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We intentionally incorporated carbon

into n-GaN by high-temperature annealing of a

SiN,/CN,/GaN structure to study the effect of unintentional carbon incorporation on the electrical
properties of n-type GaN surfaces. X-ray photoelectron spectroscopy results showed outdiffusion of
Ga atoms from the GaN surface during high-temperature annealing even when the SiN, layer was
present. The current-voltage characteristics showed a drastic increase in current in the forward and
reverse directions of the Schottky diode in the carbon-incorporated sample. They also showed no
temperature dependence from 150 to 300 K. The current-voltage curves of the carbon-incorporated
samples in the forward and reverse directions could be almost completely reproduced by assuming
an exponentially decaying distribution from the surface for shallow donors. © 2009 American

Institute of Physics. [DOI: 10.1063/1.3056395]

I. INTRODUCTION

Carbon and oxygen are impurities that may contaminate
GaN-based devices when they are being fabricated. For ex-
ample, the ion implantation technique is one of the most
commonly used processes in semiconductor technology be-
cause it can introduce a well-defined impurity doping profile
in the selected region. For GaN-based devices, however,
high-temperature annealing (1 000-1 300 °C) is necessary
for effective activation of impurities in the donor or acceptor
state and for recovery from implantation-induced crystalline
defects.' Even if one utilizes a protection layer on the GaN
surface, high-temperature annealing processes will cause
electrical degradation of the surface associated with the de-
composition (such as out diffusion of Ga and/or N atom)
and/or unintentional impurity (such as carbon and oxygen)
incorporation.

In particular, carbon is known as amphoteric impurity in
III-V semiconductors. In fact, the amphoteric behavior of
carbon was reported for GaAs, AlAs, and InAs grown by
molecular beam epitaxy (MBE).* On the analogy of p-type
doping of GaAs with C, several works were devoted to dope
carbon into GaN. Hirota et al.’ reported that the binding
energy of the substitutional C at the N site (Cy) was 203
meV in the carbon-doped GaN by an ion implantation or a
gas phase diffusion using C,Hy. However, the p-type con-
duction was not observed in both samples. Efforts to produce
p-type GaN:C have had only limited success. The C doping
during epitaxial growth of GaN typically produces a highly
resistive layer,6 except for the p-type conductivity in cubic-
phase GaN grown on GaAs by rf-assisted MBE using
electron-beam evaporation of graphite.7 The difficulty of the
p-type conduction by carbon in a wurtzite structure may be
attributed to the fact that the formation energy of the Cy is
not small on the surface of p-type material.® Moreover, on
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the Ga-terminated (0001) surface, the substitutional doping
of carbon on the N site may not be efficient.’ Thus, the
amphoteric nature on the carbon-related levels in GaN seems
to depend on the crystalline quality of GaN and the device
processing condition. However, no study that we know of
has reported on the influence of unintentional incorporation
of carbon impurities into GaN during high-temperature
annealing.

The purpose of this paper is to investigate the effect of
carbon incorporation on the electrical properties of n-type
GaN surfaces. To limit the study to the effect of carbon in-
corporation, we intentionally incorporated carbon into
n-GaN by using high-temperature annealing of a
SiN,/CN,/GaN structure. A carbon-rich CN, layer was uti-
lized as the source, while SiN, acted as a capping layer. By
using the CN, layer, we could artificially reproduce the situ-
ation in which carbon impurities are included in the SiN,
protection layer of actual device processes. Carbon incorpo-
ration was confirmed by secondary ion mass spectrometry
(SIMS). The electrical properties of the carbon-incorporated
GaN surface were studied by measuring temperature-
dependent current-voltage (I-V) characteristics. As a result,
the incorporated carbon behaves as a shallow donor with a
binding energy of 30 £20 meV in GaN, which indicates the
incorporated carbon mainly substitutes for the Ga. The ob-
served lack of dependence on temperature of the /-V charac-
teristics can be explained with the thin surface barrier (TSB)
model.

