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Abstract

Silane (SiH,) was used as an n-type dopant in GaAs grown by low pressure metalorganic vapor phase epitaxy using
trimethylgallium (TMGa) and arsine (AsH;) as source materials. The electron carrier concentrations and silicon (Si) incorporation
efficiency are studied by using Hall effect, electrochemical capacitance voltage profiler and low temperature photoluminescence
(LTPL) spectroscopy. The influence of growth parameters, such as SiH, mole fraction, growth temperature, TMGa and AsH,
mole fractions on the Si incorporation efficiency have been studied. The electron concentration increases with increasing SiH,
mole fraction, growth temperature, and decreases with increasing TMGa and AsH; mole fractions. The decrease in electron
concentration with increasing TMGa can be explained by vacancy control model. The PL experiments were carried out as a
function of electron concentration (10'7 — 1.5 x 10'® cm ~3). The PL main peak shifts to higher energy and the full width at half
maximum (FWHM) increases with increasing electron concentrations. We have obtained an empirical relation for FWHM of PL,
AE(n) (eV)=1.4x10"% n'. We also obtained an empirical relation for the band gap shrinkage, AE, in Si-doped GaAs as a
function of electron concentration. The value of AE, (eV) = —2.75 x 10~ % n'73, indicates a significant band gap shrinkage at high
doping levels. These relations are considered to provide a useful tool to determine the electron concentration in Si-doped GaAs
by low temperature PL measurement. The electron concentration decreases with increasing TMGa and AsH; mole fractions and
the main peak shifts to the lower energy side. The peak shifts towards the lower energy side with increasing TMGa variation can
also be explained by vacancy control model. © 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

Metalorganic vapor phase epitaxy (MOVPE) [1] is
one of the premier techniques for the fabrication of
GaAs-based structures for optoelectronic device appli-
cations. Improvements in processing technology are
needed to optimize film composition, thickness and
doping uniformity over large areas in order to maxi-
mize the yield and throughput. This is primarily impor-
tant for optoelectronic devices, where device
characteristics are strongly dependent on the physical
and electrical properties of epitaxial layers. In this case,
only a few percent spread in the film thickness and
dopant concentration can be tolerated for uniform
device performance [2]. This level of control over film
properties can only be achieved through a detailed
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understanding of the fundamental processes underlying
the film growth and dopant incorporation in MOVPE.
Therefore, it is necessary to understand the influence of
the growth parameters, which control accurate doping
and nature of interfaces for good characteristics of the
devices.

The effect of n-type heavy doping in GaAs is an
important issue of the optical and electrical properties
not only from a fundamental understanding but also
for the device applications, such as contact layer of
double heterojunction bipolar transistor (DHBTSs), laser
diodes, solar cells, metal semiconductor field effect
transistors (MESFETs) and high electron mobility tran-
sistors (HEMTs). The heavy doping affects the density
of states, band structure, carrier mobility, absorption,
luminescence properties and hence the device proper-
ties. For example, the heavy doping is used either in the
source and drain of MESFETs or active layer of laser
diode. Also, the heavy doping produces some changes
in band structure of semiconductors. One of the
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changes is band gap narrowing (BGN) or band gap
shrinkage due to the formation of density-of-states, and
the tails are resulted from inhomogeneous impurity
distribution [3]. The inhomogeneous impurity distribu-
tions also imply the fluctuations in potential which
destroy the translational symmetry of the crystal and it
allows the k-nonconserving transitions, i.e. the indirect
transitions. Another important phenomenon occurring
in the heavily donor-doped semiconductors is an in-
crease in the interband transition energy due to the
filling of the conduction band by electrons, which is
known as the Burstein—-Moss effect [4]. Band gap
shrinkage due to heavy doping is a well known phe-
nomenon in III-V compound semiconductors, particu-
larly observed in GaAs by photoluminescence (PL)
spectroscopy [3,5-11]. In the heterojunction-based
devices, the band gap shift due to heavy doping result
in valence and conduction band discontinuity of the
heterojunction interface [12]. Both the band gap nar-
rowing and Fermi energy, ¢, of heavily doped GaAs
were analyzed as a function of doping concentration »
using PL [3,5-11] and cathdoluminescence [13]. The
reported band gap narrowing was either proportional
to n'? [3,5] or n*'? [6,13]. Some low temperature PL
(LTPL) results were explained by assuming that the
Fermi energy relative to the conduction band minimum
depends on n by the n?? power rule for n > 10'® cm —3
[6]. In the LTPL experiments, the donor—acceptor (D—
A) pair luminescence is dominant for electron concen-
trations less than 1 x 10'® cm—3, while the indirect
(without k-selection) band to band (B-B) or band to
acceptor (B—A) transitions prevail at higher concentra-
tions [6,8]. The emission spectrum of a heavily doped
semiconductor consists of a single and broad structure
usually attributed to B—B recombination. The low en-
ergy side of the band is related to the BGN and to the
tailing of the density-of-states; the higher energy side of
the spectrum reveals band filling by the majority carri-
ers and provides information about the & position [14].

