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Growth and Properties of Intentionally Carbon-Doped

GaN Layers

Eberhard Richter,* Franziska C. Beyer, Friederike Zimmermann, Giinter Gdrtner,
Klaus Irmscher, lvan Gamov, Johannes Heitmann, Markus Weyers, and Giinther Tréinkle

Carbon-doping of GaN layers with thickness in the mm-range is performed by
hydride vapor phase epitaxy. Characterization by optical and electrical
measurements reveals semi-insulating behavior with a maximum of specific
resistivity of 2 X 10'° Q c¢m at room temperature found for a carbon
concentration of 8.8 X 10'® cm~3. For higher carbon levels up to 3.5 x 10'°
cm—3, a slight increase of the conductivity is observed and related to
self-compensation and passivation of the acceptor. The acceptor can be
identified as Cy with an electrical activation energy of 0.94 eV and partial
passivation by interstitial hydrogen. In addition, two differently oriented
tri-carbon defects, Cy-a-C,-a-Cy and Cy-a-C,-c-Cy, are identified which
probably compensate about two-thirds of the carbon which is incorporated in

excess of 2 x 10" cm—3.

1. Introduction

Gallium nitride is a semiconductor commercialized in light-
emitting devices and used in upcoming microwave and power
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devices.l!l Especially in the latter, carbon
as impurity or as intentional dopant
plays an important role for the device
performance and reliability. Carbon is
incorporated as an impurity due to the
metalorganic sources in metalorganic
vapor phase epitaxy (MOVPE) which is
often employed for the growth of device
layer structures.? Its control is crucial for
layers with low doping levels and nonuni-
form incorporation of carbon can reduce
the breakdown voltage of electronic
devices dramatically.>-® Carbon is sus-
picious to be related to current collapse
and dispersion in transistors when used
intentionally in highly resistive buffer
layers.”# Thus, the electronic properties
of carbon in GaN remain of high interest. Hydride vapor
phase epitaxy (HVPE) and molecular beam epitaxy (MBE) are
techniques which are inherently carbon-free and carbon incor-
poration is therefore minimized. They allow for the investigation
of intentional carbon doping without interference from unin-
tentionally incorporated carbon. Doping of GaN with propane in
HVPE revealed that carbon together with oxygen and hydrogen
results in at least two transitions of yellow defect luminescence
(YL) with a deep acceptor involved.”) An investigation in rf
plasma-assisted MBE with CBr, as carbon source revealed
that carbon in concentrations up to 10" cm™ has no negative
influence on structural properties of GaN but compensates
Si donors.' Ab initio DFT calculations and comparison with
experimental data from carbon doping in MOVPE suggested the
occupation of a nitrogen place by carbon Cy being an acceptor
as energetically most probable for an excess of donors but
self-compensation due to uptake of carbon on gallium sites C,
or as interstitials C; would be also probable.'!l Most of these
early findings while still valid in principle have been refined in
the last decade. Today, there is consensus that Cy forms a deep
acceptor with an electrical activation energy of about 0.9 eV and
recently p-type conductivity at temperatures above 350 °C in
C-doped GaN grown by HVPE with methane as doping source
was reported.'213] The origin of the blue luminescence (BL2) at
3 eV is assigned to an interstitial hydrogen atom H; bond to Cy
or an O Cy complex and the yellow luminescence YL at 2.25 eV
to the Cy or O\ Cy itself."*15] However, theoretical predictions
assume Oy C, as energetically less favorable and even C; as
rather improbable under most experimental conditions, whereas
Cy and Cy-H; should form a deep acceptor and a neutral center
(hydrogen passivated Cy) and are responsible for YL and BL2.11%

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fcrat.201900129&domain=pdf&date_stamp=2019-10-22

