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Impact of substrate temperature on the incorporation of carbon-related
defects and mechanism for semi-insulating behavior in GaN grown
by molecular beam epitaxy

A. Armstrong
Department of Electrical and Computer Engineering, The Ohio State University, Columbus, Ohio 43210

C. Poblenz, D. S. Green, U. K. Mishra, and J. S. Speck
Materials Department and Electrical and Computer Engineering Department, University of California,
Santa Barbara, California 93106

S. A. Ringela�

Department of Electrical and Computer Engineering, The Ohio State University, Columbus, Ohio 43210

�Received 12 October 2005; accepted 2 February 2006; published online 24 February 2006�

The electrical conductivity and deep level spectrum of GaN grown by molecular beam epitaxy and
codoped with carbon and silicon were investigated for substrate temperatures Ts of 650 and 720 °C
as a function relative carbon and silicon doping levels. With sufficiently high carbon doping,
semi-insulating behavior was observed for films grown at both temperatures, and growth at Ts

=720 °C enhanced the carbon compensation ratio. Similar carbon-related band gap states were
observed via deep level optical spectroscopy for films grown at both substrate temperatures. Due to
the semi-insulating nature of the films, a lighted capacitance-voltage technique was required to
determine individual deep level concentrations. Carbon-related band gap states underwent
substantial redistribution between deep level and shallow acceptor configurations with change in Ts.
In light of a Ts dependence for the preferential site of carbon incorporation, a model of
semi-insulating behavior in terms of carbon impurity state incorporation mediated by substrate
temperature is proposed. © 2006 American Institute of Physics. �DOI: 10.1063/1.2179375�
Growth of high quality GaN:C films via rf plasma as-
sisted molecular beam epitaxy �MBE� under Ga-rich condi-
tions using CBr4 as the carbon source1 has lead to improved
high frequency performance of all-MBE AlGaN/GaN het-
erojunction field effect transistor �HFET� devices through in-
corporation of semi-insulating �SI� GaN:C buffer layers nec-
essary for sharp pinch-off.2 Along with the desired SI
behavior, however, carbon impurity incorporation may also
have inadvertent and potentially deleterious impact on device
performance. To emphasize SI behavior via carbon doping
while minimizing undesired effects, the overall impact of
carbon-related impurity states and, in particular, the precise
mechanism for SI behavior in MBE-grown GaN:C must be
understood as a function of growth conditions and doping
levels. To this end, a recent study of GaN:C:Si films grown
under similar conditions used for constituent SI GaN:C
buffer layers in HFET devices but at a reduced nominal sub-
strate temperature Ts=650 °C �to better facilitate carbon in-
corporation� found that SI behavior results from carrier com-
pensation by a carbon-related deep level and near-valence
band state.3 Yet AlGaN/GaN HFET structures are typically
grown at higher Ts due to improved structural properties and
reduced impurity incorporation, and sensitivity of preferen-
tial carbon band gap state incorporation to Ts can be ex-
pected. To optimize the use of GaN:C buffer layers in MBE-
grown HFET devices, this work extends the investigation of
carbon-related deep level activity to Ts that is directly com-
mensurate with device growth.

To focus on the role of carbon impurities in GaN, this
study compares the deep level activity of Schottky
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GaN:C:Si diodes grown by rf plasma-assisted MBE under
Ga-rich conditions using a CBr4 dopant source as a function
of substrate temperature. One series of samples �HT� was
grown at Ts=720 °C, which is typical for high performance
AlGaN/GaN HFET devices grown by MBE.2 Diode struc-
ture consisted of unintentionally doped GaN of 700 Å thick-
ness grown on a Lumilog two-step lateral epitaxial over-
growth template, followed by a 3800 Å n+-GaN:Si lateral
conduction layer, upon which was grown a 6200 Å
GaN:C:Si layer. Mesas were formed by reactive ion etching,
and a semitransparent Ni layer and a Ti/Ni/Al/Au stack
formed the Schottky and ohmic contacts, respectively. A pre-
viously studied series �LT� had a similar device structure but
was grown at Ts=650 °C.3 Within both series the �C� of each
film was systematically varied with respect to constant �Si�.
Table I summarizes the nominal doping levels for all the
samples. While the HT series has reduced �C� because the
higher Ts limits carbon incorporation, the same nominal
�Si� : �C� ratio is maintained for both series. The HT series

TABLE I. Nominal doping for all films.

Sample
�Si�

�cm−3�
�C�

�cm−3�

LT-LC 1�1018 5�1017

LT-MC 1�1018 1�1018

LT-HC 1�1018 5�1018

HT-LC 1�1017 5�1016

HT-MC 1�1017 1�1017

HT-HC 1�1017 5�1017

HT-AC ¯ 5�1017
© 2006 American Institute of Physics4-1
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also included a GaN:C film doped at 5�1017 cm−3 with no
silicon codoping �HT-ac�.