The n-type doping in GaAs can be obtained by using
Si [15,16], S [17,18], Ge [19], Sn [20], Se [21], or Te [22]
as doping sources. Among these doping sources Si is
commonly used as an intentional n-type dopant in
GaAs and related compounds. It has an extremely low
diffusivity in GaAs [23], which makes it attractive for
device fabrications involving high temperature post-
growth processing steps. In 111-V semiconductors, Si a
group IV element can act as either an acceptor or
donor, depending on the sublattice where it populates.
In MOVPE grown GaAs and AlGaAs, Si has been
found almost exclusively to occupy group III sites and
function as a donor. The site selection of Si depends on
the thermodynamic growth conditions [15]. In As-rich
MOVPE growth, Si incorporates exclusively on Ga
sites up to a concentration of ~ 5 x 10'® cm =3 [24] at
which point it also begins to occupy arsenic sites, acting

as an acceptor. This solubility limitation results in
self-compensation and limits the maximum carrier con-
centration that can be obtained with Si [24]. The gener-
ation of Ga vacancy (Vg,), which is negatively charged
at higher concentration compensates the carrier in n* -
type GaAs [25,26].

The most commonly used Si dopant sources are
silane (SiH,) and disilane (Si,H,). Because of the differ-
ences in electrical and optical properties of Si-doped
GaAs from S, Te, Sn, Ge, Se-doped GaAs grown by
metalorganic vapor phase epitaxy (MOVPE), these
properties were studied extensively by several authors in
recent years [17-22]. However, significant variation of
the growth parameters was needed to obtain the incor-
poration of controlled amount of impurities in MOVPE
growth process. Since, Si has extremely low diffusivity
in GaAs, it prompted us to conduct a systematic study
of Si doping in GaAs by MOVPE approach.

PL spectroscopy is the most common characteriza-
tion technique for investigating the distribution of de-
fects, concerning the type and heavy doping effect in
GaAs, hence employed in our work. It is a nondestruc-
tive and noncontact technique for examining the band
structure and luminescence properties of GaAs. The
luminescence properties are dependent on the growth
conditions (or methods), impurity species, doping con-
centrations and growth temperatures. PL spectroscopy
has also been employed to investigate the Fermi level of
heavily n-type doped materials [6,10], the carrier con-
centration [27] and the epitaxial layer quality [28]. The
effect of growth parameters, such as SiH, mole frac-
tion, growth temperature, arsine (AsH;) and trimethyl-
gallium (TMGa) mole fractions on Si incorporation in
GaAs are investigated thoroughly and these results are
compared with the published literatures [5,29-31]. Af-
ter thorough investigation of Si-doped GaAs, we have
suggested a relationship of full width at half maximum
(FWHM) and band gap shrinkage versus electron con-
centration of Si-doped GaAs, which could be consid-
ered a wuseful tool to determine the electron
concentration in Si-doped GaAs by low temperature
PL measurement. The electron concentration increases
with increasing SiH, mole fraction, growth temperature
and decreases with AsH; and TMGa mole fractions. A
vacancy control model was found to be suitable to
explain our results with TMGa variation.

2. Experimental details

The Si-doped n-type GaAs were grown in a low
pressure horizontal MOVPE reactor on both Cr-doped
semi-insulating and Si-doped n*-GaAs (100) substrates
with an offset by 2° towards (110) direction. The source
materials were trimethylgallium (TMGa), (100%) arsine
(AsH;), (104 ppm) silane (SiH,) as an n-type dopant
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and palladium purified H, as a carrier gas. During the
growth, the pressure inside the reactor was kept at 100
Torr and the growth temperature was varied from 600
to 725°C. TMGa and AsH; flow rate was varied from
10 to 20 SCCM and 30 to 50 SCCM, respectively. The
total flow rate was about 2 SLPM.

The doping concentrations were determined by using
both Bio-Rad electrochemical capacitance voltage
(ECV) polaron profiler and Hall measurement. Hall
effect measurements (Van der Pauw method) were car-
ried out at 300 K to determine the mobility (Hall factor
ru=1). N-Type layers with thickness of about 2 um
were chosen for analysis to reduce thickness measure-
ment errors. Electron densities in the range of 107 —
1.5 x 10'"® cm ~3 were measured.

PL measurements were carried out using a MIDAC
Fourier Transform PL (FTPL) system at a temperature
of 4.2 K and 100 mW laser power. An argon ion laser
operating at a wavelength of 5145 A was used as a
source of excitation. The exposed area was about 3
mm?. PL signal was detected by a LN, cooled Ge-
Photodetector whose operating range is about 0.75-1.9
eV, while resolution was kept at about 0.5 meV.

