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The studies of GaAs (111)A and Ga,_ Al As (111)A epitaxial layers have been carried
out using low-temperature photoluminescence and high-resolution X-ray diffraction. Cor-
relation between the BY/Al ratio and the photoluminescence intensity of n-GaAs:Si layers
prepared through OMVPE on a semi-insulating GaAs (111)A substrate is discussed in
details. For an epitaxial layer prepared at the BY/Al ratio of 94, the peak characteristic of
a free exciton was found to be separated from a continuous broad edge band and higher
carrier mobility was revealed. High-resolution X-ray diffraction measurements of a two-
layer epitaxial n-GaAs:Si/p-Ga,_ Al As:Zn heterostructure prepared on a p-GaAs (111)A
substrate indicates crystallization of structurally perfect epitaxial heterostructures with a
mirror-like surface morphology.

Keywords: photoluminescence, carrier mobility.

SanexnicTs BIacTuEocTel emitakciiiamx mapis GaAs (111)A ra Ga,_ Al As (111)A na
iX yMOBHM PpOCTYy MeTOAOM MeTajJoopraHiynoi mapodazHoi emitakcii. P.Kpyroscvruil,
K.Cmime, I.Cemxis, C.Kpyroscvruil, I.Candan, I'Invuyrx, O.Kynmuil.

IIposeseno BuBueHHsA emiTakciitawx mapis GaAs (111)A ra Ga,_ Al As (111)A, Bukopuc-
TOBYIOUU HUSLKOTEMIIEPATYPHY (DOTOJIOMIHECIIEHIIiT0 i BUCOKOPO3IINLHY PEHTTeHIBCLKY Aud-
pakmiro. /leTanbHO OGrOBOPEHO KOpPENAlil0 MiK cHiBBigHOMIEHHAM BY/Al 13 imrencuswicTIO
doTonominecnennii gna mapis n-GaAs:Si, IPUTrOTOBICHNX NIIAXOM OCAIMKCHHA METAJIOOD-
ramiuHUX CIOJYK 3 ra3oBol ()asu Ha HamiBisonboBamy migraagrky GaAs (111)A. Hua emi-
TaKCifiHOTO IIapy, OTPMMAHOTO NP CHiBBigHOIIeHHI BV/Alll piBHOMY 94, BCTAHOBJIEHO POBIi-
JIeHHA iKYy, IPUTAMaHHOTO BiJIBHOMY €KCHUTOHY, Bifl CYHIiNBHOI MIMPOKOI NIPUKPAEBOI CMYyTru
Ta GIJIBIII BUCOKY PYXJMBicTH HOCiiB 3apany. BumipioBanHA BMCOKOPO3AINBHOI PEHTTEHiBCh-
koo gudparnieo gsomraposoi rerepocrpykrypu n-GaAs:Si/p-Ga, Al As.Zn, chopmoBanoi Ha
migraanni p-GaAs (111)A, BKasyoTh Ha KPUCTANIZAII0 CTPYKTYPHO NOCKOHAJIUX eIiTakciii-
HUX TeTePOCTPYKTYP 3 A3EPKAIBHOI MOPMOJIOrieio moBepxHi.
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IIposeneno usyueHnue smuTaKcuaabHeIX caoes GaAs (111)A u Ga,_ Al As (111)A, ncnois-
3ysl HUBKOTEMIEPATYPHYIO (POTOJTIOMUHECIEHIINI0 U PEHTTeHOBCKYI0 ANUMPPAKIUI0 BHICOKOTO
paspemenus. IlonpoGHo obcyxzena xoppensanus mexny coorromenuem BY/Al u nurencus-
HOCTBIO (oronroMuHecueH U a5 ciaoeB n-GaAs:Si, IPUrOTOBJIEHHBIX IIyTEM OCAMKICHUS
METAJJIOPTaHNYEeCKUX COeIMHEHUH U3 rasoBoil assl Ha MOJYUIOJANMOHHON momiokKke GaAs
(111)A. Ona sTUTAKCUAJIBLHOTO CJIOSA, TOJYUYEHHOTO MPU COOTHOIIEHUU BV/All pasuom 94,
00HAPYIKEHO pasfiejienne MUKA, CBOMCTBEHHOTO CBOGOJAHOMY HKCUTOHY, OT CILIONTHON ITUpO-
Ko#l mpuKpaeBoil mojockl U 0oJsiee BHICOKYIO MOABUIKHOCTHL HOcUTeNell 3apsga. VsmepeHus
PEHTTeHOBCKOH audpaxiimeil BHICOKOTO paspelieHus IBYXCJIOWHON TreTepoCTPYKTYPHI
n-GaAs:Si/p-Ga,_ Al As:Zn, chopmuposarHoii Ha momioxke p-GaAs (111)A, yxaspiBaioT Ha
KPHCTANLIN3ANNI0 CTPYKTYPHO COBEPIIEHHBIX SIUTAKCHUAIBHBIX IeTEPOCTPYKTYD € 3€pKalb-