To determine the impact of Ts on carbon compensation
efficiency, the free carrier concentration n was determined
via capacitance-voltage �C-V� characterization. Films for
which �C�� �Si� proved to be n type, and those with �C�
� �Si� were fully depleted, regardless of Ts. However, as
shown in Fig. 1, n of the LT-MC and HT-MC films, for
which the �Si� : �C� ratios are nominally unity, were quite
different. The GaN:C:Si layer grown at Ts=720 °C was
fully depleted to the underlying n+-GaN:Si layer, whereas at
Ts=650 °C, n=2�1016 cm−3, indicating substantial yet in-
complete compensation of the Si donors at the lower growth
temperature. This finding suggests that growth at higher Ts
enhances the compensation factor of carbon and may favor
carbon incorporation at energy levels that more readily fa-
cilitate SI behavior.

To gain insight into the deep levels responsible for the
observed SI behavior, deep level optical spectroscopy4

�DLOS� was employed at 297 K using a quiescent bias of
−0.5 and 0 V fill pulse lasting 10 s. The DLOS spectra were
corrected for the photon flux profile of the optics system to
ascertain the spectral dependence of the optical cross-section
�0�h�� from which the optical ionization energy Eo and
Franck-Condon energy �dFC� were extracted. Complete de-
tails of the DLOS experiment are given elsewhere.4 Since the
spectral dependence of �0�h�� suffices to determine the sa-
lient deep level parameters, the DLOS spectra presented here
are offset to present the data clearly. DLOS spectra for fixed
Ts were similar for all �C� : �Si� doping ratios, so the data and
theoretical fits of the LT-MC and HT-MC samples, which are
representative of both series, are shown in Fig. 2�a�. Two

FIG. 1. Free carrier concentrations determined via C-V analysis for samples
HT-MC and LT-MC, both with nominal �C�= �Si�.

FIG. 2. �a� DLOS spectra of samples HT-MC and LT-MC along with theo-

retical fits. �b� Photocapacitance for samples LT-HC and HT-HC.
Downloaded 19 Mar 2006 to 128.111.179.10. Redistribution subject to
band gap states are discerned, one with a sharp onset and
another with a broad onset. The sharp �0�h�� spectral fea-
tures were fit with an expression appropriate for an effective-
mass like state.5 However, fitting the broader spectra re-
quired a more complicated formulation for �0�h�� involving
lattice-relaxation effects.4

Referring to Fig. 2�a�, the comparable spectral depen-
dence of �0�h�� from Ec−2.6 to 3.2 eV and 3.28 to 3.40 eV
evident for each Ts imply the presence of mutual carbon-
related band gap states. Extensive discussion of the LT series
has been provided in another publication,3 wherein the posi-
tions of these levels were determined to be at Ec−3.28 eV
�with negligible dFC� and Ec−3.00 eV �dFC=0.40 eV�. The
former was attributed to CN and the latter to a carbon-related
deep level, respectively, by, among other means, correlating
their concentrations Nt with �C�.3 DLOS analysis of the HT
series spectra finds the same Ec−3.28 eV state, but places
the deep level at Ec−3.19 eV �dFC=0.56 eV�. However, con-
sideration of lattice-relaxation effects suggests that the Ec
−3.00 and Ec−3.19 eV levels share a common defect source.
The �0.2 eV discrepancies between the fitted Eo and dFC
values can be attributed to variation in local atomic relax-
ation about the same carbon defect center arising from dif-
ferent growth conditions at the two substrate temperatures.
Indeed, close agreement between both deep level thermal
ionization energies, which is given as Eo−dFC and is not
sensitive to lattice-relaxation effects, supports their identifi-
cation with each other.

Of particular interest is the relative dependence of Nt on
Ts for these carbon-related band gap states. The photocapaci-
tance spectra of the LT-HC and HT-HC films �for which
�C� : �Si� � 5:1� shown in Fig. 2�b� suggest that Ts greatly
impacts the site selectivity of carbon between these band gap
states when carbon becomes the dominate impurity. The
LT-HC film exhibits comparable photocapacitance response
�C /C0 for both the deep level �with an onset near h�
=2.6 eV due to phonon-assisted photoionization� and the
Ec−3.28 eV state. Conversely, for the HT-HC film, the deep
level photocapacitance becomes negligible compared to that
of the shallow acceptor level. Thus, a significant redistribu-
tion of carbon is apparent between the near-valence band
acceptor and deep level when Ts is increased, with higher Ts
favoring the former.

