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Abstract: In this study, carbon-doped semi-insulating N-polar GaN on a sapphire substrate was
prepared using a propane precursor. Controlling the deposition rate of N-polar GaN helped to
improve the carbon incorporation efficiency, providing a semi-insulating behavior. The material
quality and surface roughness of the N-polar GaN improved with modified deposition conditions.
C-doping using 1.8 mmol/min of propane gave an abrupt doping profile near the GaN/sapphire
interface, which was useful for obtaining semi-insulating N-polar GaN grown on sapphire. This
study shows that further development of the deposition process will allow for improved material
quality and produce a state-of-the-art N-polar semi-insulating GaN layer.

Keywords: N-polar GaN; propane doping; semi-insulating N-polar GaN; C-doped N-polar GaN;
growth rate optimization

1. Introduction

N-polar GaN-based high-electron-mobility transistors (HEMTs) show great potential
as high-power (>5 W/mm) and high-frequency (W-band, 94 GHz) devices [1–3]. A parasitic
conduction path other than the two-dimensional electron gas (2DEG) and high buffer
leakage can potentially restrict the high-power operation of these transistors. A semi-
insulating (S.I.) buffer layer is necessary for HEMT devices to increase the breakdown
voltage while preventing leakage current and RF loss. The presence of residual oxygen
in the deposition chamber, acting as a shallow donor, makes it non-trivial to achieve a
semi-insulating (S.I.) GaN layer via the metal-organic chemical vapor deposition (MOCVD)
deposition process [4]. In N-polar GaN, the incorporation of oxygen (O) is almost two
orders of magnitude higher than that in Ga-polar GaN, which makes it challenging to
obtain semi-insulating behavior [5–9]. Some methods for growing an S.I. GaN layer involve
doping with iron (Fe), manganese (Mn), magnesium (Mg), and carbon (C), acting as a
deep-level compensating acceptor state within GaN [10–15].

The gettering process is also one of the ways to reduce the background O concen-
tration by trapping it, but it requires ion implantation, which can degrade the material
quality [16,17], increase the cost, and reduce the throughput during production [18]. So,
this process is not used in this study; rather, in situ techniques such as doping are chosen
for improved material quality and reduced cost of production.

Fe doping using ferrocene is widely accepted as a way of generating a deep-level com-
pensating acceptor state for growing S.I. GaN buffer layers [19]. Omega-rocking curve XRD
measurements from prior studies showed the high-quality Fe-doped (1.3 × 1019/cm3) S.I.
Ga-polar GaN layer [19]. The full-width at half maximum (FWHM) of the omega-rocking
curve was determined to be 253 and 481 arc-sec across (002) and (102) orientations of
GaN, respectively [19]. The memory effect of Fe-doping in Ga-polar GaN is a well-known
phenomenon (similar to that of Mn [12] and Mg [20] doping in Ga-polar GaN), where the

Crystals 2023, 13, 1457. https://doi.org/10.3390/cryst13101457 https://www.mdpi.com/journal/crystals

https://doi.org/10.3390/cryst13101457
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/crystals
https://www.mdpi.com
https://orcid.org/0000-0002-9980-3916
https://orcid.org/0000-0002-4278-3037
https://orcid.org/0000-0002-7371-9038
https://doi.org/10.3390/cryst13101457
https://www.mdpi.com/journal/crystals
https://www.mdpi.com/article/10.3390/cryst13101457?type=check_update&version=1


Crystals 2023, 13, 1457 2 of 9

doping profile of Fe cannot be turned off abruptly [19,21]. After switching off the Fe precur-
sor during the deposition of GaN, the Fe tail (slow-turn-off) extends till 0.8–1 µm [19,21].
The memory effect of Fe doping limits its applicability in HEMTs as Fe can also act as
deep-level buffer traps that can potentially cause dispersive or current collapse effects in
high-power RF amplifiers [10,19]. Heikman et al. showed a slow solid-phase incorporation
effect of Fe-doping in Ga-polar GaN [21] and, because of that, the compensation of unin-
tentional oxygen (O) incorporation at GaN/sapphire interface becomes non-trivial [22].
This problem becomes worse due to the higher-temperature nucleation of N-polar GaN
compared to Ga-polar GaN [23], where the O concentration at the GaN/sapphire interface
becomes larger compared to Ga-polar GaN. Alternatively, C-doping can help to reduce the
background carrier concentration (O) while maintaining an abrupt doping profile, which
is beneficial for HEMTs. C-doping can be achieved by the intrinsic doping method by
utilizing the methyl (CH3) or ethyl (C2H5) group from the metal-organic precursors of
gallium, such as Trimethyl-gallium (TMGA) or Triethyl-gallium (TEGa). Intrinsic C-doping
can be obtained using modified process parameters such as deposition temperature, flow
rate of TMGa or TEGa, reactor pressure, and V/III ratio. Another method for C-doping
is extrinsic doping, which uses hydrocarbon precursors during deposition [24]. However,
the most optimized deposition conditions for efficient intrinsic doping typically result
in a 40–67% increase in the dislocation/defect density [10,24,25]. Hence, hydrocarbons
like propane, ethylene, and iso-butane are favored as C-dopants, providing the flexibility
to utilize optimized GaN deposition conditions while maintaining precise control over
extrinsic carbon incorporation [24].

