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A wide range of n- and p-type doping levels in GaAs layers grown by chemical beam epitaxy is achieved by using
Hy-diluted DTBSi and CBry4 as gas precursors for Si and C, respectively. We show that the doping level can be
varied by modifying either the concentration or the flux of the diluted precursor. Specifically, we demonstrate
carrier concentrations of 7.8 x 1017-1.4 x 10'® em ™ for Si, and 1 x 1017-3.8 x 102° ¢cm ™ for C, as determined
by Hall effect measurements. The dependence of Si incorporation on the diluted-precursor flux is found to be
linear. In contrast, we observe a superlinear behavior for C doping. The dependence of the electron and hole
mobility values on the carrier concentration as well as the analysis of the layers by low-temperature (12 K)

photoluminescence spectroscopy indicate that the use of Hy for diluting DTBSi or CBr4 has no effect on the
electrical and optical properties of GaAs.

1. Introduction

Solid-state opto- and electronic devices are typically based on junc-
tions formed by the combination of semiconducting layers with varying
electrical conductivities, i. e., with different doping characteristics. The
accurate control of the dopant concentration and the possibility of
tuning it over a wide range are both essential requirements for the
fabrication of certain types of devices, such as heterojunction bipolar
transistors and multi-junction solar cells. In the particular case of III-As
compound semiconductors, two of the most commonly used elements
for n- and p-type doping are Si and C, respectively. These two elements
are quite often preferred over other alternatives because of both their
comparatively low diffusion coefficients, which facilitate the fabrication
of junctions with abrupt doping profiles [1,2], and their high solubility
limits [3,4].

In chemical beam epitaxy (CBE), where gas sources - such as metal-
organic compounds and hydrides - are used as precursors [5], silane and
disilane are the typical gases employed for Si doping. The use of these
precursors makes it possible to achieve electron concentrations in GaAs of
upto1-5x 108 cm ™3 [6,7]. These values are close to the Si solubility limit
at the typical substrate temperatures used in CBE for the growth of this
compound (500-600 °C), particulary, about 4 x 108 cm~3 [3,4]. Both

* Corresponding author.

silane and disilane are, however, highly hazardous gases with very high
vapor pressures at room temperature. Specifically, they are toxic as well as
extremely flammable due to their pyrophoric character. In this context,
ditertiarybutylsilane (DTBSi) is an interesting alternative for Si doping
since it is a non-toxic and non-pyrophoric liquid that can also be properly
refined to meet the purity standards of the semiconductor industry [8,9]. In
addition, at room temperature, DTBSi has a subatmospheric vapor pres-
sure, which is high enough for the direct doping of III-V compounds [9].
Surprisingly, even though the first study on the use of this precursor in
metal-organic chemical vapor epitaxy (MOVPE) dates from the late
nineties [8], we are not aware of any report on the n-type doping of GaAs
layers using DTBSi in CBE. With respect to C doping, which has a solubility
limit in GaAs grown from the melt of approximately 1.9 x 10'° cm ™2 [3,4],
carbon tetrabromide CBry4 is one of the common precursors in CBE as well
as in gas- and solid-source molecular beam epitaxy (MBE) [10-13]. This
precursor provides very high hole concentrations in GaAs, in the range of
3 x 109-5x 10% c¢m™> [10,14-16]. These values actually exceed the
solubility limit of C in GaAs, as growth usually proceeds far from ther-
modynamic equilibrium [4]. Nevertheless, the real challenge when using
CBry is to obtain, not high, but low doping levels. So far, two different
approaches were reported to achieve moderate C concentrations using this
precursor. The most extended one consists in decreasing the CBry4 flux by
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lowering the temperature of the liquid reservoir, therefore, decreasing its
vapor pressure [12]. The second approach is based on controlling the CBr4
flux by varying the conductance of the gas line in its way from the reservoir
to the growth chamber [13]. These approaches yielded hole concentrations
downto 1 x 108 cm ™3 [12,13]. However, this value is still too high for the
fabrication of certain devices, such as GaAs based solar cells, which de-
mand doping concentrations on the order of 1x 107 em™3 [17,18].
Hence, there is a clear need for the development of more suitable solutions.