While photocapacitance offers compelling qualitative
evidence that the Ec−3.28 eV deep level becomes dominate
for growth at Ts=720 °C, this technique does not provide
quantitative determination of Nt for the present case where
�C /C0�1 because this term is not proportional to Nt.

6 Vio-
lation of the small signal condition �C /C0�1 is typical of
highly compensated and SI semiconductors and signifies that
deep level photoionization induces a significant redistribu-
tion of the space charge in the depletion region. This is ex-
hibited for the HT-MC sample in Fig. 3�a�, which shows the
effective carrier concentration neff�h�� determined via C-V
profiling while the diode is illuminated with monochromatic,
subband gap light, i.e., lighted C-V �LCV�.7 Illuminating the
sample HT-MC with photons of energy h�=3.24 eV photo-
ionizes the deep level while leaving the Ec−3.28 eV state
fully occupied. Due to the relatively small Nt of the carbon
deep level in this film, the depletion region edge remains
fixed at the underlying highly doped GaN:Si layer and

neff�h�=3.24 eV� corresponds to the step in the Si doping.
 AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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Conversely, photoionization of the Ec−3.28 eV deep level
with h�=3.42 eV places the depletion edge well within the
otherwise fully depleted GaN:C:Si region, demonstrating
that the shallow acceptor concentration is much greater than
that of the deep level. Assuming complete photoionization
and no recombination in the depletion region, the increase in
neff�h��is equal to Nt. However, for h��Eg /2, where Eg is
the band gap energy, simultaneous electron and hole photo-
emission is possible for a deep level, leading to incomplete
photoionization.6 Thus, Nt measured here are a lower bound.
Taking n to be effectively zero in the GaN:C:Si layer with-
out illumination, �Ec−3.28 eV�	neff�h�=3.42 eV�=3.9
�1016 cm−3. Due to their inclusion in HFET devices, it is of
interest to address the role of carbon in films grown at Ts
=720 °C without Si codoping, i.e., HT-ac. Figure 3�b� shows
LCV scans for the HT-ac sample, where again photoioniza-
tion of the Ec−3.28 eV deep level alone affects the space
charge of the GaN:C layer, implying that the carbon deep
level concentration is negligible.

The implications of differing carbon incorporation as a
function of Ts are now considered in terms of the mechanism
for SI behavior in carbon-doped GaN grown by MBE under
the present conditions. When carbon becomes the dominant
impurity, the data point to a trend where growth at Ts
=650 °C favors carbon incorporation as a deep level with
comparable �Ec−3.28 eV�, whereas the Ec−3.28 eV state
becomes the primary carbon band gap state for Ts=720 °C.
For the latter case, dominance of the near-valence band ac-
ceptor state, combined with the lack of p-type behavior for
�C�� �Si�, suggests that the CGa donor level, which density
functional theory calculations place near Ec−0.2 eV,8 may
also form with appreciable concentration. Such a donor level
lying close to Ec is well above the Fermi level �EF� of a SI
film and might not be observed via capacitance spectroscopy
techniques. This scenario implies that for growth at T

FIG. 3. Lighted C-V scans for �a� sample HT-MC and �b� sample HT-ac.
s
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=720 °C, SI behavior results from EF pinning via autocom-
pensation by CN acceptor and CGa donor states, as suggested
for GaN:C:Si films grown by metal organic chemical vapor
deposition.8 This contrasts with the mechanism for SI behav-
ior in GaN:C:Si films grown under the present conditions at
Ts=650 °C, where direct carrier compensation by both the
Ec−3.00 and 3.28 eV levels effects SI behavior.3

In summary, the electrical conductivity and deep level
spectra of GaN:C:Si films grown via MBE at Ts=650 and
720 °C were compared as a function of relative �C� : �Si�
doping levels. Semi-insulating behavior was achieved at both
Ts for sufficiently high �C� : �Si� ratio, but films grown at
Ts=720 °C exhibited SI behavior at lower �C� : �Si� doping
ratios. Similar deep level spectra were evident for films
grown at both Ts, though substantial redistribution of carbon-
related band gap states was observed. While carbon appears
to readily incorporate as both a deep level and shallow ac-
ceptor in films grown at Ts=650 °C, there is negligible
carbon-related deep level concentration compared to that of
the shallow carbon acceptor for films grown at Ts=720 °C.
This finding implies that the mechanism for SI behavior in
MBE-grown GaN:C:Si films for the present growth condi-
tion is sensitive to Ts, wherein films grown at the lower Ts
achieve SI behavior via direct carrier compensation, while
the mechanism for SI behavior for the higherTs appears to be
EF pinning via autocompensation of substitutional carbon
donor and acceptor states.
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