HOUI Mopdosiorueil IOBEePXHOCTHU.

1. Introduction

Most of the modern high-voltage ultra-
high frequency (UHF) transistors manufac-
tured on the basis of GaAs, SiC or GaN
using a high electron mobility transistor
(HEMT) technology are characterized by a
reverse-voltage value not higher than 300 V
[1-8]. GaAs is effective, in particular, in
improving the efficiency of solar panels and
meets modern requirements for energy elec-
tronics in industry, production of renewable
energy sources or fully electric/hybrid vehi-
cles [4—8]. In the last decade, this has gen-
erated interest in the properties of GaAs
films [6, 9, 10], as well as GaAs/AlGaAs lay-
ers [11-13], depending on the conditions of
their synthesis and physico-chemical treat-
ment. Today, the technology of GaAs high-
voltage diodes and transistors is very well
developed, and the reverse voltage can
reach 1700 V [14]. One of the features of
the manufacture of such devices is a two-
stage technology. At the first stage, a p-i
region within the range of 40—60 microns is
formed by Liquid Phase Epitaxy (LPE). The
high reverse voltage value is provided by an
i-layer a few microns thick, where the het-
ero-emitter can be obtained by organometal-
lic vapor-phase epitaxy (OMVPE) in the sec-
ond stage.

It is well-known that the most structur-
ally perfect i-layer of GaAs is formed with
a (111) crystallographic orientation [3].
However, in practice it is very difficult to
form a submicron (111) layer with a high-
quality surface morphology [15, 16]. The
deposition of a GaAs layer with a crystal-
lographic orientation of (100) is more com-
mon and not difficult from the technical
point of view. However, special attention is
paid to the (111) A/B crystallographic
plane, because due to this epitaxial growth,
devices with remarkable electrical and
physical properties can be produced. The
first successful approaches to the process of

Functional materials, 27, 3, 2020

layer deposition on the Ga-terminated or A
face of GaAs (111) substrate were made in
[16—18]. Detailed studies of the layer depo-
sition mechanism and its morphology made
it possible to prepare a schematic diagram
of the correlation between the growth tem-
perature and the arsine partial pressure
[17]. Indeed, a mirror-like surface of the
layers deposited by OMVPE was obtained
within a narrow region of temperatures and
total pressure. Depending on the tempera-
ture and total pressure in the gas phase,
partial decomposition of the A!ll' source
(trimethyl Al/Ga/ln —» monomethyl Al/Ga/ln)
can take place. Similar transformation for
BY source (ASH3—>*ASH) is also possible;
however, this only occurs on the catalytic
surface. Theoretically, the final reaction of
the epitaxial growth can be written down as
follows:

sup*Ga(CHs) + sup*AsH — GaAs + CH,. (1)

It was postulated that in the growing
process, the main rate-limited stage is the
surface reaction between main intermediates
Ga(CHj) and ‘AsH. Furthermore, the frac-
tional coating of "AsH active species on the
clean GaAs (111)A surface was considered a
factor responsible for the surface morphol-
ogy. As a result, high-quality structures
with quantum wells GaAs or Ga,_,Al,As on
GaAs [17] and GaAs on Ga,_Al,As [16, 18]
were obtained in practice. A technological
approach to the formation of the n-
GaAs:Silp-Ga,_,Al,As:Zn/p*—GaAs:Zn hetero-
structure was proposed in [19]. Using the
OMVPE method, a submicron layer was syn-
thesized and the doping control was quite
easy to accomplish. The main problem to
prepare a mirror-like surface was success-
fully solved due to optimization of the proc-
ess conditions and BY/A!l ratio, though pho-
toluminescent and structural properties of
these epitaxial layers were not sufficiently
studied. This paper presents additional
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studies of GaAs (111)A and Ga,_AlAs
(111)A epitaxial layers using low-tempera-
ture photoluminescence (PL) and high-reso-
lution X-ray diffraction (XRD).