3. Results and discussion
3.1. Electrical properties

3.1.1. Effect of variation of SiH, mole fraction and
growth temperature

The surface of epilayers is influenced by the growth
parameters, such as pressure inside the reactor tube,
growth temperature, substrate orientation, AsH,/
TMGa (so called V/III ratio) mole ratio, etc. The
surface of Si-doped n-type GaAs appears to be mirror
smooth over a wide range of temperatures (600—725°C)
in this study. Fig. 1 shows the electron concentration as
a function of SiH, mole fraction.

The electron concentration increases monotonically
with SiH, mole fraction, which is consistent to that
described by Bass [19] and compensates at the concen-
tration of n> 1.5 x 10'® ¢cm 3. Since Si is a low vapor
pressure element (10 ~!'' Torr at 600°C), the concentra-
tion of Si incorporated in GaAs during MOVPE
growth depends on the ratio of the inlet mole fraction
of SiH, to the inlet mole fraction of TMGa,
[Si]Gaas € (Xgopant/XTmaGa)- This ratio is commonly re-
ported in experimental studies of Si doping. Si doping,
therefore, increases linearly with an increase in the inlet
dopant mole fraction and is inversely proportional to
the growth rate of GaAs. In MOVPE growth, Si the
amphoteric dopant is found to incorporate preferen-
tially on one sublattice over a fairly wide range of
dopant concentrations. At high dopant concentrations,
however, population of the other sublattice can become

energetically more favourable resulting in both donor
and acceptor formation. This autocompensation limits
the maximum carrier concentration that can be
achieved in the semiconductor with an amphoteric do-
pant. The incorporation of an amphoteric dopant on a
particular site is considered to result from the combina-
tion of thermodynamic, electronic and chemical effects
[32]. The electron concentration increases with increas-
ing SiH, up to 2.9 x 10~ Torr and then decreases due
to autocompensation. The autocompensation can be
confirmed by considering the optical properties of the
films using low temperature PL spectroscopy as an
experimental tool. This has been discussed in Section
3.2.1 on the optical properties of the films by PL
spectroscopy. We are assuming that the amount of Si
concentration and electron concentration are the same
up to a Si doping concentration of 1.5 x 10'® cm =3 in
our present growth conditions and this is consistent
with that reported in the literature [33]. However, as the
doping concentration increased further, the inactivated
concentration increased relatively with the doped con-
centration, indicating the limits of free carrier concen-
tration. The decrease of free-carrier concentration in
heavily doped n-type GaAs is a well-known phe-
nomenon based upon two main models. One involves
amphoteric native defects with strong Fermi level de-
pendent defect formation energy [25,26] and the other
involves electronic occupation of a highly localized
state of the donor-related DX center [34]. In the recent
study of Si-doped GaAs by Fushimi et al. [33], they
pointed out that the limit of free-carrier concentration
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Fig. 1. Electron concentration of Si-doped GaAs as a function of
SiH, partial pressure.
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in the heavily doped layers is caused by gallium va-
cancy (Vg,) and not by electron occupation of a highly
localized state of the donor-related DX center.

It is well accepted that at low Si concentrations, the
Si atoms enter into the lattice mainly as a simple
substitutional impurity at the group III element sites
(Ga), acting as a donor (Sig,) and at the As sites, acting
as an acceptor (Si,,) [35-38]. The latter become in-
creasingly important as the Si concentration increases,
causing a saturation of the free electron concentration.
Heavily doped films present a strong compensation of
the free electron concentration. This compensation has
been attributed in GaAs mainly to a complex defect
formed by a donor atom coupled to a group III element
vacancy (Sig,—Vga), the so-called self-activating center
[39]. This complex defect gives rise to a broad photolu-
minescence line centered about 1.2 eV for GaAs [40]
and 1.35 eV for Al,;Ga,,As [39] samples. Another
deep photoluminescence feature about 1.05-1.28 eV
has been attributed to a Sig,—Sis, pair defect [41,42],
and responsible for the compensation. Maguire et al.
[43] investigated Si doped GaAs by using local vibra-
tion modes (LVM), Hall effect, and secondary ion mass
spectroscopy (SIMS) and concluded that the [Si—X]
was tentatively attributed to the well-known self-acti-
vated center (Sig,—Vg,). The LVM results do not nec-
essarily exhaust the possibilities of forms of Si
incorporation. Souza and Rao [41] mentioned that in
GaAs, the Si incorporation is extremely complex and
highly dependent on growth conditions. We showed
some evidence of the presence of Sig,—Si,, pair defects
by studying samples grown under different SiH, partial
pressures and different growth temperatures. These
Sig,—Sis, defect pairs are responsible for reducing free-
carrier concentration of higher Si doping levels due to
compensation effects. The detailed discussion regarding
the autocompensation can be found in Section 3.2.1.

