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Unambiguous Identification of Carbon Location on the N Site in Semi-insulating GaN
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Carbon (C) doping is essential for producing semi-insulating GaN for power electronics. However, to
date the nature of C doped GaN, especially the lattice site occupation, is not yet well understood. In this
work, we clarify the lattice site of C in GaN using polarized Fourier-transform infrared and Raman
spectroscopies, in combination with first-principles calculations. Two local vibrational modes (LVMs) at
766 and 774 cm~! in C doped GaN are observed. The 766 cm™! mode is assigned to the nondegenerate A,
mode vibrating along the ¢ axis, whereas the 774 cm~! mode is ascribed to the doubly degenerate E mode
confined in the plane perpendicular to the ¢ axis. The two LVMs are identified to originate from isolated Cy
with local C5, symmetry. Experimental data and calculations are in outstanding agreement both for the
positions and the intensity ratios of the LVMs. We thus provide unambiguous evidence of the substitutional
C atoms occupying the N site with a —1 charge state in GaN and therefore bring essential information to a

long-standing controversy.
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Semiconductors have to be doped with impurities to
engineer new and improved properties. For instance, GaN,
which represents today an extremely important semicon-
ductor family, has a wide range of modern applications,
including light-emitting diodes [1], laser diodes [2], and
power electronics [3]. While p-type and n-type GaN for
optoelectronic devices are achieved with dopants of Mg
and Si, respectively [4,5], semi-insulating GaN, as a core
component of power electronic devices, is usually achieved
by carbon (C) doping [6]. However, the doping behaviors,
especially the lattice site occupation of C in GaN, still
remain in debate. As a group IV element, C is amphoteric in
GaN, i.e., it may occupy either Ga site to form Cg, or N site
to form Cy, and they can also coexist with each other,
individually or forming complexes with other defects
[7-12]. However, there is so far no direct experimental
evidence for the lattice site of C in GaN, partially due to a
lack of effective characterization methods, despite the fact
that the identification of the lattice location of Mg in GaN
has made great progress recently [13]. As a result, there are
lots of controversies about C related defects and their roles
in electrical and optical properties. For example, the origin
of the semi-insulating characteristic in C doped GaN, being
attributed either to the compensation through Cy acceptor
states alone [7,14], or to the self-compensation through
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interplay between Cy and Cg, states, still remains a puzzle
[9,15-17]. Understanding those two origins is crucial not
only for defect physics but also for reducing the current
collapse effect which is the fundamental bottleneck for
today’s GaN power electronic devices [6,17]. Referring to
the optical properties related to C doping, whether the
isolated Cy or Cn-Oy complex that contributes to the long-
standing problem about the origins of the GaN yellow
luminescence (YL), has still been a subject of controversy
even very recently [10,18]. As such, there remain con-
troversial for the C related defects in GaN although they
have been investigated for more than 20 years. All those
unsolved problems require an unambiguous identification
of the lattice location of C impurity in GaN.

Localized vibrational modes (LVMs) provide detailed
insight into the physical properties of light impurities doped
in semiconductors. C related LVMs have been reported
for a number of cubic semiconductors such as GaAs [19],
InAs [20], and InP [21]. However, spectroscopic studies on
LVMs of C incorporation in wurtzite GaN have not been
explored intensively [22-24]. The main reason is that the
wurtzite GaN and the commonly used sapphire substrate
exhibit strong Reststrahlen-related band, which obscures
many LVMs of dopants in GaN from infrared transmission
experiments [25,26]. Some simple assignments of the
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single mode in the range of 770-780 cm™! in C doped GaN
in recent literatures [23,24] were still inconclusive, as being
a lack of clarification of the symmetry and belonging
phonon mode of the LVMs, and fewer number of the LVM
modes they observed.

In this Letter, we report an unambiguous evidence of
isolated Cy in GaN with C5, point group. Polarization-
resolved Fourier-transform infrared (FTIR) and Raman
spectroscopies reveal two LVMs of C in GaN for the first
time. The position and Raman intensity under specific
polarizations of the LVMs are all in excellent agreement
with the theoretical results. Our data and analysis thus yield
a complete and clear picture of the vibrational properties of
substitutional C on the N site with —1 charge state in GaN.