In this work, we analyze the possibility of controlling the Si and C
doping levels in CBE-grown GaAs layers by using controlled dilutions of
DTBSi or CBry4 in Hy. Hj is thus not intended to be used as a simple
carrier gas using a bubbler, but to control the actual flux of the dopant
precursor. Such an approach is based on previous studies about the
growth of GaAs layers doped with Sn [19] and on the use of Hy-diluted
precursors in chemical vapor deposition (CVD) to decrease the risk
associated to the use of hazardous gases as well as to improve the per-
formance of amorphous-Si solar cells [20,21]. The analysis of the doping
concentration by Hall effect measurements as a function of both the
concentration and the flux of the Hy-diluted precursor demonstrates
that, by using this approach, it is possible to modify the Si and C con-
centrations over at least two and three decades, respectively. Impor-
tantly, we also find that the use of Hy to dilute the precursors has no
detrimental effects on either the Hall mobility or the luminescence
properties, as shown in the latter case by low-temperature photo-
luminescence (PL) spectroscopy.

2. Experiment

Epi-ready and semi-insulating GaAs(100) wafers, purchased from
Wafer Technology LTD, are used as substrates for the growth of Si-
and C-doped GaAs layers. The carrier concentration of the wafers is
7.3 x 105-2.8 x 107 cm . For our experiments, the as received sub-
strates are In-bonded onto a Mo holder before being loaded into a
Riber CBE32 system. A detailed description of the CBE system can be
found elsewhere [22]. In order to desorb the protective oxide layer,
the substrates are first outgassed at 580 °C, as measured by an
infrared optical pyrometer, in vacuum until observing the charac-
teristic reflection high-energy electron diffraction (RHEED) pattern of
GaAs. Subsequently, the substrates are further outgassed for about 5
min at 600 °C under the As precursor flux, which results in the
observation of a faint (2 x 4) surface reconstruction. Finally, the
substrate temperature is decreased down to 530 °C for the growth of
either Si- or C-doped GaAs. The growth rate of the GaAs doped layers
is set to 0.5 pm/h, as measured by RHEED intensity oscillations fre-
quency in undoped GaAs layers. We note that a certain growth rate
reduction could take place during the growth of samples heavily
doped with CBry, as this precursor is known to etch GaAs during
growth [23,24]. The final thickness of our layers ranges from 0.5 to 1
pm, which was determined assuming the growth rate to be constant.
As gaseous precursors for Ga, As, Si and C, we use triethylgallium
(TEGa), tertiarybutylarsine (TBAs), DTBSi, and CBry4, respectively.
Low-temperature 120 °C) gas injectors are used for TEGa and CBry,
while high-temperature ones are employed for TBAs (820 °C) and
DTBSi (1000 °C) to achieve a high cracking efficiency, as observed by
quadrupole mass spectrometry. All gas lines are heated from their
reservoir plugs up to the gas injectors to avoid the condensation of the
gas precursors along their pathway to the growth chamber. Ho-diluted
precursors are prepared using 99.999% pure Hp, which is further
purified by a heated Ag-Pd membrane. The dilution of DTBSi or CBr4
is carried out inside a non-heated intermediate reservoir, which is
used as dopant source during growth. This reservoir is initially filled
with either DTBSi or CBr4 and then with Hj until reaching the desired
dopant precursor concentration, hereafter referred as dilution factor,
which is defined as:
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where Py, and Pggpan are, respectively, the H, and the dopant partial
pressures inside the reservoir. These partial pressures are measured
using a capacitance manometer, whose response is almost independent
of the gas type. Precursor fluxes are controlled by a pressure-regulated
control system that determines the flux through a hole at the exit of
an intermediate chamber located between the precursor container and
the growth chamber. The arrival rates of the Hy-diluted precursors to the
substrate surface are given here as beam equivalent pressures (BEP). The
BEP values are measured before the growth using an ion gauge, which is
placed at the same position as the substrate during the epitaxial process.
Hall effect measurements are performed at room temperature using
In contacts and ~ 1 cm? van der Pauw patterns. For the analysis of the
Hall data, we take into account the thickness of the surface depletion
layer associated to the Fermi level pinning at the GaAs surface. Ac-
cording to Ref. [25], we assume that for n-type GaAs the Fermi level is
pinned at 0.68 eV below the conduction band minimum, and for p-type
0.5 eV above the valence band maximum. The analysis of the samples by
photoluminescence (PL) spectroscopy is carried out at 12 K using a
closed-cycle He cryostat. The PL is excited with an Ar laser, dispersed by
a 50-cm Spex monochromator, and detected by a combined Si/(Ga,In)As
photodiode. The excitation power density is about 1 kW/cm?.

