7K and SAW frequency of f=140MHz.
Dependencies o1 (1/B?), the slope of which determined the
mobility of the carriers are shown on the inserts.
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and corresponds to the occupation of the second energy
level in the QW.

4. Conclusion

30nm thick metamorphic heterostructures  with
Ing75Gag2sAs QW and different barrier layer designs
(In,Al)As were obtained by the MBE method on
GaAs(001) substrates. It was found that the use of
SL of InAs/Ing;Alp3As as barrier layers reduces the
concentration of electrons in the two-dimensional channel
of Ing75GaprsAs and increases their mobility at room
temperature because part of the carriers and optical
phonons are captured by InAs layers. In addition, it was
shown that an increase of the thickness of the lower
barrier layer from 40 to 120nm in combination with
the use of optimal modes of MBE growth (Ts = 450°C;
Asg/IlI=8) of Ing75Gag2s5As/Ing75Alp2sAs QW  allows
obtaining electron concentration values in the 2D channel
of <3.5-10""em™2 at T < 80K, which corresponds
to occupation of only the first level of dimensional
quantization, as well as the mobility of electrons of > 77 500
and 200000cm?/(B - c) at T = 80 and 1.7 K, respectively,
due to the suppression of contributions of intersubband
scattering and carrier scattering on the roughness of QW
interfaces. The results obtained indicate the prospects of
such heterostructures both for studying fundamental spin
phenomena and for creating QW structures of HEMT
transistors based on them using modulated doping.
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