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Growth of GaN boules by hydride vapor-phase epitaxy (HVPE) is very
attractive for fabrication of GaN substrates. Use of dichlorosilane as a source
for Si doping of bulk GaN is investigated. It is shown that no tensile strain is
incorporated into mm-thick, Si-doped GaN layers on sapphire substrates if the
threading dislocation density is previously reduced to 2.5 9 107 cm�2 or be-
low. High-quality GaN layers with electron densities up to 1.5 9 1019 cm�3

have been achieved, and an upper limit of about 4 9 1019 cm�3 for Si doping of
GaN boules was deduced considering the evolution of dislocations with
thickness. A 2-inch, Si-doped GaN crystal with length exceeding 6 mm and
targeted Si doping of about 1 9 1018 cm�3 is demonstrated.
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INTRODUCTION

There is a great need for suitable substrates for
fabrication of current group III nitride devices such
as violet–blue laser diodes (LDs) and white light-
emitting diodes (LEDs) as well as for realization of,
e.g., green LDs and high-brightness LEDs with high
performance or other future device concepts.1 Such
substrates should allow for epitaxial growth of dif-
ferently oriented device layer structures with low
defect densities, i.e., threading dislocation density
(TDD) below 106 cm�2 and negligible stacking fault
density (SFD). It has been shown that appropriate
native GaN substrates with high quality can be
obtained by cutting and subsequent polishing of
slices from thick GaN crystals grown by hydride
vapor-phase epitaxy (HVPE).2,3 For optoelectronic
applications, a sufficiently high n-type conductivity
and high transparency of the substrates are also
desired. The most commonly used donor dopant in
epitaxy of III–V compounds is silicon. However, it
has been observed that use of Si for doping is
accompanied by incorporation of tensile strain and
hence reduced critical layer thickness for crack
formation during epitaxial growth of GaN layers.4–6

Early explanations suggested point defects4,7 or

coalescence of crystallites at the growth front6 as
the reason for the observed tensile strain, because
the size difference between dopant and host atoms
was found to be small. A breakthrough was achieved
in terms of a quantitative model that explained
the reduction of compressive strain in Si-doped
AlxGa1�xN layers by inclination of edge dislocations,
referred to as an ‘‘effective climb’’ mechanism.8

However, the underlying mechanism at the growing
surface, i.e., either silicon nitride micromasking of
dislocation cores9 or Fermi-level-induced formation
of vacancy jogs attached to dislocation cores,10 is
still under controversial debate. Even recently,
focusing on GaN layers with high TDD, contradict-
ing statements have been published which propose
Ge as a beneficial n-type dopant to circumvent
tensile strain11 or not.12 However, avoiding incor-
poration of tensile strain and the resulting crack
formation is essential for boule-like growth of GaN
in HVPE. Use of elemental silicon,13 dichlorosilane
(DCS),14–16 and more recently GeCl4

16 has been
reported for successful n-type doping of GaN layers
grown by HVPE. The aim of this study is to deter-
mine whether Si is a suitable dopant for boule-like
HVPE growth of GaN of several mm length at high
growth rates exceeding 300 lm/h starting on GaN/
sapphire templates.17 Taking into account that
the amount of tensile strain increases with the Si
concentration as well as with the TDD,8–10 the idea
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pursued here is to grow first a GaN layer without Si
incorporation to reduce the TDD, followed by
growth of the Si-doped GaN boule.

EXPERIMENTAL PROCEDURES

The starting GaN/sapphire templates consisted of
non-intentionally doped (n.i.d.) GaN layers of about
3.5 lm thickness grown by metalorganic vapor-
phase epitaxy (MOVPE) on 2-inch, c-plane sapphire
substrates of 430 lm thickness in an Aixtron 2600
G3 multiwafer reactor. The TDD of these templates
is estimated to be about 1 9 109 cm�2 from x-ray
diffraction measurements.17 The HVPE growth was
performed in an Aixtron vertical HVPE reactor18