The electron concentration is observed to increase as
the growth temperature increases as shown in Fig. 2 for
a fixed SiH, mole fraction, with an apparent activation
energy for doping of 1.47 eV [44]. The strong tempera-
ture dependence of Si incorporation is believed to be a
result of increasing decomposition rate of SiH, with
increasing temperature. The activation energy for dop-
ing (E,) can be defined as:

noc PYy, exp(— E,/KT) (1

where n is the measured electron concentration and
P24 is the inlet partial pressure of SiH,. The electron
concentration is equivalent to the Si concentration in
most cases (n & [Si]g.as)- For a given TMGa, SiH, and
AsH; mole fractions, the electron concentration and
Hall mobility are also shown in Fig. 2. The electron
mobility exhibits a decrease with increasing growth
temperature. From this figure, it is also seen that the
electron concentration decreases with increasing growth
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Fig. 2. A 300 K electron carrier concentrations and electron mobili-
ties for Si-doped GaAs epilayers grown under various growth temper-
atures. The growth parameters are: [SiH,]=35.18 x 1077,
[TMGa] =1.78 x 10 ~* and [AsH;] = 1.57 x 10~ 2.

temperature above 700°C due to autocompensation and
is further confirmed by the Hall mobility data. The
autocompensation was further confirmed by the LTPL
results presented in Section 3.2.2 on the optical proper-
ties of Si-doped GaAs.

3.1.2. Effect of TMGa mole fraction

The electron concentration versus TMGa mole frac-
tion is illustrated in Fig. 3, for a given AsH; and SiH,
mole fraction. The electron concentration decreases
with increasing TMGa flow rates, which is in agreement
with the earlier reported results by Field and Ghandhi
[16] and Duchemin et al. [45]. A vacancy-controlled
model may be considered to explain such behavior. In
the TMGa-AsH; system, the leading reaction to the
formation of GaAs can be expressed as:

3 K

(CH3);Ga + EHQ + Vga=Gag, + 3CH, 2)
K> 3

AsH; 4+ V,<=As + EHZ (3)

Where K, and K, are the equilibrium constants of the
above reactions, then
[VGa] — & P3CH4 PASH3
[VAS] Kl PTMGa Pi’-lz
Since Si as a donor is on the Ga sublattice and under
equilibrium, its incorporation should be proportional to

the concentration of Ga vacancies, [Vg,] [19]. The
doping reaction is:

K
SiH, + Vg, - Si, + 2H, (5)

4)
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From Egs. (4) and (5) one can write,

[SiGa] = K2K3 PSiH4 PAsH3 3
[Val = Ki Pryca Pi, ™

(6)

A decrease in Pry g, Will increase in gallium
vacancy concentration, hence, the incorporation of Si
on Ga site is increased. The electron concentration is
thus increased when the TMGa mole fraction is
decreased.

3.1.3. Effect of AsH; mole fraction

We also studied the electrical and optical properties
of low-doped layers grown with increasing AsH; mole
fraction to check if there is an amphoteric effect of Si.
The electron concentration versus AsH; mole fraction
is illustrated in Fig. 4, for a given TMGa and SiH,
mole fractions. The electron concentration decreases
very slowly with increasing AsH; flow rates. According
to the above model, as the AsH; partial pressure is
increased, the [Vg,] concentration increases and there-
fore the Si donor level should also increase. Conversely,
as the AsH; partial pressure decreases, the As vacancies
should increase and the Si as an acceptor should in-
crease. The fact that the reverse behavior takes place
suggests that the incorporation of Si is not controlled
by the bulk thermodynamic properties of the lattice but
by the surface kinetic process; the As appears to block
the Si from the growing surface [19]. But we found that
for a fixed concentration of SiH, mole fraction, the
electron concentration decreases with increasing AsH;
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Fig. 3. Electron concentration as a function of TMGa mole fraction.
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concentration, which is in agreement with the results
reported by Field and Ghandhi [16] and Bass [19].