3. Results and discussion
3.1. GaAs doping using Ha-diluted DTBSi

The electron concentration, n, in GaAs layers doped with Hy-diluted
DTBS:i is investigated first as a function of the DTBSi dilution factor, f, as
defined by Eq. (1). Fig. 1(a) shows the dependence of the Hall electron
concentration on f for a Hp-diluted DTBSi BEP value of 1.9 x 1076 Torr.
The value of n increases from about 2 x 108 to 1.4 x 109 cm ™3 as f is
varied between 0.03 and 2%. The maximum doping concentration
achieved here, 1.4 x 10'° cm ™3, is even higher than the highest values
reported in the literature for Si doped GaAs layers using DTBSi as gas
precursor [8]. When using pure DTBSi (100%), the electron concentra-
tion decreases down to 7.4 x 108 cm ™. We attribute this drop to the
self-compensation caused by the formation of Sig,V¢, complexes [26] or
even Sigs due to the amphoteric character of Si in GaAs [1]. Finally, as
pointed out in the experimental section, we stress here the necessity of
using an elevated temperature for the DTBSi cell in order to achieve a
high doping efficiency. Further experiments (not shown here) demon-
strate a negligible incorporation of Si as the cell is kept at low temper-
ature ( 120 °QC).

Our results demonstrate that the n-type doping level can be modified
by varying the dilution factor of the DTBSi gaseous precursor. However,
the observed electron concentration spreading data between 0.03 and
1% reveals a poor control on the actual doping level. We attribute the
data dispersion to deviations of the actual values of f with respect to the
nominal ones. Such deviations are likely to occur due to an uncontrolled
partial condensation of DTBSi inside the reservoir during the prepara-
tion of the gas mixture. This undesirable effect could be avoided by
heating the reservoir above the DTBSi condensation point temperature
during the dilution process.

Fig. 1(b) presents the variation of the electron concentration with
the BEP of the Hy-diluted DTBSi precursor for two different values of f,
1 and 2.5%. Since for each series of samples we always use the same
gas mixture, these data are not distorted by the possible condensation
of DTBSI inside the reservoir during its dilution in Hy. Regardless of
the f value, we observe a monotonic increase of n with the BEP. The
results shown in Fig. 1(b) demonstrate that, for a given value of f, the
final doping level can be accurately controlled by varying the flux of
the Hp-diluted DTBSi precursor. Specifically, the doping level can be
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Fig. 1. Electron concentration, as determined by Hall effect measurements, as a function of (a) the dilution factor and (b) the BEP of the H-diluted DTBSi precursor.
In (a) the BEP is 1.9 x 10~¢ Torr and in (b) the dilution factor is either 1 or 2.5%, as indicated in the legend. The solid lines in (a) and (b) are fits of a first order power
law to the experimental data. In (a) the fit is performed for f values lower than 2.5%. (c) Hall electron mobility dependence on the electron concentration. The solid

line is a fit of Eq. (2) to the experimental data.

tuned at least from 7.8 x 107 to 1.3 x 10'° cm™~>. Interestingly, for the
two different values of f used in this work, the electron concentration
increases linearly with the flux of Hy-diluted DTBS], as indicated by
the corresponding fits shown in Fig. 1(b). Therefore, the incorporation
of Si into GaAs as a function of the BEP follows a first order power law.
This result reveals that the precursor is cracked in the cell providing
active SiH, radicals to the sample surface. The same linear dependence
of n but with respect to the partial pressure of the precursor was re-
ported in Ref. [8] for the MOVPE of GaAs layers doped with pure
DTBSi. Such a trend has also been observed in the case of GaN layers
doped with DTBSi in MOVPE and CVD [27,28].