using metallic Ga, gaseous hydrogen chloride,
ammonia, a nitrogen/hydrogen gas mixture as car-
rier gas, and 3% DCS solved in hydrogen as dopant
source, which was added to the carrier gas near the
group III gas inlet. The HVPE growth was con-
ducted at 200 hPa. N.i.d. GaN layers were grown at
a rate of about 450 lm/h at 990�C, whereas it was
found more favorable to grow the Si-doped layers at
a rate of about 400 lm/h at 1010�C. A series of five
samples was fabricated with a n.i.d. GaN layer
grown for 30 min (225 nm) first, followed by ramp-
up temperature and doping gas for 5 min, and sub-
sequently growth of a Si-doped GaN layer for
150 min (1 mm) with addition of 0.5 sccm, 1 sccm,
2 sccm, 4 sccm, or 8 sccm of the dopant gas. These
layers separated from the sapphire substrates
spontaneously after cooldown due to the large dif-
ference of the thermal expansion coefficients. Sam-
ples of 9 mm 9 9 mm were diced, and adjacent
specimens were selected for secondary-ion mass
spectrometry measurements of silicon and oxygen.
The backside of the samples was polished to sample
thicknesses below 1 mm in order to remove the n.i.d.
GaN layer completely. Hall-effect measurements
were performed at room temperature using small
welded In contacts and a Keithley K 925 B mea-
surement setup with B = 0.36 T. X-ray diffraction
investigations were performed using a Philips X’Pert
Pro in double-axis geometry for symmetric and
skew-symmetric rocking curves and in triple-axis
geometry in order to determine lattice constants
from H/2H-scans at 004, 006, 105, 106, 204, and 206
reflections.19 l-Raman measurements were per-
formed in z(xx)-z backscattering geometry using
excitation wavelength of 532 nm and a Dilor XY500
triple monochromator with a charge-coupled device
(CCD). Cathodoluminescence (CL) measurements
were performed to determine the TDD by counting
the dark spots. Two additional growth experiments
were conducted. In the first, the growth time of the
n.i.d. GaN layer was reduced from 30 min to only
75 s (less than 10 lm) to check the impact of the
n.i.d. GaN layer. In the second, the doping was
adjusted to a free carrier concentration of about
1 9 1018 cm�3 (0.75 sccm of 3% DCS) and the growth
time of the Si-doped layer was prolonged to 15 h to
obtain a GaN boule.

RESULTS AND DISCUSSION

The oxygen concentration in the five samples of
the doping series was found to be below the detec-
tion limit of SIMS, i.e., below 2 9 1016 cm�3. In
Fig. 1 the results of SIMS determination of the Si
concentration and the electron concentration from
Hall-effect measurements are compared. It can be
seen that the electrical activation of the incorpo-
rated Si is as high as 90% over the whole doping
range with electron densities from 8.7 9 1018 cm�3

to 1.5 9 1019 cm�3. The Si uptake increases linearly
with the dopant flow.

In Fig. 2, the Hall mobilities are depicted for the
different electron concentrations. These mobilities
in doped layers are higher than those we reported in
Ref. 15 for n.i.d. GaN layers on sapphire with oxy-
gen acting as major donor. Thin layers usually
exhibit a much higher TDD of above 109 cm�2, but
Si-doped GaN layers with similar thickness on
sapphire also showed higher mobilities.15 According
to Ref. 20, the mobilities of O-doped GaN layers are
remarkably affected by VGa–ON-related edge dislo-
cation scattering when the edge dislocation density
exceeds 108 cm�2. The different nature of the
dopants Si, Ge, and O is discussed in Refs. 21,22. It
is argued that donors incorporated on Ga sites could
reduce the Coulomb scattering of VGa acceptors and
thus enhance the carrier mobility. It can be seen
that the mobilities obtained for our Si-doped layers
are similar to those published by Oshima et al.16 for
thick, n-type doped GaN layers grown on GaN
substrates with TDD on the order of 106 cm�2 and
thus represent the state of the art.

No cracks were observed in the samples of the Si
doping series. To evaluate the impact of the Si
doping on the crystal structure, the GaN lattice
constants were determined by high-resolution x-ray
diffraction. The results are shown in Fig. 3 together
with data which represent the ideal lattice con-
stants of state-of-the-art GaN.23 The scales of the

Fig. 1. Comparison of the free electron density measured by Hall
effect and the incorporated Si concentration measured by SIMS.
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diagram are similar to the ones in Ref. 23, because it
was shown there that high-quality bulk GaN grown
by different methods can exhibit substantial differ-
ences in the lattice parameters. However, for fabri-
cation of epiready GaN substrates, it is important to
meet the ideal lattice constants a and c within a
narrow range. A window corresponding to a devia-
tion of 10�4 in the lattice constants is indicated as a
useful target region. It can be seen that the obtained
data still show considerable scatter, especially in
the in-plane lattice constant a, but taking into
account the error bars they are all very close to the
target. In addition, the individual data points in
Fig. 3 do not show a systematic change, indicating

that the scatter may be due to remaining uncer-
tainties in our measurements.