3.2. Optical properties

3.2.1. PL spectra as a function of electron
concentration

Fig. 5 shows the 4.2 K PL spectra of Si-doped GaAs
for electron concentrations of (a) 1x 107 ecm~—3; (b)
1.5x 107 ecm~3; (¢) 3.2x 107 ecm~3; (d) 8 x 10"
em~ 3 (e) 9x 107 em =3 () 1.5 x 10¥ ecm—3; (g) 1 x
10'®* ecm—3; and (h) 7 x 107 c¢cm 3, respectively. The
curves were intentionally offset along y-axis with re-
spect to each other for better clarity. The same proce-
dure was used for all other PL spectra in this paper.
When the electron concentration is relatively low, the
PL spectra is symmetric and at higher concentrations
becomes asymmetric. This tendency of slopes in the
low-energy and high-energy side of the PL spectra is
compared with those of the low-temperature PL spectra
of heavily-doped n-type GaAs [5,6,8]. But Lee et al. [10]
found the asymmetric nature of the PL peak at lower
concentration of Si-doped GaAs grown by molecular
beam epitaxy (MBE). The Si doping broadens the
excitonic emission until it becomes a wide band-to-band
luminescence. The peak at 1.493 eV has been attributed
to band to acceptor (B—A) transitions involving resid-
ual carbon (C) impurities present in MOVPE GaAs
[46]. The energy separation between the B—A peak and
the B-B peak (band gap of GaAs at 4.2 K is 1.5194
eV) is consistent with typical acceptor ionization ener-
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gies such as that of C (E, ~26.4 meV) [47], which is a
p-type dopant in MOVPE. This B-A transition is
observed at electron concentration of 1 x 10'7 ¢m 3
and the peak height decreases with increasing doping
concentration. The similar type of observation was
made by Sieg and Ringel [48] in MOVPE grown Si-
doped InP by 16 K PL measurement. De-Sheng et al.
[6] found that for electron concentrations below 5 x
10" ¢cm—3 of Te doped GaAs grown by MBE, B-A
transitions involving residual C acceptors act as domi-
nant recombination process. Above 10'® cm 3, how-
ever, the luminescence spectra can be well described by
indirect transitions between free electrons in the con-
duction band and localized acceptor—Ilike centers in
the deeper tail states above the valence band edge.
Beyond 3.2 x 10'7 ¢m 2 in our case, only one broad
emission band is found, and the peak maximum of the
dominant emission E,.,, is shifted monotonically to-
wards higher energy with increasing free-carrier concen-
tration. According to Burstein and Moss [4], this shift
results from the filling of the conduction band. The
Burstein—Moss shift is more pronounced in n-type
GaAs than p-type material because of the lower density
of states at the bottom of the conduction band. When
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Fig. 5. A 4.2 K PL spectra of Si-doped GaAs epilayers for various
electron concentrations. The electron concentrations are: (a) 1 x 10!7
cm 3 (b) 1.5 x 107 ecm —3; (c) 3.2 x 107 cm—3; (d) 8 x 107 cm —3;
() 9x 107 em~3; () 1.5 x 10" ecm~3; (g) 1 x 10'® cm—3; and (h)
7 x 10'7 cm 3. The inset shows the electron concentrations due to
1 x 10" and 7 x 10'7 ¢cm ~3, respectively. The growth parameters are:
Substrate temperature, 700°C, [TMGa]=1.78 x 10~%, [AsH;]=
1.57 x 10~2 and SiH, partial pressure ranging from 1.24 x 10~7 to
9 x 103 Torr.

the free-carrier concentration in the sample exceeding
3.2 x 10'7 cm 3, the spectral shape of the main emis-
sion peak becomes strongly asymmetric having a steep
slope on the high-energy side and a smooth slope on
the low-energy side of the spectra. The maxima of the
luminescence peaks always show up on the high-energy
side of the bands. The symmetry of the PL spectra was
obtained by temperature variations of asymmetric PL
spectra at higher concentration [6]. The asymmetry
observed in the spectra of Fig. 5 at n>3.2 x 10" cm —3
strongly indicates that indirect (without k-selection)
B-B or B—A transitions dominate the emission across
the optical gap. The contribution of indirect transitions
in the luminescence of degenerate n-type semiconduc-
tors has recently been reported for n-type InP [48] and
n-InAs [49]. With increasing electron concentration,
however, the development of a density-of-states tail in
the energy gap due to inhomogeneous impurity distri-
bution and potential fluctuations in heavily doped semi-
conductors becomes more important for the radiative
recombination process. The localized states in such a
band tail can be treated as acceptor-like centers dis-
tributed above the top of the valence band as proposed
by Levanyuk and Osipov [50].

From Fig. 5, it is seen that the sample is autocom-
pensated, when the electron concentration is greater
than 1.5 x 10'® cm ~3 in our present growth conditions.
The PL spectra corresponding to the electron concen-
trations 1 x 10'® and 7 x 10'7 ¢m ~2 are plotted inset in
Fig. 5. In addition to the near band peak, one observes
a broad band with different peaks at around 1.05 and
1.2558 eV. The presence of these peaks leads one to
believe that possibly this PL band involves more than
one emission. In these PL spectra, one can find that as
Si partial pressure increases the lower energy emissions
are more favoured. These deep photoluminescence fea-
ture at about 1.05-1.28 eV has been attributed to a
Sig,—Si,, pair defect [41,42]. The 1.20 eV PL emission
in GaAs has been extensively studied and is attributed
to the complex (Sig,—Vga) [S1]. A peak at around
1.4894 eV was observed at higher doping level, most
clearly seen at the SiH, partial pressure greater than
2.9 x 10~3 Torr of inset Fig. 5. The peak is probably
associated with the shallow acceptor, Si,, [51]. The
broad, lower energy emission with a peak energy of
~ 1.05 eV (inset Fig. 5) is accompanied with the Sig,—
Vsa. complex for the highest SiH, partial pressure.
During the process of identifying this characteristics
emission it should be kept in mind that the Si concen-
tration is high and that even Si precipitates have been
formed [52]. Therefore, Sig, atoms remain present in
the solid, and their concentration may even have in-
creased at this higher SiH, concentrations. Gallium
vacancies, however, could have been occupied by addi-
tional Si atoms. Hence, the simplest mode of under-
standing is to replace the gallium vacancy in the
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Sig,— Vg, complex by a species which is likely to be
enhanced at high SiH, concentrations. The most likely
candidate is Si,,, since the compensated character of
the samples implies that also the Si, concentration
increases as a function of SiH, partial pressure. The
characteristics emission at 1.05 eV therefore may tenta-
tively be attributed to the Sig,—Sis, [42] complex. One
can propose that Si atoms may be incorporated on both
Ga(Sig,) and As(Si,,) lattice sites and that, the propor-
tional Si atoms occupying the latter sites increases at
higher total Si concentration. Si,, centers are acceptors
and so the expected free carrier concentration would be
given by n = [Sig,] — [Sis,]. From this figure, it can also
be seen that there is no peak at around 1.05-1.28 eV on
those samples grown below SiH, partial pressure of
2.9 x 10~ Torr. Therefore, the peaks around 1.05-
1.28 eV were present in those samples grown only at
SiH, partial pressures greater than 2.9 x 10 ~° Torr and
indicates that the film is compensated. It is a direct
observation of autocompensation, by photolumines-
cence spectroscopy and confirmed by electrical methods
and vice versa.