ADVANCED
SCIENCE NEWS

CRYSTAL
Research&Technology

www.advancedsciencenews.com

Carbon on Ga site C, is predicted under N-rich growth condi-
tions for the case that the Fermi level is below 2 eV.['®l This could
occur in vapor phase epitaxy or N-rich MBE due to Fermi level
pinning at 0.9 eV in case of high acceptor concentrations, for
example, after incorporation of a sufficiently high level of Cy. C,
is predicted to be a shallow donor and therefore is a candidate
for self-compensation. The discussion about the details of these
models and the conclusions has not been finished yet and parts
of the picture of incorporation of carbon and its role in GaN are
still incomplete and become more important again with improv-
ing material quality and new applications. Thus, new theoretical
investigations include not only single carbon configurations
Cyx» Cc,, and C; but also complexes between them.” C-C,
complexes were predicted to occur with a bond parallel to the
caxis (Cy-c-Cg,) and with a bond nearly perpendicular to the
c-axis (Cy-a-Cg,) with similar formation energies and a neutral
charge state for E; > 0.52 eV. Traps related to carbon and its
complexes are discussed and vibrational frequencies for possible
C,, C;-Cy, and C;-C, are given.'2l Furthermore, complexes of
carbon with oxygen, hydrogen, and silicon are discussed and
their vibrational frequencies are predicted by Matsubara and
Bellotti.'”) Carbon incorporation takes places at the growing
surface. Thus, it will be governed by surface states and associated
with this by the position of the Fermi level at the surface. There
are some theoretical studies on surface states of nitride surfaces
and also a recent paper on the impact of the surface structure on
carbon incorporation.l'*201 However, the latter study is limited
to potential incorporation sites for a single C atom. In this work,
thick GaN layers were grown by HVPE and intentionally doped
with carbon with the objective to identify the occupation site of
carbon or its complexes experimentally. We have only studied
the final balance of Cy and Cy-Cc,-Cy complexes and their con-
figuration in the bulk. Since we have not performed extensive
parameter studies, no conclusion on the mechanism leading to
the formation of the Cy-Cc,-Cy complexes can be drawn except
for the trivial statement that the probability for formation of such
complexes increases with increasing C uptake. Two vibrational
modes were found which are similar to the one of the tri-carbon-
defect found previously in AIN.!U Experimental evidence is
given for the existence of two configurations of tri-carbon defects
in GaN involving C¢, which occur at a significant level and are
candidates for the observed self-compensation during C doping
of GaN.