To clarify the origin of the scatter in the measured
lattice parameters, Raman spectra (Fig. 4) were
recorded. The spectra show phonon-like resonances
indicated as E2

low and E2
high and longitudinal optical

phonon–plasmon (LOPP� and LOPP+) modes.
These features of the spectra are analyzed for the
different samples, and the corresponding Raman
shifts are depicted versus the electron densities in
more detail in Fig. 5a, b.

In Fig. 5a, good agreement between the calcu-
lated24 and experimental data for the coupled pho-
non-plasmon modes is observed, which indicates a

Fig. 2. Mobility versus carrier concentration from Hall effect mea-
sured for the series of Si-doped samples (open symbols). The
dashed line depicts an interpolation between numerous values of thin
n.i.d. GaN layers on sapphire.15 Two data points (squares) obtained
from freestanding n.i.d. GaN samples grown in the vertical reactor
used in this study are inserted. For comparison, data published by
Oshima et al. for Si- and Si/Ge-doped GaN layers grown by HVPE
on GaN substrates are shown.16

Fig. 3. Chart of the lattice constants a and c for state-of-the-art n.i.d.
bulk GaN after Ref. 23 with an indicated target region for the strain of
less than 10�4 and the results from high-resolution x-ray diffraction
measurements of the samples of the doping series with Si concen-
tration measured by SIMS.

Fig. 4. Raman spectra recorded in backscattering geometry on the
samples of the Si doping series.

(a)

(b)

Fig. 5. Raman shifts of the longitudinal phonon-plasmon modes
together with calculated positions after Harima et al.24 in (a) and
Raman shifts and full-width at half-maximum (FWHM) of the E2

high

modes in (b) as observed for the different electron densities of the
Si-doped samples in Fig. 4.
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high potential of two-dimensional (2D) or three-
dimensional (3D) Raman imaging for further spa-
tially resolved investigations of n-type GaN. In
Fig. 5b, negligible fluctuation of the E2

high position is
revealed with narrow full-width at half-maximum
(FWHM) values. The latter is an indicator of high
structural quality of the crystal, whereas the posi-
tion of the E2

high sensitively depends on the in-plane
lattice constant a. A Raman wavenumber shift of
Dm(E2

high) of about �0.123 cm�1 per in-plane strain
Dexx of 0.0001 is given in Ref. 25. The E2

high wave-
numbers of the Si-doped GaN samples are all close
to 567.5 cm�1, which is the phonon frequency of
strain-free GaN.3 Hence, the differences of the
in-plane lattice constants of the samples compared
with state-of-the-art n.i.d. GaN are below 10�4. For
the highest Si concentration, the Raman measure-
ment (not shown here) was also performed on the
sample backside, but no change of the E2

high phonon
frequency could be observed; i.e., no residual strain
gradient from the backside to the sample surface is
indicated.

The FWHM of x-ray diffraction rocking curves
(RC-FWHM) at the 002 and 302 reflection were

determined to evaluate differences in screw, mixed,
and edge dislocation densities between the samples.
For comparison, dark spot densities from CL images
were used to estimate the overall TDD at the sur-
face of the samples. The TDD of the n.i.d. GaN layer
was estimate from CL images from a sample back-
side to be 2.5 9 107 cm�2. The other data are
depicted in Fig. 6.

It can be seen that, for all the samples, the TDD is
reduced during the growth of the Si-doped GaN
layer of 1 mm thickness; however, the reduction
mechanism is less effective with increasing Si
uptake above [Si] > 2 9 1018 cm�3, and from sim-
ple extrapolation no reduction of TDD is expected
for doping levels above 4 9 1019 cm�3. Interest-
ingly, from the dependences of the RC-FWHM, it
can be concluded that this less effective reduction is
related to a lower reactivity of screw dislocations
because the RC-FWHM at the 002 reflection shows
a similar dependence whereas the RC-FWHM at the
302 reflection is unaffected by the Si uptake, indi-
cating unperturbed reduction of edge and mixed
dislocations.26 These findings suggest that Si is a
useful doping source in the investigated doping
range but limited to the mid 1019 cm�3 range, above
which no reduction of the TDD with thickness is
expected under our growth conditions.