Fig. 5 was used for the determination of the full
width at half maximum (FWHM) and the band gap
narrowing (BGN). The FWHM, AE(n) of the B-B
peak at 4.2 K of PL spectra increases with increasing
electron concentration. The broadening of FWHM in
Si-doped GaAs is similar to that in C-doped GaAs [53],
Be doped GaAs [5] and Zn-doped GaAs [11,54] and can
be explained by band to band optical transitions with
and without momentum (k) conservation between the
conduction and valence bands [11]. Alternatively, this
can be explained in terms of the impurity band merging
with the valence band edge and it becomes band tail
states at high doping concentrations. Because of this
phenomena, the optical transitions between the conduc-
tion and valence band are broadened and the FWHM
of PL spectra increases. The AE(n) increases slowly up
to n~2x 107 cm~? and increases rapidly with in-
creasing electron concentration. From the data we have
obtained an empirical relation for FWHM of Si-doped
GaAs,

AE(n)eV) =14 x 10513 (7)

with the concentration range between 1 x 10'7 and
1.5 x 10'® cm—3. The results are compared with previ-
ous studies reported in the literature [29] and shown in
Fig. 6. The value of FWHM is about 5 meV for
n=1x10"7 cm 3, and it increases rapidly at n> 3 x
10'7 ¢cm ~3 due to the band filling.

3.2.2. PL spectra as a function of growth temperature
Fig. 7 shows the photoluminescence spectra at 4.2 K
for all the samples studied in Fig. 2. From the Fig. 2, it
is seen that the sample is autocompensated when the
growth temperature is greater than 700°C in our

100 T ——rrr ——rrrr
A
80 ® This Work A -
------------------ - Fitted Value
A Pankove
> o ----AE(n) = 1.4x10% '3 4
E - -
€
L
< N
% 40 | -
S
[
1 A
o A A A
0 " i a2 aaaal 1 g s aaal n PR A A
106 10"7 -~ 10" 10"

Electron concentration (cm™)

Fig. 6. FWHM of 4.2 K PL versus electron concentration.

present growth conditions. The PL spectrum corre-
sponding to the growth temperature of 725°C is plotted
as an inset in Fig. 7. The PL spectra shows a strong
dependence on growth temperature. From this figure, it

600°C (1.32x10"7 cm™) J\ 7c

625°C (2.45x10"7 cm®) M

PL Intensity (au)

08 12 16 20

' Energy (eV)

675°C (6.65x10"7 cm™®) A

650°C (3.64x10'7 cm™®)

PL Intensity (a.u)

700°C (1x10'® em™®) /1

725°C (3.2x10"7 cm’®)

1 " 1 . 1 1 1

0.8 1.2 1.6 2.0 2.4
Energy (eV)

Fig. 7. A 4.2 K PL spectra of Si-doped GaAs epilayers for various
growth temperatures. The growth parameters are: [SiH,]=5.18 x
10-7, [TMGa]=1.78 x 10~4, [AsH;]=1.57x 10-2 The inset
shows the PL spectrum corresponds to the growth temperature at
725°C.
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can also be seen that there is no peak around 1.05-1.28
eV on those samples grown below 700°C, whereas the
peak around 1.05-1.28 eV was present in the sample
grown at 725°C (inset in Fig. 7). This observation
confirms that the film is autocompensated grown above
700°C, and exhibits consistently between the photolu-
minescence and electrical methods as well.