2. Experimental Section

The growth of GaN layers by hydride vapor phase epitaxy (HVPE)
was performed on templates grown by metalorganic vapor phase
epitaxy consisting of 3.8 pum thick GaN layers on (0001) oriented
sapphire substrates of 2 in. in diameter with a 0.2° miscut toward
(1100). The HVPE growth process was the same as described be-
fore with additional injection of pentane as doping source.l?? Lig-
uid pentane (electronic grade, Dockweiler Chemicals) in a bub-
bler has been attached like a conventional metalorganic doping
source to the gas mixing system and was transported by hydro-
gen as carrier gas. A vapor pressure of 308 hPa was calculated at
5 °C. Amounts of 8, 17, 69, 181, 272, 576, and 1033 pumol min~!
pentane were injected into the group III precursor stream in the
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reactor after the formation of GaCl from metallic Ga and HCI but
before mixing with the group V source ammonia at the substrate
surface. Thus, the III/IV ratio is constant at the reaction front
which results in laterally uniform doping of the GaN layer. Fi-
nally, for some experiments, the pentane bubbler was substituted
by two connected butane gas cylinders, one isotopically enriched
with 1¥C (Sigma Aldrich, Butane 13C4 (Gas) 99%), the other with
the natural isotopic abundance of carbon (Butane 12C4 (Gas)
99%). Each cylinder had a volume of 0.5 1 and an initial pres-
sure of about 1500 hPa. The decreasing pressure during opera-
tion was measured by the pressure controller of the doping line
and the input flow rate by the injection mass flow controller. In
this way, the carbon-doping from butane was established and a
GaN layer doped with *C was realized. Ga crucible and gas inlets
were made from pBN to minimize Si incorporation with back-
ground Si levels below 10'® cm=3. Each layer was grown in the
same sequence as follows: A non-intentionally doped GaN layer
was grown at a rate of about 450 pm h~! at 990 °C for 30 min
(225 pm) followed by a temperature ramp over 5 min and growth
of the C-doped GaN layer at a rate of about 400 pm h~! at 1010 °C
for 150 min resulting in a layer thickness of 1 mm. The growth
was prolonged in one case for 10 h to achieve a 4 mm thick crys-
tal from which an a-plane oriented sample was cut out with a
wire saw. All layers separated from the sapphire substrates spon-
taneously after cool-down due to the large difference of the ther-
mal expansion coefficients. Samples were diced and polished to
remove the initial n.i.d. GaN layer completely. Finally, subsurface
damage was removed by ICP etching of about 7 pm at each side.
This yielded c-plane oriented samples of 10 mm X 5 mm X 0.5
1 mm and of 8 mm X 8 mm X 0.5-1 mm for optical and elec-
trical measurements. The size of the a-plane sample was 5 mm
X 4 mm X 0.3 mm. Secondary ion mass spectrometry (SIMS)
was performed for [12C], [1*C], [O], [H], and [Si].?}] X-ray rock-
ing curves were recorded as omega-scans with an open detector
using an X'Pert Pro from Malvern Panalytical at the reflection
planes (0002) and (3032), called 002 and 302 reflections in the fol-
lowing. A panchromatic cathodoluminescence plan-view image
was used to determine the threading dislocation density quanti-
tatively. 26 scans were performed in triple-axis geometry at the
004 and 006 reflections to determine the lattice constant ¢ and
at the reflections 105, 106, 204, and 205 to determine the lattice
constant a according to the Fewster method.?*?5! The residual
strain in the free-standing GaN layers was estimated using the
lattice constants ¢, = 0.518523 nm and a, = 0.318926 nm.l At
the corners of the squared samples, V/Al/Ni/Au contacts with a
size of 0.8 mm x 0.8 mm were prepared and subsequently an-
nealed with RTA at 380 °C for 3 min. Conductivity and Hall ef-
fect measurements up to 500 °C were performed using a Keith-
ley K925B system and a Lakeshore temperature stage. Photolu-
minescence (PL) investigations were performed at 20 K in the
wavelength range from 340 to 1100 nm using a 325 nm HeCd
laser with an excitation power density of about 0.85 W cm™2, a
0.5 m grating monochromator, and a Si-CCD detector. All spec-
tra were corrected for the spectral response of the PL setup. UV
illumination was realized by continuous exposure with the excit-
ing laser in order to discriminate between different defects in-
volved in the PL. Fourier-transform infrared (FTIR) absorption
measurements over a large range at 80 K were performed with
spectrometers Bruker Tensor 27 (7500-370 cm™! with maximum
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Figure 1. Concentrations of carbon, oxygen, and silicon in C-doped GaN
layers measured by SIMS versus the input mole fraction of pentane.

resolution of 1 cm™') with a resolution of 2 cm~'. Additional FTIR
measurements were performed with a Bruker vertex 80v in the
range of 1600-1800 cm™! with 0.5 cm™ resolution at room tem-
perature. Polarization dependent measurements were performed
with a holographic wire grid polarizer on a KRS-5 substrate and
a HgCdTe detector.

3. Results and Discussion

The GaN layers were all transparent and appeared colorless for
non-doped, light-grey for the lowest carbon concentration, and
increasingly green with increasing carbon uptake. The back-
ground impurities C, O, and Si in the non-doped GaN layer were
found to be below the detection limits (Figure 1) of the used
SIMS. In the case of the GaN layers doped from pentane, oxygen,
and silicon could be detected slightly above the detection limits
(Figure 1) and hence it is assumed that traces of Si and O were
introduced from the pentane source. Hydrogen is at a level of 1 x
10" cm~3 for non-doped GaN layers and was found to increase to
6 x 107 cm™ for [C] of 8.8 X 10'® cm~3 and to 8 X 10" cm™ for
[C] of 3.5 x 10! cm~3. The carbon concentration increased pro-
portional to the pentane supply and a maximum uptake of 3.5 x
10" ¢cm~2 was achieved (Figure 1).