2. Experimental

Semi-insulating (s.i.) GaAs (111)A
(£0.1°) substrates were received from Wafer
Technology LTD, UK. The substrates with
thickness of ~ 350125 microns and resis-
tance of ~ 1.1077 Q/cm did not need a sur-
face treatment since they were ready for
OMVPE. Trimethylgallium (Rohm and Haas
Electronic materials, USA) was used as an
All' source while arsine (Matheson Gas,
USA) was used as a BY source. The effective
flow of trimethylgallium was stable and
amounted to ~ 36 and ~ 16 scem, respec-
tively. Disilan (SioHg 200 ppm in H,; Linde
AG, Germany) was used as a donor dopant
with an effective flow (&) in the range of
~3.6-4.2.107% scecm. The OMVPE layer
deposition process was carried out using a
DISCOVERY 180LDM instrument [17].

The carrier mobility was measured using
the EMF Hall effect NMS3000 (USA) in van
der Pauw geometry. A permanent magnet
with a magnetic flux density of 2 000 Gs
and a constant-current source with a cur-
rent in the range of 10 uA to 100 mA were
used. Epitaxial layers were prepared on the
s.i. substrate with resistivity of 107 Q-cm.
The current through the epitaxial layers
was 1 nA. The voltage in the range of 1-
1.000 uV was controlled by a voltmeter
with high input impedance.

Low-temperature PL measurements were
carried out at 8 K using an Ar laser with a
wavelength of 514.5 nm. The excitation
power was approximately =30 W/cm?2.

High resolution XRD was used to assess
the crystal quality of the prepared epitaxial
layers. The structural parameters were cal-
culated based on the initial data obtained
with an X’Pert PRO MRD XL diffractome-
ter in a single crystal mode. The diffraction
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Fig. 1. The low-temperature PL spectra of
single n-GaAs:Si layers prepared by OMVPE
on a s.i.-GaAs (111)A substrate, together
with the spectrum of a clean substrate.

peaks with hkl indices of 111, 222 and 333
were used for the structural analysis. The
FWHM values of the Bragg peaks were cal-
culated perpendicular and parallel to the
diffraction vector using an omega scan.

3. Results and discussion

To ensure good surface morphology and
high electrical properties of the single
n-GaAs:Si layer prepared through OMVPE
on the GaAs (111)A substrate, the BY/All
ratio, reaction conditions and technological
regime were optimized [19]. The carrier mo-
bility of the epitaxial layers along with
OMVPE process conditions are summarized
in the Table.

Low-temperature PL spectra of single
n-GaAs:Si layers, obtained using OMVPE on
a GaAs (111) substrate, together with the
data on a clean substrate, are shown in
Fig. 1. Comparison of samples 12 and 13
reveals complexity of the near-edge band
with maxima, respectively, at 816.25 and
825.65 nm. The maximum value for sample
12 corresponds to an exciton associated
with a neutral acceptor [20]; while for sam-
ple 13, it corresponds to a free exciton [21].

Table. OMVPE process conditions and electrical properties of n-GaAs:Si layers

Sample Epitaxial | BV/All Qeff (SiyHpg), T bstrates M380K, N, em™3 Substrate )
number layers ratio scem °C em2/V.s crystallographic
orientation
12 n-GaAs:Si 84 3.6-10°4 650—680 3050 7.10-1017 (11DHA
13 n-GaAs:Si 94 3.6.10°4 650—-680 3800 7.16-1017 (11DA
14 n-GaAs:Si | 157 4.2.1074 650—-680 2200 1.10-1018 (11DA
Substrate | s.i.-GaAs - - - 7.80-1014 (111)A
484 Functional materials, 27, 3, 2020
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Fig. 2. Deconvolution of a low-temperature
PL spectrum for sample 12.