The investigated C doped GaN layers were grown on
top of AIN/AlGaN transition layers on p-type Si (111)
substrates by metal organic chemical vapor deposition
(MOCVD). The C incorporation in the GaN layer
(~4 pm) was achieved by intrinsic doping technique and
the concentration was determined by secondary ion mass
spectrometry (SIMS) analysis. Three GaN samples with C
concentrations of 3 x 10'°, 2 x 10'®, and 9 x 10!° cm™3
were investigated. The samples were found to be semi-
insulating, except the first one exhibiting n-type behavior.
FTIR reflection measurements were carried out using a
vacuum spectrometer (Bruker IFS-66V) with resolution
of 0.25 cm™! on the infrared beamline (BLO1B) at the
National Synchrotron Radiation Laboratory of China.
Raman spectroscopy was performed with a backscattering
geometry using a laser with wavelength of 532 nm.
First-principles calculations were carried out, as imple-
mented in the PWmat [27,28], in which the electronic
interactions are described by the ultra-soft pseudopotential
(USPP) [29], and the local-density approximation (LDA)
[30] was employed for the exchange-correlation potential.
A 4 x4 x2 supercell with 128 atoms was used for the
simulation of the C related defects. All the crystal structures
are fully relaxed with the mesh of a 1 x 1 x 1 k-point grid,
and the force criteria were 0.001 eV A~!. We carried out
the calculation using the combined dynamic matrix (CDM)
method as described in Refs. [31,32] to get the phonon
modes and phonon density of states (DOSs) of the defects.

Figure 1(a) shows the nonpolarized FTIR spectra (near
normal incident) at 5 K of C doped GaN films with different
C concentrations. Besides an absorption peak (reflection
dip) of A; (LO) mode at 738 cm™!, two new peaks located
at ~769 (denoted as w,, and shifted to 768 cm™' at room
temperature) and ~777 cm~! (denoted as w,, and shifted to
775 cm™! at room temperature) are resolved from heavily
C doped GaN films. With increasing C concentration, the
intensities of both peaks increase, suggesting that the
two peaks are related to the incorporation of C in GaN
and most likely the C related LVMs. Raman spectroscopy is
also performed to compensate well with the IR results, as
revealed in Fig. 1(b). For the heaviest doped GaN, we can
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FIG. 1. (a) FTIR reflectance spectra (5 K) of C doped GaN
layers with different C concentrations. The inset is the enlarged
line showing @, and w,. (b) Raman spectra of C doped GaN
layers with different C concentrations.

also clearly observe two sharp peaks at 766 and 774 cm™!,
which decorated on the high-frequency shoulder of the A,
(LO). The frequencies of these two distinct peaks observed
in the Raman spectra agree well with those observed in the
FTIR spectra, so we also denote them as w; and w,.

To obtain further information on the symmetry of the
LVMs, polarized FTIR spectroscopy is investigated for
the heaviest C doped GaN. Figure 2(a) displays the
p-polarization spectra at various incident angles ¢. In this
case, E can be decomposed to a vector parallel to the ¢ axis
and the other one perpendicular to it, both of which vibrate
in the incident plane. At near normal incident angle
(13°, ~E_L¢), the spectra reveal only intense w, mode.
When increasing ¢, the intensity of @, decreases while @,
gradually increases. Finally, at the grazing incident angle
(83°, ~E/ /c), the intensity of the two modes is comparable.
Figure 2(b) shows the case of the s polarization (E_Lc). We
can find that only the sharp @, mode is clearly observed,
regardless of angles of incidence ¢. Figure 2(c) displays the
integral intensity of the two LVMs as well as A; (LO) as a
function of the polarization angle 6. In order to see more
clearly, we choose the case of near normal incident angle
for m, as well as A; (LO) and the case of grazing incident
angle for w;. When tuning 0 from 0° to 90° and finally
to 180°, one can find that w, shows intense absorption with
its intensity being independent on 6. Thus, according to
Figs. 2(a)-2(c), we could attribute @, to the vibration
perpendicular to the ¢ axis with no polarization depend-
ence. For wy, it shows strong polarization dependency with
the strongest intensity appearing in the p polarization. On
the basis of those polarization behaviors, we assign w; to a
vibration parallel to the ¢ axis.

Polarization-resolved Raman spectroscopy is also con-
ducted. Figure 3 shows the Raman spectra in z(xx)z and
Z(xy)z configurations, as well as nonpolarized configura-
tion. In the nonpolarized configuration, both @w; and @, are
activated simultaneously. The baseline of the two peaks is
subtracted and the ratio of their Raman integral intensity is
about 2.2: 1.0. In the Z(xx)z configuration, @, as well as w,
are activated simultaneously, but the intensity of @, is
relatively weaker. The ratio is calculated to be about
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FIG. 2. FTIR reflectance spectra on the heaviest (9 x 10!° cm™) C doped GaN in the (a) p-polarization, (b) s-polarization
configuration with different incident angles ¢. (c) Intensity of @, and A; (LO) with near normal incident angle as well as w; (x2) with
near grazing incident angle as a function of the polarization angle 6, with 0° denoted to E vibrating in the incident plane and 90°

vibrating perpendicular to the incident plane.