3.2.3. Band gap shrinkage due to doping effect

The excitonic PL main peak energy (1.5158 eV)
shifted to higher energy as the electron concentration
increased, which is primarily because of doping induced
band gap shrinkage or band gap narrowing (BGN).
From Fig. 5 it is seen that the peak position is nearly
constant below 1.5 x 107 ¢cm ~3, with a large increase
in energy only for the most heavily doped sample, as
the band filling effect becomes very significant. The
doping dependence of peak energy position is in quali-
tative agreement with the literature [5,10,55]. However,
the details of the B—B peak position plot, specifically
the doping concentration where the band filling begins
to drive the peak to higher energies, varies in the
literature between 10'® and 10" cm —3. Also, one study
[56] observed the peak position to decrease slightly with
increasing doping for concentrations below 3 x 10'®
cm 3, an effect which was attributed to BGN.

It is very difficult to extract the exact band gap shift
from the PL spectra because of life time broadening
effects [57]. We determined the band gap, E, of heavily
doped GaAs, by a linear extrapolation to the energy
axis, using a function of the type f(E)=A(E—E,)'?,
of the spectrum to the background level following the
work by Olego and Cardona [11]. This method was
used by several authors for determination of E,. How-
ever, theoretical calculations [31,58,59] for n-GaAs in-
dicate that BGN is strongly wave vector dependent for
that material with the largest shifting occurring at zone
center and much smaller shifts occurring near the Fermi
energy. The BGN near the Brillouin zone center is
extracted from the low-energy side of our PL spectral
peaks and compared with a theoretical estimate of
BGN at zone center. Fig. 8 shows the band gap shrink-
age of Si-doped GaAs in the range 1 x 1017-1.5 x 10'®
cm 3, as a function of electron concentration. In gen-
eral, the band gap shrinkage is proportional to the
electron concentration of the form n'/3, thus it can be
represented by

AE, = E,(doped) — E (pure) = — Bn'? (8)

where B has been adjusted to give the measured value
of E, at higher electron concentrations and the minus
sign signifies the band gap shrinkage at higher concen-
trations. The empirical relation for band gap narrowing
with our data can be written as

AE,= —2.75x 10~ ©)
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Fig. 8. The band gap shrinkage of Si-doped GaAs epilayers as
function of electron concentration.

where AE, is in eV and n in cm >
We have made an attempt to fit our experimental
data to the expression suggested by Jain [60],

E,=E,0) — AE,(n) (10)

where AE,(n)=axn'®*+bxn"*+¢xn'? a,band
¢ are the coefficients that represent the effects of the
BGN due to majority—majority carrier exchange, mi-
nority—majority correlation and carrier-ion interaction,
respectively. For n-type GaAs, the constants a, b and ¢
are 16.5 x 1072, 2.39 x 10~7 and 91.4 x 10~ '2, respec-
tively, where n is the electron concentration in cm 3
and AE,(n) in eV. These relations are considered to
provide a useful tool for determination of electron
concentration in Si-doped GaAs by low temperature
PL measurement. Good experimental agreement has
been obtained for Eq. (10) in the cases of p-GaSb and
p-GaAs [54,60]. Earlier work [61] on the group IV
semiconductors Si and Ge using essentially the same
formulation as Eq. (10) also showed good experimental
agreement for n-Si p-Si and n-Ge. This good experi-
mental agreement, coupled with the simplicity of the
formula, makes Eq. (10) a valuable tool for semicon-
ductor device modeling, assuming that the proper cor-
rections are made to convert the physical BGN given
by Eq. (10) to the apparent BGN used in device model-
ing [60,61]. In the case of n-GaAs, however, the agree-
ment with experimental results is far from satisfactory
[5,7], with Eq. (10) giving much larger BGN values than
have been observed experimentally by PL. A similar
discrepancy occurs even in n-InP [48].
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To derive the experimental BGN, the extent of the
low energy side of the B—B peak was defined as the
point where the B—B peak merged with the noise level,
which was about three orders of magnitude below the
peak height for all low temperature (LT) sample spec-
tra. Extrapolation of the low-energy side on a logarith-
mic plot was necessary for samples haying electron
concentrations 1 x 10'7, 1.5 x 107, 3.2 x 10'” cm 3 to
avoid interference from the partially overlapping C—A
peak. For samples having electron concentrations 8 x
107, 9 x 10'7 and 1.5 x 10'® cm —3, the C—A and B-B
peaks were indistinguishable, and so the band tail ex-
tent of this single peak was taken. The BGN is thus
defined as the difference between the intrinsic band gap
E,, and the band tail extent. The discrepancy of BGN
between the experimental result and the Jain theory is
clearly seen at high doping level. Very similar dis-
crepancies have been observed for n-InP [48]. Sieg and
Ringel [48] have given three possible explanations in the
case of n-GaAs and n-InP between the theoretical BGN
calculated from Eq. (10) and experimental BGN ob-
tained by PL.