The shoulder on the right side at 854.96 nm
for sample 12 can be explained as a donor-
acceptor (D-A) junction where the acceptor
is represented by silicon atoms located
mainly in the interstitial places. A similar
band for sample 18 at 835.06 nm might cor-
respond to the band-acceptor (e-A) junction
where the acceptor is represented by silicon
atoms located in the arsenic sublattice
(SiAs). There is no intense band for sample
14 though the maximum of its PL spectra
might be found around the near-edge band.
The low temperature PL spectra of a clean
substrate are characterized by two low inten-
sity bands. The first band with a maximum at
819.57 nm corresponds to the transfer caused
by the fundamental and excited state of a
free exciton and the second band at
830.63 nm — to the e-A junction where the
acceptor is represented by silicon atoms.

The shape of the edge bands for samples
12 and 18 is characterized by asymmetry,
which confirms that they consist of several
peaks. Therefore, the low temperature PL
spectra were chosen for deconvolution using
the Gaussian function. The deconvolution
has helped to understand the nature of the
PL spectra for all the samples (Figs. 2—4).
Three peaks for sample 12 were obtained at
827.00, 837.60 and 855.76 nm (peak 1, 2
and 3, respectively, Fig. 2). In this case, the
mean square deviation (R2) between experi-
mental and theoretical graphs was 0.99. A
similar situation was observed for sample
13 where peaks at 815.77, 825.00 and
836.45 nm were calculated with R2 value of
0.99 (Fig. 3). Only two peaks at 825.58 and
856.79 nm were found for the PL spectrum
of sample 14 with a calculated R2 value of
0.98 (Fig. 4). The significant blurring of
the PL spectrum made it impossible to dis-
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Fig. 3. Deconvolution of a low-temperature
PL spectrum for sample 13.
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Fig. 4. Deconvolution of a low-temperature
PL spectrum for sample 14.

tinguish between these two peaks, which
have a low intensity compared to those in
Fig. 2 and 3. A detailed analysis of the de-
convolution results indicates the presence of
a near-edge band with a maximum in the
range of 816—827 nm where there is a sig-
nificant contribution of the free exciton.
The intensity of the near-edge band for
sample 14 is much less than those for sam-
ple 12 and 183. For all the samples, the de-
convolution confirms the bands caused by
D-A junctions where an acceptor is repre-
sented by silicon atoms. Sample 12 has two
bands that might correspond to the D-A
junction at 837.60 and 855.76 nm, where
the short-wavelength band determines the
transfer with acceptor silicon while the
long-wave band — with acceptor silicon or
germanium [21]. Since only silicon was used
as the dopant, it is assumed that these D-A
junctions were possible with silicon as an
acceptor. For sample 13, the band at
8836.45 nm might be caused by the D-A
junction, where the donor is represented by
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Fig. 5. High-resolution XRD Omega scans of a two
layer epitaxial p-GaAsin-GaAs:Sip-Ga, Al AsZn
hetero-structure (experimental in black and
modelling in red).

silicon atoms located in the gallium sublat-
tice (Sigy), while the acceptor is represented
by silicon atoms located in the arsenic
sublattice (Sipg) [21]. The deconvolution of
the PL spectrum for sample 14 shows the
short-wavelength band at 856.79 nm that can
be explained by the D-A junction with silicon
atoms as the acceptor (Fig. 4). Interpretation
of the band with a maximum at 825.58 nm is
impossible because its full width at half
maximum is too large. This is most likely due
to point defects of a different nature.
Taking into account the results of ex-
periments on carrier mobility and low-tem-
perature PL, one can determine their de-
pendence on the conditions of the OMVPE
process. Sample 13 was prepared at a higher
BV/Al ratio than that for sample 12 (see
Table). Under these conditions, the concen-
tration of arsenic vacancies in the epitaxial
layer decreases, which leads to a kind of
splitting of the continuous PL band into
two low-intensity bands with maxima at
816.25 and 835.06 nm (Fig.1). A lower
concentration of arsenic vacancies results in
a decrease in the number of silicon atoms
that can occupy the positions of arsenic
atoms to form Sips-type defects. Most
likely, a significant excess of arsenic atoms
in the gas phase causes an increase in the
total number of point and complex defects;
therefore, a low-intensity band at
816.25 nm may appear in sample 13, which
corresponds to a free exciton. A further in-
crease in the BV/Al ratio to 157 in sample
14 (see Table) leads to almost complete dis-
appearance of the near-edge band at about
825-827 nm, and only the peak at
856.79 nm, caused by the D-A junction with
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Fig. 6. The low-temperature PL spectra of a two
layer epitaxial p-GaAs/n-GaAs:Si/p-Ga; Al As:Zn
hetero-structure.