Fig. 1(c) shows the dependence of the room-temperature Hall electron
mobility on the electron concentration for GaAs doped with H-diluted
DTBSi. As the electron concentration increases from 7.8 x 1017 to 1.4 x
10" cm?, the mobility decreases from 2.4 x 103 to 0.76 x 103 cm?/V:s.
These values are comparable to those reported in Refs. [1,8,29,30] for GaAs
layers doped with Si using different precursors including DTBSi. We thus
conclude that the dilution of DTBSi in H, for the n-type doping of GaAs has
no impact on the electron mobility. The dependence of the mobility i on the
electron concentration is well described by the empirical equation proposed
by Hilsum [31]:

Hi Hi
Pk (VN @
where y; is the lattice scattering mobility, y; the impurity scattering
mobility, N the impurity concentration (in this case the concentration of
Si, which is assumed to be equal to the electron concentration), N, a
normalizing impurity concentration, and a a constant with a value lower
than unity. As reported in Ref. [31], the normalizing impurity concen-
tration Ng is 10'7 cm ™3 for a wide variety of semiconducting materials,
including GaAs. Hence, to fit Eq. (2) to our experimental data, we fix Ny
to 107 em 2 and use u; and « as fitting parameters. This fit yields y; =
(8600 + 600) cm?/(V-s) and a = 0.43 + 0.03. The obtanied value of
is not far from those reported in Refs. [30,31] for Si-doped GaAs layers,
namely, 10000 cm?/V-s. Regarding a, the obtained value is close to 0.5,
i.e., to the characteristic value found by Hilsum for different n-type

semiconducting materials [31]. Our value of «a is furthermore close to
0.4, the value reported in Refs. [30,31] for Si doped GaAs. Based on the
above results, we find that Si ionized impurities are responsible for the
observed mobility reduction at high electron densities.

3.2. GaAs doping using Hp-diluted CBry4

We analyze next the electrical properties of GaAs layers doped with C
using Hp-diluted CBr4 as gaseous precursor. Fig. 2(a) shows the hole
concentration, p, as a function of the CBry4 dilution factor, f. The BEP of
Hy-diluted CBry is the same for all samples, 6.8 x 10~7 Torr. Despite of
the slight spreading of the experimental data, attributed to the partial
condensation of CBry4 inside the reservoir during the preparation of the
different gas mixtures (as in the case of DTBSi), we observe a clear
superlinear increase of p with increasing values of f. Specifically, p in-
creases from 1 x 10'7 to 4 x 10'° cm™2 as f is varied between 0.07 and
1%. The maximum hole concentration achieved here, 3.8 x 1020 ¢cm ™2
for a f value of 100%, compares well with the values reported in Refs.
[10,14,16] for GaAs layers doped with C using pure CBr4 as gas pre-
cursor. In contrast, to the best of our knowledge, hole concentrations in
the 10'7 cm ™3 range have never been reported using CByr. The dilution
of CBry4 in Hj is thus an effective approach for reaching low C concen-
trations in a controlled fashion.

As demonstrated above for Hy-diluted DTBSi, the C doping level
can also be tuned by varying the BEP of the precursor while keeping
constant the CBry4 dilution factor. Fig. 2(b) shows the variation of p
with the BEP of Hy-diluted CBry4 for a f value of 0.08%. The hole
concentration monotonically increases from 3 x 1016 cm ™2 (a value
that lays within the range of the typical residual C concentrations
obtained in our chamber for non-intentionally doped GaAs layers,
from 2 to 4 x 106 em™3) to 1.2 x 10'° cm 2 as the BEP is varied be-
tween 2.8 x 1077 and 5.2 x 107 Torr. As illustrated by the fit shown
in the Fig. 2(b), the dependence of p on the BEP is superlinear and best
described by a power law with an exponent close to 4, suggesting the
occurrence of complex reactions at the sample surface. Such a power
law also properly describes the data presented in Fig. 2(a) for doping
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Fig. 2. Hole concentration, as determined by Hall effect measurements, as a function of (a) the dilution factor and (b) the BEP of the H,-diluted CBr4 precursor. The
BEP in (a) is 6.8 x 1077 Torr and the dilution factor in (b) is 0.08%. The solid lines in (a) and (b) are fits of a fourth order power law to the experimental data
assuming a residual hole concentration pys of 3 x 1016 cm~>. The only fitting parameter is thus the power prefactor A. (c) Hall electron mobility dependence on the

hole concentration. The solid line is a fit of Eq. (2) to the experimental data.