Il. EXPERIMENTAL

Figure 1(a) shows the flowchart of the carbon incorpo-
ration process in GaN. We used n-type GaN with Si doping
of 1X 10" ¢cm™ grown on a sapphire substrate by metal-
organic chemical vapor deposition. The GaN surface was
cleaned in the electron-cyclotron-resonance (ECR)-excited
N, plasma. We fabricated the SiN,/CN,/GaN structure by
ECR-CVD. A thin CN, layer with a thickness of 2—-10 nm
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FIG. 1. (a) Flowchart of carbon incorporation process in GaN. (b) Sample
structure of Schottky diode.

was deposited on the GaN surface at room temperature using
a gas mixture of CH4/N, as a source. In the subsequent
in situ stage, the SiN, layer was deposited at 260 °C using a
gas mixture of SiH,/N,. Ellipsometry analysis showed that
the thickness and the refractive index of SiN, were 80 nm
and 2.04, respectively. The sample was annealed at 1 000 °C
for 120 min in a N, ambient to incorporate the carbon im-
purity into the GaN layer. The SiN,/CN, bilayer was then
removed from the n-GaN surface in a 47% HF solution. Af-
ter the carbon incorporation process, we fabricated circular
Ni/Au Schottky diodes with Ti/Al/Ti/Au Ohmic ring elec-
trodes, as shown in Fig. 1(b). Ni/Au Schottky contacts with a
diameter of 600 um were formed by electron-beam deposi-
tion. To remove the residual carbon on the GaN surface, we
cleaned the GaN surface by using ECR-excited N, plasma
before evaporating the metal contacts.

The chemical properties of the SiN, and GaN surfaces
were characterized using an x-ray photoelectron spectros-
copy (XPS) system (ParkinElmer PHI 1600C) with a spheri-
cal capacitor and a monochromatic Al K« radiation source
(hv=1486.6 eV). The energy scale was calibrated to the
Audf spectrum (hv=84.0 eV). The carbon density of the
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FIG. 2. Comparison of wide-scan XPS spectra of SiN, surface before and
after annealing.

GaN layer after the incorporation process was characterized
using a SIMS system (PHI-6650, ULVAC-PHI Inc.). The
temperature-dependent /-V characteristics of the Schottky di-
odes were measured in a BCT-2IMDC semiconductor pa-
rameter low-temperature prober system (Nagase & Co., Ltd.)
using an Agilent 4156C semiconductor parameter analyzer.
For the carrier concentration measurement, we deposited a
Ti/Al/Ti/Au multilayer on the corner of a square sample and
annealed the sample in a N, ambient at 800 °C for 1 min.

lll. RESULTS AND DISCUSSION

A. Ga outdiffusion and carbon incorporation during
high-temperature annealing

Figure 2 compares the wide-scan XPS spectra of the
SiN, surface before and after high-temperature annealing.
After annealing, the peaks corresponding to the Ga 2p level
appeared in the XPS spectrum. This indicates the outdiffu-
sion of Ga atoms to the SiN, layer during the 1 000 °C
annealing. Additionally, the full width at half maximum of
the Ga 3d XPS spectrum after removing the SiN,/CN, bi-
layer from the annealed SiN,/CN,/GaN structure became
wider than the one from the virgin GaN surface, as shown in
Fig. 3. This is also attributed to the decomposition of the
GaN surface during the high-temperature annealing. Ga va-
cancies are known to have relatively low formation energies
in n-type GaN;lo’11 thus, these characteristics indicate that Ga
vacancies were generated by the high-temperature annealing.

The density profile of incorporated carbon in GaN was
investigated using SIMS. Figure 4 shows SIMS profiles of
carbon density for virgin and carbon-incorporated samples.
The detection limit was determined by measuring the carbon
density in an intentionally carbon-implanted GaN sample.
The results in Fig. 4 clearly show the incorporation of carbon
to a depth of 200-300 nm for the intentionally incorporated
GaN sample.
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FIG. 3. Comparison of Ga3d XPS spectra between virgin and carbon-
incorporated GaN surfaces.

B. Temperature-dependent /- V characteristics of
virgin and carbon-incorporated GaN Schottky diode

Figure 5 shows the temperature-dependent /-V character-
istics of the virgin and carbon-incorporated samples. The
carbon-incorporated sample showed a drastic increase in
current in both forward and reverse directions. To confirm
that this current increase was induced by the incorporated
carbon, we compared the -V characteristics of the carbon-
incorporated sample with two other samples: one to confirm
the influence of high-temperature annealing and the other to
confirm the influence of the high-power plasma process in
the deposition of the CN, layer. We fabricated the SiN,/GaN
and CN,/GaN structures by ECR-CVD. The SiN,/GaN
sample was annealed at 1 000 °C for 120 min in a N, am-
bient; then, the SiN, layer was removed from the GaN sur-
face in a 47% HF solution. The CN, layer of the CN,/GaN
sample was removed without high-temperature annealing.
The I-V characteristics of the Schottky diodes fabricated on