In Figure 2, it can be seen that the lattice constants are un-
changed over the entire doping range and the layers have no or
only very little strain. The FWHM of X-ray rocking curves for the
reflections 002 and 302 of the non-doped GaN layer and the vari-
ous C-doped GaN layers are compared in Figure 3. The FWHM at
002 is typically lower than the one at 302 in all of our non-doped
GaN layers. Interestingly, this is opposite for all of our C-doped
GaN layers which may support the findings of Sang et al.bl In
our case, minimum values of the FWHM of both reflections were
observed for a carbon concentration around 2 X 10'® cm™3 with
similar FWHM in 002 and lower FWHM in 302 reflection. Above
this carbon concentration, a slow but continuous increase of the
FWHM with carbon uptake is observed for both reflections. It
is worth mentioning that the FWHMs of the used GaN/sapphire
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Figure 2. In-plane and out-of-plane strain ¢,, and ¢,, of the c-plane GaN
layers without carbon doping (at the detection limit of 2.3 x 10’6 cm™3)
and with carbon doping from pentane determined by X-ray diffraction. Ref-
erence lattice constants are taken from Darakchieva et al.[2¢]
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Figure 3. Full width at half maximum (FWHM) of X-ray diffraction rock-
ing curves at the symmetric 002 reflection at the (0002) plane and the
skew-symmetric 302 reflection at the (3032) plane. Note the minimum of
FWHM for both reflections is not found for the non-doped layer but for
the one doped with 2 x 10" cm~3 carbon.

template are larger, that s, typically around 250 arcsec for the 002
reflection and around 350 arcsec for the 302 reflection. Hence, us-
ing the FWHM as a measure of crystal quality, the crystal quality
of the HVPE-grown GaN layers was found to be improved in com-
parison to the starting MOVPE-grown GaN layer for all carbon
doping levels. At [C] of about 10'® cm~3, the FWHMs are equal or
narrower compared to the non-doped GaN layer. In terms of den-
sity of the threading dislocations (TDD), it can be estimated from
the FWHM, that the TDD is reduced by one order of magnitude
over 1 mm GaN layer thickness.??”) Counting the dark spot den-
sity in cathodoluminescence images of the non-doped sample,
a threading dislocation density of 1 X 107 cm™? was determined
(Figure 4).
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Figure 4. Cathodoluminescence micrograph recorded at the surface of the
non-doped GaN layer with dark spots revealing a threading dislocation
density of 1x 107 cm~2.
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Figure 5. Photoluminescence spectra of the non-doped and C-doped GaN
layers of this work.

It can be stated that the carbon doping of the samples in this
work had no impact on the lattice constants of GaN and did not
deteriorate the structural quality of the GaN layers. In contrast, it
seems that moderate carbon doping may even improve the crys-
talline quality probably by stronger reduction of the edge disloca-
tion density compared to the non-doped case.

In Figure 5, the photoluminescence spectra of the different
samples including the non-doped GaN layer are shown. In case of
the non-doped layer, near-band-edge (NBE) luminescence such
as distinct transitions due to excitons, transitions from two-
electron satellites, and DAP transitions can be observed as dis-
cussed already in detail by Freitas et al. for a similar non-doped
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Figure 6. Photoluminescence spectrum of the defect luminescence of a
C-doped GaN layer and its evolution during 30 min of UV illumination.