3.2.4. Effect of AsH; variation on PL spectra

To observe the effect of V/III ratio on the optical
properties of Si-doped GaAs, the PL measurements
were carried out at 4.2 K specifically on those samples
grown at different AsH; flow rates. Fig. 9 shows the PL
spectra of Si-doped GaAs for fixed TMGa and SiH,
mole fraction. The three curves represent three different

I M T T T ' 1 T T T 1 T T
650°C, 100Torr
[TMGa] = 1.78x10™*

[SiH,] =5.18x1 o’ 1.5165eV

1.4967eV

VIl = 88.14

1.5184eV
1.4995eV

PL Intensity (a.u)

1.56053eV 152076V

1 L 1 1 1 L 1 " ! L 1 s 1

147 148 149 150 151 152 153

Energy (eV)

Fig. 9. A 4.2 K PL spectra of Si-doped GaAs epilayers as a function
of AsH; flow rate.

T T T T T
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[AsH,] = 1.57x10

: - -7
[SiH,] = 5.18x10 151636V

[TMGa] 1.4967eV

=2.68x10*

1.4967eV 1.5165ev

PL Intensity (a.u)

1.78x10™*

1.5206eV
8.88x10°°
1 1 L 1 " 1 n
1.46 1.48 1.50 1.52 1.54
Energy (eV)

Fig. 10. A 4.2 K PL spectra of Si-doped GaAs epilayers as a function
of TMGa flow rate.

AsH; flow rates. It is seen from the figure that the PL
main peak energy shifts to lower photon energies since
the electron concentration decreases with increasing
AsH; mole fractions. The electron concentration de-
creases with the increasing V/III ratio for a given
TMGa mole fraction and growth temperature of Si-
doped GaAs, which is same as described by Bass [19].
At the V/III ratio of 52.6, the growth induced point
defect at 1.5053 eV called Kiinzel-Ploog defect excita-
tion was observed similar to that observed in MBE
grown GaAs [62]. Even at this V/III ratio, the C—A or
D-A transition is not observed whereas it is frequently
found at MOVPE grown GaAs. These transitions may
be absent in heavily doped materials. From these obser-
vations and from Hall mobility data, the highly doped
layers were not caused by amphoteric nature of Si. On
the other hand, the peak at 1.4967 and 1.4995 eV can
influence the electrical properties of lightly doped lay-
ers. These peaks may be attributed to Zn and C (2S),
respectively. The peak is asymmetric at lower AsH,
mole fraction and becomes symmetric at higher AsH;
mole fraction.

3.2.5. Effect of TMGa variation on PL spectra

To observe the effect of TMGa mole fraction on the
optical properties of Si-doped GaAs, the PL measure-
ment were carried out at 4.2 K specifically on those
samples grown at different TMGa flow rates. Fig. 10
shows the PL spectra of Si-doped GaAs for fixed AsH;
and SiH, mole fraction. The three curves represent
three different TMGa flow rates. It is seen from the
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figure that the PL main peak energy shifts to lower
photon energies since the electron concentration de-
creases with increasing TMGa mole fractions. From
Eq. (6) we found that a decrease in Py, Will increase
the Ga-vacancy concentration. Since Si incorporates in
Ga site, the electron concentration increases with de-
creasing TMGa flow rates and hence the PL peak
energy shifted to high photon energy. The PL data used
in Figs. 9 and 10 are similar with our earlier paper [63],
however these are included in the present paper in light
of the discussion associated with other data presented.

4. Conclusions

Si-doped GaAs epitaxial layers grown by low pres-
sure metalorganic vapor phase epitaxy in the electron
concentration range 1 x 10'7-1.5x 10" c¢cm~3* have
been investigated by photoluminescence as a function
of electron concentration. Our results indicate the pres-
ence of Si complex defects, which are tentatively at-
tributed to Sig,—Si,,. The Sig,—Sis, pair defect is also
present in heavily doped samples and also in the sam-
ples grown at higher growth temperatures. The photo-
luminescence spectra shows a strong dependence on
electron concentrations and growth temperatures. We
have demonstrated the direct correlation of autocom-
pensation in both electrical and optical methods. From
the PL spectra we have obtained an empirical relation
of FWHM and band gap shrinkage as a function of
electron concentrations. These relations are considered
to provide a useful tool for determining the electron
concentration by low temperature PL measurement.
The B-B peak shifts to higher energy with increasing
electron concentrations due to Burstein—Moss shift.
Band-acceptor transitions involving residual C accep-
tors are the dominant recombination processes at con-
centration below 3.2 x 10'7 cm~3. Above 3.2 x 107
cm ~3, however, the dominating contribution to the
spontaneous recombination process in n-type GaAs
arises from (indirect) transitions between free electrons
in the conduction band and localized acceptor like
centers in the deep tail states above the valence band
edge. The B—B peak also shifts to high energy site as
the AsH; and TMGa mole fraction decreases. The peak
shift towards the lower energy side with increasing
TMGa variation has been explained by vacancy con-
trolled model.
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