Optical micrographs of the surfaces of the layers
with the lowest and highest Si doping of
1 9 1018 cm�3 and 1.65 9 1019 cm�3 are depicted in
Fig. 7a, b as examples of the samples of the Si
doping series. The surfaces are very similar, with
some tendency for refined morphological features
with increasing doping level, although no indication
of crack formation during growth was found. In an
additional experiment, the thickness of the n.i.d.
GaN layer was reduced to about 9 lm before the
growth of a 1-mm-thick GaN layer with the highest
Si doping of 1.65 9 1019 cm�3 in order to verify the
role of the TDD reduction in the n.i.d. GaN layer.
The TDD after the growth of 9 lm GaN is still near
1 9 1019 cm�2. The corresponding surface shown in
Fig. 7c on the microscopic scale is similar to the
corresponding one in Fig. 7b but with multiple
cracks at and below the surface, mostly along
{1�100}.

Fig. 6. TDD from CL images and RC-FWHM at 002 and 302
reflection versus electron density. The dotted line indicates the TDD
level after growth of the n.i.d. GaN buffer layer. The dashed line
denotes extrapolated TDD for 1-mm-thick GaN layers with higher Si
doping, which crosses the dotted line at electron density of about
4 9 1019 cm�3.

Fig. 7. Optical micrographs of surfaces of 1-mm-thick, Si-doped GaN layers with Si content [Si] of 1 9 1018 cm�3 (a) and 1.65 9 1019 cm�3 (b,
c). The Si-doped layers are grown on top of n.i.d. GaN layers with thickness of 250 lm (a, b) and of only 9 lm (c).
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This result demonstrates the importance of a
sufficiently low TDD before introduction of Si
during the growth of GaN layers in order to avoid
tensile strain and cracking. The reduction of the
TDD during the growth of 225-lm-thick n.i.d. GaN
(which takes 30 min in our case) from about
1 9 109 cm�2 to 2.5 9 107 cm�2 was found suitable
for growth of high-quality Si-doped GaN layers of
1 mm thickness. Therefore, the growth of the
Si-doped GaN layer was prolonged to obtain a GaN
boule with a targeted free electron density of
1 9 1018 cm�3 (Fig. 8).

The GaN boule was sawn into eight c-plane slices
for comparison with former results for n.i.d. GaN
boules.27 No additional crack formation due to the
doping with Si was found, but the need for further
technological improvements already discussed in
Ref. 27 is obvious, i.e., prevention of crack propa-
gation from the sapphire substrate, enlargement of
the diameter, and optimization of growth conditions
to prevent degradation of the growth front in order
to increase the crystal length.

CONCLUSIONS

In this work an approach for Si doping of GaN in
HVPE for the growth of highly conductive, n-type
GaN boules which can serve for substrate fabrica-
tion is investigated. A commercial vertical reactor,
high growth rates above 300 lm/h, and diluted
dichlorosilane were used for the HVPE growth of
mm-thick GaN layers with Si uptakes from 1 9 1018

cm�3 to 1.65 9 1019 cm�3. The incorporation of ten-
sile strain was successfully avoided by prior reduc-
tion of the dislocation density to 2.5 9 107 cm�2 by
growth of a non-intentionally doped GaN layer of
about 225 lm on top of a starting GaN/sapphire
template. A high electrical activation of about 90% of
the incorporated Si resulted in free electron con-
centrations as high as 1.5 9 1019 cm�3. It is shown

that the resulting lattice constants are in good
agreement with the state-of-the-art lattice constants
of undoped GaN with differences less than 1 9 10�4.
However, it is also observed that, with increasing Si
incorporation above 2 9 1018 cm�3, the reactivity of
screw dislocations is reduced, which results in a slow
down of the reduction of threading dislocations with
thickness when the density of screw dislocations
becomes dominant. Therefore, with the used growth
conditions, an upper limit for reasonable use of Si
doping in boule-like GaN HVPE growth of about
4 9 1019 cm�3 can be predicted.
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