GaN layer.?® In addition, green defect luminescence around 2.4
eV can be observed which is discussed by Reshchikov et al. as a
typical GL1 feature of non-intentionally doped HVPE-grown GaN
layers.'® Its origin is still under discussion.’! In the C-doped
GaN layers, the defect luminescence changes and is dominated
by a blue BL2 band at 3.0 eV and yellow band at 2.25 eV called
YL1 according to Reshchikov et al.') If this assignment is correct,
then in typical carbon-doped GaN, a change of the intensities be-
tween the YL1 and BL2 should be observable in case of UV illu-
mination due to the dissociation of Cy-H,.'* The NBE lumines-
cence in the carbon-doped GaN layers is strongly decreased for
the lowest intentional carbon doping of 10" cm™ and vanishes
completely for the higher carbon doping levels. This observation
agrees with earlier reports for semi-insulating GaN.l'% As shown
in Figure 6, the expected bleaching behavior of the BL2 could be
observed for illumination with UV light for 30 min. The YL1 band
increased reversibly on cost of the BL2 due to the dissociation of
hydrogen from Cy as expected. The semi-insulating electrical be-
havior could be verified by conductivity measurements as shown
in Figure 7.

The Hall-effect measurements were complicated by changing
signs of the Hall constant during the measurement indicating
highly compensated material with low carrier mobility. There-
fore, in contrast to the doping with Fe which traps electrons,??
no serious statement about the charge carrier density and the re-
sulting charge carrier type was possible here. That means, how-
ever, that a part of the electrical active carbon or a directly related
defect is incorporated as an acceptor and another part or a di-
rectly related defect of approximately the same amount must be
incorporated as a donor with a similar activation energy. The ob-
servation cannot be explained by passivation of C acceptors by
hydrogen because the hydrogen concentration was found to be
less than 10% of the carbon concentration. Interestingly, the re-
sistivity does not increase continuously with the carbon concen-
tration but seems to have a maximum below 1 X 10" cm=3, that
is, the ratio of acceptors and donors seems not be constant but
depends on the carbon concentration. The activation energy of

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7. Temperature-dependent measurements of resistivity for C-
doped GaN samples with carbon concentrations between 1.9 x 10'® cm—3
and 3.5 x 10'° cm~3.
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Figure 8. FTIR absorption spectrum recorded at 80 K for the GaN sample
with a carbon concentration of 8.8 x 108 cm=3.

the acceptor was determined from the temperature dependence
of the resistivity to 0.94+/—-0.1 eV (Figure 7). The extrapolated
maximum of the specific resistivity at room temperature is 2 X
10° Q cm.

An FTIR absorption measurement at 80 K over a wide fre-
quency range is depicted in Figure 8. The broad high signal in
the range from about 450 to 800 cm™! is assigned to one-phonon
absorption. On its high-energy flank, a narrow peak at 777.5 cm™!
can be seen which was already assigned as the local vibrational
mode (LVM) of the substitutional carbon acceptor Cy on nitro-
gen site.’% A next broad band from 1100 to 1400 cm™! can be
assigned to combination absorption. But then, at 1679 cm™! and
at1718 cm™, two additional peaks occur which are similar to the
LVM of the tri-carbon defect found in AIN.2!

These two peaks at 1679 and 1718 cm™! were investigated in
more detail. It was found that they increase in intensity with
the concentration of carbon and it could be estimated that these
defects occur with a density of the same order of magnitude like
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Figure 9. The axial tri-carbon defect Cy-a-Cg,-c-Cy with the LVM at 1718
cm™! (a) and the basal tri-carbon defect Cy-a-Cg,-a-Cy with the LVM
at 1679 cm™' (b) are shown schematically with indication of the electric
dipole moments p of the anti-symmetric stretching modes.

the overall carbon concentration measured by SIMS.! Polariza-
tion dependent FTIR measurements allowed to distinguish the
two tri-carbon defects illustrated in Figure 9 crystallographically.
The axial defect Cy-a-Cg,-c-Cy which contains a Cg,-Cy bond
parallel to the c-axis shows a maximum of absorption for the
E-vector oscillating parallel to the c-axis whereas the basal defect
Cy-a-Cg,-a-Cy which contains only bonds nearly perpendicular
to c-axis shows its maximum of absorption for the E-vector
oscillating perpendicular to the c-axis.?!! By rotating the polariza-
tions by 90°, the LVM intensity of the axial defect configuration
attains a minimum of one-fourth of the maximum, while that of
the basal defect configuration vanishes. This is understandable
from the directions of the electric dipole moments (shown in
Figure 9) characterizing the anti-symmetric stretching modes
of both tri-carbon defect configurations (note: the directions
of the electric dipole moments do not coincide with bond
directions).