SIMS profiles of carbon density
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FIG. 4. SIMS profiles of carbon density for virgin and carbon-incorporated
samples.
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FIG. 5. Temperature-dependent /-V characteristics of (a) virgin sample and
(b) carbon-incorporated sample.

both samples were similar to those of the virgin sample.
Hence, the large increase in current of the Schottky diode
was induced by incorporated carbon.

In addition, while the I-V characteristics of the virgin
sample changed systematically with temperature, the I-V
characteristics of the carbon-incorporated sample showed no
temperature dependence from 150 to 300 K. This indicates
thermionic emission (TE) is the dominant current transport
process in the virgin sample. In the carbon-incorporated
sample, on the other hand, thermionic field emission (TFE)
or field emission (FE) is the major current leakage path in the
forward and reverse directions.

C. Analysis of carbon-incorporated sample based on
TSB model

Figure 6 schematically shows the energy band diagrams
under the reverse bias condition and the carrier profiles. Fig-
ure 6(a) shows diagrams for the ideal metal/n-GaN Schottky
junction, whereas Fig. 6(b) shows the case with surface do-
nors. Hasegawa and co—workerslz’]3pr0posed the TSB model
for forward and reverse current transport in GaN Schottky
barriers. This model assumes that there are high-density do-
nors near the Schottky interface; this reduces the width of the
Schottky potential, thereby increasing the number of elec-
trons tunneling through the thin surface barrier in both direc-
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FIG. 6. Schematic illustrations of energy band diagram under the reverse

bias condition and carrier profile for (a) the ideal metal/n-GaN Schottky
junction and (b) the case with surface donors.

tions. Therefore, either the TFE or FE mechanism becomes
dominant and reduces the temperature dependence. It is
likely that the substitutional carbon at the Ga site behaves as
a shallow donor with a binding energy of 30 meV in GaN,>"
and high-density substitutional Cg, exists in the surface re-
gion; thus both forward and reverse currents in the carbon-
incorporated sample would increase. If the incorporated car-
bon substituted for N, the substitutional Cy would behave as
an acceptor and compensate for the donor. However, the ex-
perimental data showed no such phenomenon. One of the
reasons is that while Ga vacancies are more favorable under
n-type conditions, the formation energy of the N vacancy is
large in n-type conditions.'"! Thus, there is a possibility that
few N vacancies are generated during high-temperature an-
nealing and that Ga vacancies are generated instead.

We tried to reproduce the experimental data by calculat-
ing the I-V characteristics based on the TSB model analysis

J. Appl. Phys. 105, 014503 (2009)
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FIG. 7. (a) Best choice of distribution shape and parameter values to repro-
duce the experimental data of the carbon-incorporated sample. (b) Calcu-
lated I-V curves (solid curves) fitted to experimental data (symbols) of the
carbon-incorporated sample.

of Kotani ef al."® The substitutional Cg, near the surface was
assumed to have the following exponential distribution:

NCGa(x)zNO exp(_ i)’ (1)

where x is depth from surface, N, is the peak density of Cg,
at the surface, and N\ is decay constant. Another important
parameter, the energy depth, Eqg,, of the substitutional Cg,
was varied as a fitting parameter. The bulk shallow donor
density Np was set to be that of the experimental sample of
Np=1.9x 10" ¢cm™. Hirota et al.” estimated the binding en-
ergy of the C donor level to be 30 meV (the substitutional
Cg.). Wang and Chen'* also predicted the ionization energy
of the Cg, donor to be 34.0 meV from the calculation using
the effective-mass approximation. In reference to these re-
sults, we used the value of 30 meV for the C donor level in
our calculation to reproduce the experimental /-V data. Then,
as shown in Fig. 7, we obtained the excellent fitting result for
the carbon-incorporated GaN Schottky diode by assuming
the exponentially decaying distribution shown in Fig. 7(a).
The simulation almost completely reproduced the forward
and reverse /-V behavior. In addition, the Cg, distribution is
similar to the carbon density profile obtained by SIMS in
Fig. 4. From the separate calculation by changing the value
of the energy level, we found that the accuracy of the energy
level was 30+20 meV. The calculated /-V characteristics
for the virgin sample also reproduced the experimental data
by using the same parameters of Schottky barrier height
(SBH)=0.80 eV and Np=1.9X10" cm™ as the carbon-
incorporated sample.
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D. Two-layer Hall analysis of carbon-incorporated
sample