4.3:1.0. However, in the Z(xy)z configuration, the situation
changes drastically and the spectrum shows @, alone. The
weak signal of A; (LO) is just due to the imperfect polarizer
and it should be absent under ideal conditions. Therefore, it
can be concluded from the polarized Raman spectra and
FTIR spectra that w; vibrates along the ¢ axis with
polarization similar to that of A; (LO), while w, vibrates
perpendicular to the ¢ axis with polarization similar to that
of E, in the host GaN.

The most likely C related defects in semi-insulating
GaN systems are Cy, C¢,, and Cy — O, considering the
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FIG. 3. (a) Room temperature Raman spectra of the heaviest C
doped GaN film in the nonpolarized, Z(xx)z and Z(xy)z con-
figurations. The inset is the enlarged fitting curves (with baseline
subtraction and normalization) of LVMs in the nonpolarized and
Z(xx)z configurations.

formation energies of those defects are relatively low when
the Fermi level is close to the middle of the band gap
[10,11]. To identify those defects accordingly, the first-
principles calculations have been performed. Both the
positions and intensity ratios of the local phonons are
calculated. For comparison, the calculated and experimen-
tal results are summarized together in Table I. We can find
that in the calculation, for Cg, there are three new local
phonons with frequencies of 773 (v;), 778 (v,), and
781 cm™! (v3) located at the high energy end of the bulk
phonon DOSs. For C{;,, the local phonons are at 837 and
840 cm™!, while for Cy — OY the corresponding peaks
are at 757, 777, and 803 cm~!. From the viewpoint of
frequency, w; and w, in the FTIR and Raman experiments
are close to vy-v3 from Cg within several wave number
deviations; thus it has been suggested that the new peaks in
the spectra are most likely from Cy. In order to shed light

TABLE I. Experimental and calculated frequencies (cm™') as
well as the Raman intensity ratios between A; and E modes in the
Cy defect. Frequencies (cm™') of phonons induced by C3, Cy,
Cy — OY, and C, defects are also calculated for comparison.

C related defect Calculation  Experiment
Cx Frequency/assignment ~ 773(v;)/A;  766(w,)/A,
778(vy)/E,  T74(w,)/E
781(v3)/E
Ratio (Nonpol.) 2.3:1.0 2.2:1.0
Ratio (Z(xx)2) 44:1.0 43:1.0
Ratio (zZ(xy)z) ~0 ~0
% Frequency 726, 728, 759
C; Frequency 703, 715, 720
Cy — OY% Frequency 757, 777, 803
Céa Frequency 837, 840
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on the effects of charge state, we also performed calcu-
lations for C% and Cy; and the results are given in Table I,
too. However, for these phonons calculated, not only the
impurity C atom but also its neighbor N atoms vibrate
obviously in the phonon modes. They are thus not perfectly
spatially localized modes. Furthermore, the frequencies of
most of these phonons are far from the values of the LVMs
observed in the FTIR and Raman spectra. Although the
phonons at 759 cm~! in the C% and 757 cm™! as well as
777 cm~! in the Cy — OY are also very close to @, or w,,
further calculated results show that the vibrational direction
and the polarized behaviors of those phonons do not agree
with any peak in the experiments. Therefore, we can
assume that the two lines in the experiments are indeed
correlated to the LVMs of isolated Cy with the —I1
charge state.

In a supercell with 128 atoms, C atom squeezes itself into
the GaN host (C5, point group symmetry) and replaces an
N atom as Cy. For the C defect, after relaxing the system,
the C-Ga bond along the ¢ axis is 1.9025 A (less than N-Ga
bond 1.9198 A), and the other three C-Ga bonds are all
1.8955 A (less than N-Ga bond 1.9201 A). Then we find
that the C defect displays a local symmetry of C;,,. That is
also confirmed by the Raman tensor obtained from the
calculation results (not shown here). Furthermore, the
schematic diagrams of the energy levels with the funda-
mental dipole transitions for a Cy defect with C;, sym-
metry are depicted in Fig. 4. Based on group theory, defects
with C;, symmetry give two infrared and Raman active
LVMs (A, and E) [33]. The A; mode is nondegenerate and
the vibration orientated along the ¢ axis, whereas the E
mode is doubly degenerate and the corresponding phonons
are orthogonal with its motion confined in the plane
perpendicular to the ¢ axis. It is shown in the calculation