concentrations below the maximum value. This result is in striking
contrast to the approximately linear dependence of C concentration
on the CBr4 supply reported elsewhere for samples grown by metal-
organic chemical vapor deposition (MOCVD), MOVPE, MBE and
CBE [12,15,24,32,33], with the exception of the work of T. B. Joyce
et al. who also observed a superlinear dependence in samples grown
by CBE under a high V/III ratio [15]. We tentatively attribute this
discrepancy to: (i) the common use of non-identical precursors, noting
that CBr4 could react in concert with, for instance, the Ga precursor or
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its byproducts to incorporate C into GaAs [32], and (ii) the intentional
supply of H, in our work, which is known to at least react with CBr4 to
produce CBrs and HBr [24] changing thus the chemistry at the sample
surface.

The dependence of the hole mobility on the doping level, as deter-
mined by Hall effect, is summarized in Fig. 2(c). The mobility decreases
from about 175 to 28 cm?/V-s as the hole concentration increases from
3 x 106 to 4 x 102° cm ™3, The obtained hole-concentration dependent
mobilities are comparable to those reported for C-doped GaAs layers

[ GaAs:C (b)
L 3.8x10° cm

[ 3x10" cm?

17 -3
F 7.8x10"" cm 2.5

[ 4x10"7 cm
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Fig. 3. Low-temperature (12 K) photoluminescence spectra normalized to the maximum intensity and vertically-shifted of GaAs layers doped with different con-
centrations of (a) Si and (b) C using, respectively, H,-diluted DTBSi and CBr,4 as gas precursors. In (a) and (b), we also include the spectrum from a non-intentionally
doped GaAs layer with a residual C concentration of 3 x 10'6 cm~>. The normalization intensity factors are indicated at the right side of each spectrum.
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grown by either MOVPE or MOMBE using different types of precursors,
including the by-products of the chemical reactions occurring between
trimethylgallium (TMGa) and AsHs, CCly, or pure CBrg [34-37]. As
previously obtained for the Si-doped layers, the decreasing mobility
with increasing doping level is properly explained considering the
scattering caused by ionized C impurities. The best fit of Eq. (2) to our
experimental data with Ng equal to 1 x 10'7 cm ™3 yields u;, and a values
of (330 = 20) cm?/V-s and 0.25 + 0.04, respectively. The values of Ny
and a are similar to those reported in Refs. [35-37] for C-doped GaAs, i.
e., No=3 x 10"7 cm 2 and a = 0.3. In view of these results, we conclude
that the use of H, to dilute CBr4 has no detrimental effect on the hole
mobility, which is exclusively determined by the actual C concentration.

3.3. Luminescence from GaAs layers doped with Hy-diluted DTBSi and
CBT’4

We examine the optical properties of the GaAs layers doped with Hy-
diluted DTBSi or CBr4 by low-temperature (12 K) PL. Fig. 3(a) shows the
PL spectra of GaAs layers doped with different Si concentrations by using
H,-diluted DTBSi. We also include the PL spectrum of a non-intentionally
doped GaAs layer grown in the same system, which exhibits a residual C
concentration of 3 x 10'® ecm ™3, For clarity purposes, the spectra are
normalized to the maximum intensity and vertically shifted. The spec-
trum of the reference sample has two different peaks centered at
approximately 1.494 and 1.511 eV. The peak at 1.494 eV is attributed to a
band-to-acceptor (e,A®) transition, caused by the residual incorporation of
C, and the one at 1.511 eV to excitons bound to neutral acceptors (AO,X)
and/or (d,X) neutral point defects [38-40]. For the Si-doped samples, we
observe the (e,AO) transition together with a second transition at a higher
energies. This second transition, assigned to band-to-band recombination
(B,B) [41], blue shifts from 1.51 to 1.56 eV and broadens as the Si con-
centration increases from 7.8 x 10'7 to 8.3 x 108 cm ™. For the highest
Si concentration analyzed here, 1.4 x 101° cm 3, the spectrum becomes
too broad for a meaningful assessment of the emission energy. Since GaAs
becomes degenerated at 12 K for Si concentrations above 2 x 108 cm ™2,
the broadening and blue-shift of the (B,B) transition is explained in terms
of the Burstein-Moss effect [41]. Such an evolution of the (B,B) transition
with increasing Si doping level is characteristic of GaAs:Si layers
regardless of the growth technique [41,42].