silicon atoms as the acceptor can remain
(Fig. 4). The complete fading of the near-
edge band indicates the deterioration of the
PL of epitaxial layers, though their surface
morphology is significantly improved [19].
The low-temperature PL spectrum for the
s.i.-GaAs (111)A substrate (Fig. 1) with a per-
fect structure shows a narrow near-edge band
at 819.57 nm and another band at 830.63 nm
inherent in the band of acceptor junctions
where the acceptor is represented by back-
ground carbon. Because of reduced concentra-
tion of charge carriers in pure substrate the
intensity of these bands is very low.
However, recent results [19] have con-
firmed that with the BV/All ratio of 157,
there can be an optimal value at which the
mirror-like morphology is still present;
therefore, the structural properties of the
GaAs (111)A epitaxial layers do not deterio-
rate. A strong confirmation of that can
be obtained from high-resolution XRD
measurements of the two-layer epitaxial
p-GaAs(111A)/n-GaAs:Silp-Ga,_,Al,As:Zn het-
ero-structure [21, 22]. The p-GaAs substrate
surface has an ideal structure with almost
theoretical FWHM value of the reflection
line. The two-layer epitaxial structure also
has high structural perfection, despite the
presence of an interface boundary between
n-GaAs:Si  and p-Ga,_AlLAs:Zn layers
(Fig. 5). The calculated thickness of the epi-
taxial layer is 0.485 micron and the compo-
sition of Gay;_,Al,As solid solution corre-
sponds to x = 0.30. The curve resulting
from the XRD data is shown in black while
that of simulation — in red. The presence
of intensity oscillations indicates the high
quality of the epitaxial layer, as well as the
clarity of the interface boundary between

Functional materials, 27, 3, 2020
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the substrate and the epitaxial layer. The
distances between these oscillations can be
used to determine the thickness of the epi-
taxial heterolayer.

The obtained XRD results are also in
agreement with those of low temperature
PL (Fig. 6). Using PL experimental data,
the calculated composition of Ga,_Al,As
solid solution corresponds to x value of
0.28. The PL spectra of the two-layer epi-
taxial n-GaAs:Silp-Ga;_Al,As:Zn hetero-
structure prepared on the p-GaAs (111)A
substrate consist of two peaks. The first
peak at 804 nm is the near-edge line of the
Ga;_Al,As solid solution while the second
one at 821 nm is the near-edge line of the
GaAs layer. A low FWHM value of these PL
peaks indicates structural perfection of
these epitaxial layers and absence of struc-
tural defects on the interface boundary be-
tween them. Low intensity of the near-edge
line of the Ga;_,Al,As solid solution in the
PL spectra is predetermined with the dete-
rioration of the photoluminescent properties
closer to the transition point from III-V
direct to indirect band gap semiconductor at
x > 0.85 in Ga,_AlAs.

4. Conclusions

Based on the experimental results for
low-temperature PL, carrier mobility and
OMVPE process conditions, the following
conclusions can be drawn. An increase in
the BY/All ratio from 84 to 94 for n-GaAs:Si
layers prepared through OMVPE on the s.i.-
GaAs (111)A substrate results in high-in-
tensity PL spectra, while at the BY/A!ll ratio
of 157, they degrade. Separation of the
peak inherent in a free exciton from a con-
tinuous wide-edge band and higher carrier
mobility were found for the epitaxial layer
obtained at a BY/All ratio of 94. High-reso-
lution XRD measurements of a two-layer
epitaxial n-GaAs:Si/p-Ga,_Al,As:Zn hetero-
structure prepared on a p-GaAs (111)A sub-
strate indicate crystallization of structur-
ally perfect epitaxial heterostructures with
a mirror-like surface morphology.
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