Cy with C;, symmetry
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FIG. 4. The schematic energy level diagrams and fundamental
dipole transitions in a Cg center with C;, symmetry. The
calculated vibrational directions of C atom are also depicted.
The larger brown spheres represent C atoms, while the smaller
green spheres represent Ga atoms.

that v; orientates along the ¢ axis and the other two are
orthogonal and confined in the ¢ plane. We thus confidently
suggest that v; belongs to A; mode, while v, and v; are
doubly degenerate belonging to £ mode with the same
frequency.

We now turn to the experimental and calculated results
about the intensity ratios as shown in Table I. In the
nonpolarized configuration, the intensity ratio of the out-of-
plane (v1) and in-plane phonons (v, and v3) is calculated to
be about 2.3:1.0, when we sum up the Raman intensity of
v, and vs. This value agrees very well with the exper-
imental result of 2.2:1.0. In this case, v; (A; mode), v, (E
mode), and v3 (E mode) are activated simultaneously. In the
Z(xx)z configuration, the Raman ratio changes to 4.4: 1.0,
which also agrees well with the experimental result of
4.3:1.0. This is because only v and v, could be activated
under this condition. While in the Z(xy)z configuration, the
Raman intensity of v; is about 0, consistent with the fact
that w, is absent in the Raman spectrum. This is because
only v5 is active and the other two modes are silent. All
the results presented above clearly demonstrate that the
observed w; (corresponding to vy in calculation) and w,
(corresponding to v, and v3 in calculation) refer to A; and E
modes of point group Cj,, respectively. Therefore, the
consistent results between the spectroscopic experiments
and the calculations do unambiguously confirm that the
two modes are the LVMs of substitutional C atoms at N
lattice sites, i.e., isolated Cy with —1 charge state. We
should emphasize that the two LVMs have never been
observed together before.

The LVMs of Cg, and Cy-Oy are not observed even in
the heaviest C doped samples; we thus believe that their
concentrations are low even though their existence cannot
be ruled out completely. Other C atomic configurations
such as the interstitial site (C;) and/or their complexes with
Cy (.e., C;-Cy) have not been discussed and require further
investigations. However, in the case of semi-insulating
GaN, their concentrations are expected to be low due to the
higher formation energies [11]. Therefore, we confirm that
the majority of C occupy the N sites in semi-insulating
GaN. Finally, we comment on the charge states of Cy. In
the heaviest C doped GaN, the O and Si concentrations are
10'3-10'® cm™3, as determined by SIMS. The low values
imply that there should exist other donors that associate
with Cy in the —1 charge state. We therefore suggest that
the donor may be N vacancies (V). We also find some
evidence that their concentration increases with C incor-
poration into GaN from Raman spectra. Especially, recent
theoretical work demonstrated that Vy; is the main donor
and the concentration is comparable to that of Cy in GaN
when the concentrations of O, Si, and H are low [12].
That is in good agreement with our experimental results.
We should claim that the growth details [34] and doping
approaches should be taken into account when analyzing
the lattice sites and charge states of C in GaN. For example,
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intrinsic and extrinsic C doping may affect the lattice sites
of C in GaN and that would be an interesting topic.
Nevertheless, the present results contribute significantly
to in-depth understanding of the C related defects and their
role in electrical as well as optical properties in GaN. We
believe that the spectroscopic studies, combined with the
first-principles calculations, would be a universal approach
for identification of the lattice sites of C in other compound
semiconductors such as AIN, BN, ZnO, and Ga,0;.

In summary, from the viewpoint of symmetry, the
present study provides direct observation of two LVMs
of isolated Cy in GaN by performing FTIR and Raman
scattering experiments. We find that the LVM at 766 cm™!
(w) orientated along the ¢ axis corresponds to the non-
degenerate A; mode, while the LVM at 774 cm™! (w,)
confined in ¢ plane corresponds to the doubly degenerate £
mode. The present spectroscopic work offers an unam-
biguous evidence that C is predominantly located on the N
sublattice in GaN with —1 charge state, and keeps with C;,,
symmetry. That conclusion is in excellent agreement with
the calculation results. We believe that the present work
will be proved to be even more useful in interpreting the
long-standing problem about the role of C in GaN.
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