Fig. 3(b) presents the normalized to the maximum intensity and
vertically-shifted PL spectra of GaAs layers doped with different levels of C
using Hp-diluted CB4r. For comparison, we present here again the spectrum
of the non-intentionally doped GaAs layer. In accordance to Refs.[43-45],
the PL spectra of the C-doped layers are dominated by the (e,A%) transition.
Excluding the sample with the highest C concentration (3.8 x 102° cm™3),
which exhibits a very broad emission, the (e,AO) transition monotonically
red shifts and broadens with increasing C concentration. Specifically, the
peak energy shifts from 1.494 to 1.467 eV when increasing the C con-
centration from the residual value up to 3 x 109 cm ™3, The red-shift of the
(e,AO) transition is due to the band gap narrowing [46,45,47], while the
increasing linewidth is caused by the Burstein-Moss effect and the relaxa-
tion of the k-selection rules [46]. Both the red-shift and the broadening of
the peak are typical of highly C doped samples [44,46,45,47]. Therefore, as
in the case of the Si-doped GaAs layers doped with Ha-diluted DTBSi, the
luminescence properties of the GaAs doped with Hy-diluted CBr are com-
parable to those of equivalent samples prepared by other techniques using
different dopant sources. Consequently, the use of Hy to dilute either DTBSi
or CBry4 does not have any particular effect on the optical properties of Si
and C doped GaAs layers grown by CBE. It is also important to highlight the
observed increase on the PL intensity when increasing either the Si or C
doping level; this general trend may be explained on the basis of the larger
available electron concentration on Si-doped samples, and by an increasing
number of recombination centers on C-doped samples.
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4. Summary and conclusions

We have demonstrated the n- and p-type doping of GaAs layers in CBE
using Hy-diluted DTBSi and CBr4 as gas precursors. The dilution of pure
DTBSi and CBry4 in Hy allowed us to achieve a wide range of doping levels.
Specifically, GaAs electron and hole concentrations were varied from
7.8 x 1017 to 1.4 x 10'° em 2 and from 1 x 107 to 3.8 x 1020 cm ™3,
respectively. In the case of Ha-diluted DTBS, the incorporation of Si into
GaAs is found to be linear with respect to the dopant flux. This depen-
dence is analogous to the variation of the Si concentration with the partial
pressure of pure DTBSi in MOVPE. In contrast, the dependence of the C
incorporation on the flux of uncracked Hy-diluted CBr4 follows not a
linear but a superlinear dependence, revealing the occurrence of complex
reactions at the sample surface and making the doping process extremely
sentive to the actual CBry4 supply. According to our results, for a given
dilution factor of either DTBSi or CBr4 in Hp, it is possible to obtain an
accurate control on the doping level by varying the flux of the Hy-diluted
precursor. However, we did not achieve a proper degree of control when
varying the precursor dilution factor while keeping constant the flux. This
result is attributed to the unintentional partial condensation of the pre-
cursor inside the reservoir during the dilution process, which results in a
poor control on the actual precursor dilution factor. Consequently, a
better degree of control is expected by improving the dilution process,
such as avoiding condensation by heating the reservoir above the tem-
perature of the pure precursor container when approaching the precursor
partial vapor pressure inside the reservoir (as the gas mixture is pre-
pared). Finally, the analysis of the samples by Hall effect measurements
and low-temperature PL do not indicate any detrimental or particular
effect associated to Hy. Therefore, the use of Hy-diluted precursors allows
to tune the doping level over a wide range without affecting the electrical
and optical properties of GaAs. We expect that this approach to widen the
range of achievable doping levels could be extended to other precursors
and material systems.
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