Finally, c-plane samples doped with the *C isotope were pre-
pared because a change of the mass changes the oscillator fre-
quency and therefore should shift the position of the LVM ab-
sorption lines. The frequency reduction expected for a complete

0.25
GaN:'?C

axial

GaN:"®c

020 axial

basal

0.15

0.10

Absorbance

0.05

0.00 |

1650 1700 1750

Wave number (cm™)
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Figure 10. FTIR absorption spectra recorded at room temperature from
two GaN layers doped only by 2C with the LVMs at 1679 and 1718 cm™!
and doped only by 3C with shifted LVMs to 1615 and 1651 cm™".
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exchange of the 12C atoms by *C by a factor of (12/13)"/2 = 0.96
is in full agreement with the observed shifts of the two LVMs
from 1679 to 1615 cm™! and from 1718 to 1651 cm™?, respec-
tively, as shown in Figure 10. This strongly supports the made
assignments for the found defects.

4, Conclusions

GaN layers were grown by HVPE and doped with carbon us-
ing either pentane or, for layers intentionally doped with the iso-
tope 13C, butane. Carbon concentrations up to 3.5 x 10* cm™3
were realized and no detrimental impact on structural properties
could be found. Photoluminescence revealed signatures which
are quite characteristic for carbon-doped GaN of high quality.
Bleaching of the BL2 under UV light was assigned to dissociation
of interstitial hydrogen bound to carbon substitutionally incorpo-
rated on nitrogen site Cy. The substitutional incorporation on ni-
trogen sites Cy was verified and here carbon acts as an acceptor.
Passivation of Cy by hydrogen takes place but was limited here to
below 10% of the overall carbon concentration. The C-doped GaN
layers were found to be highly resistive with a maximum specific
resistivity of 2 X 10 Q c¢m at room temperature for a carbon
doping of nearly 10" cm=3. For carbon concentration above 2 X
10'® cm™ the onset of self-compensation was observed which is
accompanied by appearance of additional features in FTIR ab-
sorption at 1679 and 1718 cm™!. These can be assigned to the
two tri-carbon defects Cy-a-Cg,-c-Cy, oriented parallel to the c-axis
and Cy-a-Cg,-a-Cy perpendicular to the c-axis. Donors in form of
carbon atoms substitutionally incorporated on gallium sites C,
are assumed to be a reason for self-compensation. The two tri-
carbon-defects form with a density that makes them candidates
to explain the observed self-compensation at high carbon incor-
poration. It is known that the incorporation of carbon strongly
depends on growth conditions. Therefore, it is interesting to
note that the characteristic LVMs of the described tri-carbon-
defects had already been seen before in GaN layers with high car-
bon content without their origin being identified. Hao et al. ob-
served these LVMs already in 1999 in carbon-rich GaN grown by
sublimation.? Ito et al. observed these LVMs in MOVPE-grown
GaN layers in case of intentional carbon doping and already sus-
pected a relation to the carbon dopant.?®! Therefore, there is no
doubt that the findings here are applicable to carbon-doped GaN
layers grown by other techniques. The findings indicate that dop-
ing with carbon for devices can be delicate. Recent findings even
show that the intrinsic incorporation of carbon in GaN may not
be stable and changes of lattice places from Cy to Cg, may take
place even at growth temperatures.?®! From the complexity of
the role of carbon in GaN, one may conclude that iron could be
the generally better choice to achieve semi-insulating behavior in
GaN, because it is incorporated at a unique lattice site as Fe, be-
ing an acceptor about 0.6 eV below the conduction band.?*! How-
ever, also iron has its challenges because diffusion of iron from
iron-doped GaN to non-doped GaN layers during MOVPE was
observed.? Thus, the right choice of the dopant may strongly
depend on the application and the right choice of growth pro-
cedure. The above findings are also of technological importance
because they provide guidelines for optimization of intentionally
carbon-doped semi-insulating GaN layers.
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