Finally, we measured the change in carrier concentration
of the GaN layer before and after the carbon incorporation
process. The carrier concentration of the virgin n-GaN was
1.9X 107 e¢cm™3. After incorporation, it increased to 3.0
X 10" cm™. However, this result is for the whole sample
with a thickness of 3 um consisting of an upper carbon-
incorporated layer and a GaN under layer. Thus, we calcu-
lated the carrier concentration of only the upper carbon-
incorporated layer by using two-layer Hall analysis.lH7 The
carrier concentration of upper carbon-incorporated layer, ng;,
is given as follows:

1 (nud = ngantcandcant)” 2)

i = 2 2 .
dei npd = nGaNpGandGant

Here, n and ng,y are the carrier concentrations of the whole
sample and GaN under layer, u and pug,n are the carrier
mobilities of the whole sample and GaN under layer, d, d,
and dg,y are the thicknesses of the whole sample, upper
carbon-incorporated layer, and GaN under layer, and 7 is the
correction factor related to the series resistance between the
upper and under layers. The parameters of the GaN under
layer were those of the virgin GaN results.

When the thickness of carbon-incorporated layer was
taken from the SIMS profile to be 200 nm, the carrier con-
centration of the carbon-incorporated layer was calculated
to be 2.4X 10" ¢cm™. Even in this case, the carrier concen-
tration near the surface (~50 nm), which has more of an
effect on the Schottky contact, was estimated to be 1.0
% 10" ecm™. This value is consistent with the SIMS results
(Fig. 4) and the assumed carrier profile [Fig. 7(a)]. Such
high-density shallow donors (incorporated carbon) will re-
duce the width of the Schottky potential and increase the
tunneling currents through the Schottky barrier. In relation to
the increase in carrier concentration near the surface after the
carbon incorporation, we observed a slight decrease in the
sheet resistivity for the present sample. When we used an
undoped n-type GaN layer with a different thickness, the
sheet resistivity was found to increase slightly.18 This dis-
crepancy may arise from the difference of crystalline quality
among the GaN layers. In the undoped GaN layer, it is likely
that the n-type conduction originates from the existence of
nitrogen vacancies or oxygen impurities. In this case, there is
a possibility that the incorporated carbon can form deep lev-
els in complex configuration with such residual defects or
impurities. This may result in a partial compensation of the
residual donors in undoped GaN, leading to the slight in-
crease in resistivity.

IV. CONCLUSIONS

We intentionally incorporated carbon into n-GaN by us-
ing high-temperature annealing of a SiN,/CN,/GaN struc-
ture to study the effect of unintentional incorporation of car-
bon on the electrical properties of n-type GaN. The main
conclusions are as follows.

J. Appl. Phys. 105, 014503 (2009)

(1) The XPS results showed out diffusion of Ga atoms from
the GaN surface during high-temperature annealing even
when the SiN, layer existed.

(2) The SIMS results clearly showed incorporation of car-
bon into GaN to a depth of 200-300 nm.

(3) The I-V characteristics showed a drastic increase in cur-
rent in the forward and reverse directions of the
Schottky diode in the carbon-incorporated sample. They
also showed no temperature dependence from 150 to
300 K.

(4) The measured I-V curves of the carbon-incorporated
sample could be almost completely reproduced in the
forward and reverse directions by assuming an exponen-
tially decaying distribution from the surface for the shal-
low donors with an energy depth of 30 meV.

(5) The carbon incorporated during the high-temperature
annealing mainly substituted for Ga, and this substitu-
tional Cg, behaved as a shallow donor in GaN, leading
to a high-density doping effect near the GaN surface.
This reduced the width of the Schottky potential, allow-
ing electrons to tunnel thorough the thin barrier.

In conclusion, unintentional incorporation of carbon im-
purities during GaN device fabrication process may induce
current leaks in Schottky contacts. Therefore, the device
should be carefully made so that the actual device process
does not unintentionally incorporate carbon.
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