Shan Wu et al. [26] reported that background hydrogen [H] can affect the electrical
properties of intrinsically C-doped Ga-polar GaN by forming C-H complexes. However,
the same group has also shown that extrinsic C-doping using propane attracts 75% less
H, thereby reducing the chance of the formation of C-H complexes [27]. Additionally,
Fichtenbaum reported a background H concentration of 1.5 × 1017/cm3 in an N-polar GaN
film grown on a miscut sapphire substrate [28]. It exhibits a deposition rate (~50 nm/min)
similar to that in this study. So, in this study, only the C and O concentrations in the
N-polar GaN were measured using the SIMS, as the H concentration in propane-doped
semi-insulating N-polar GaN might not have significantly influenced the material and
electrical properties compared to the concentrations of C and O.

In this study, we used propane as a source of carbon precursor for obtaining the S.I.
N-polar GaN layer on the miscut sapphire substrate using a metal–organic chemical vapor
deposition (MOCVD) reactor. As per the authors’ knowledge, this is the first attempt to
demonstrate a C-doped S.I. The N-polar GaN layer with propane as a hydrocarbon pre-
cursor showed minimal deterioration (10–20% higher FWHM of the omega-rocking curve
compared to the state-of-the-art curve) of the crystalline properties [29]. The incorporation
efficiency of propane was improved in the N-polar GaN epitaxial layer under optimized
deposition conditions. The main purpose of this study was to show the incorporation of
carbon into N-polar GaN using propane as a gaseous precursor.

2. Experimental Methods

Propane-doped N-polar GaN was deposited on a miscut sapphire substrate using
the MOCVD deposition technique. Trimethylgallium (TMGa) and ammonia (NH3) were
used as group-III and group-V precursors, respectively. Propane was used as a carbon
(C) dopant, and H2 was used as a carrier gas. The miscut sapphire sample was heated
at 1300 ◦C, and nitridation was performed prior to the deposition of a high-temperature
(1145 ◦C) nucleation layer at a reactor chamber pressure of 100 mbar and a V/III ratio of
~8000, similar to that mentioned by Keller et al. [23]. After that, 50 nm unintentionally
doped (UID) N-polar GaN followed by 1.75 µm thick UID or propane-doped N-polar GaN
was deposited at a high temperature (HT) of 1270 ◦C. Two different deposition conditions
were used for the propane doping experiments in the 1.75 µm thick UID or propane-doped
layer, where the TMGa molar flow was varied to observe the propane incorporation. For the
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first deposition condition (G1), 137 µmol/min TMGa was used with propane concentrations
of 0 to 3.6 mmol/min. The second deposition condition (G2) had an increased TMGa molar
flow of 204 µmol/min, and the propane concentration varied from 0 to 2.4 mmol/min.
The propane flow did not increase to 3.6 mmol/min with G2 as semi-insulating behavior
was obtained before 2.4 mmol/min. The V/III ratio was fixed for both G1 and G2. The
deposition conditions and corresponding propane concentrations used for G1 and G2 are
listed in Table 1.

Table 1. Deposition conditions along with the propane flow rate applied for the deposition of N-polar
GaN.

Deposition Condition TMGa Flow Rate
(µmol/Min)

Propane Flow Rate
(mmol/Min)

G1 137

0
1.2
2.4
3.6

G2 204

0
0.6
1.2
1.4
1.8
2.4

The background electron concentration of all the samples was determined by Hall
measurement using the Van der Pauw geometry. The omega-rocking curve was measured
using a Panalytical Empyrean high-resolution X-ray diffraction (XRD) tool (Malvern Pan-
alytical, Malvern, UK) for analyzing the material quality. The surface roughness of the
deposited samples was measured using a Bruker Icon atomic force microscope (AFM)
(Bruker, Billerica, USA). Secondary ion-mass spectroscopy (SIMS) measurement was per-
formed using a Cameca instrument (Cameca, Gennevilliers, France) for measuring the O
and C concentrations in the samples using Cs+ ions. All the samples showed hillock-free
atomically smooth surfaces under a Nomarski optical microscope (Nikon, Minato, Japan).

3. Results and Discussion

The carbon incorporation efficiency was primarily determined using Hall measure-
ments. The first deposition condition (G1) with a TMGa flow rate of 137 µmol/min showed
an exponential decay in the background carrier concentration with an increasing propane
flow rate (Figure 1a). It was observed in the literature that the carbon concentration in
Ga-polar GaN linearly depends on the propane flow rate [30]. So, it was expected that
with increasing propane flow, the background carrier concentration would decrease and
the compensation ratio

(
CR =

nUID−nC−doped
nUID

× 100
)

would increase linearly. It was also
determined from our experiment in N-polar GaN that the CR followed an almost linear
profile with the propane flow rate (Figure 1b). At a very high propane flow rate, there was
a small deviation in the CR from linearity. This might be related to the increased dislocation
density, as shown in Figure 2. An increase in the dislocation density can increase the
background O incorporation, as observed by Szymanski et al. [9].

Omega-rocking curve measurements indicated that with increasing propane flow rate,
the off-axis (102) full-width half maxima (FWHM) increased, suggesting an increased edge
dislocation density (Figure 2). The on-axis (002) FWHM remained nearly the same. The
surface roughness appeared to be more or less similar with an increasing propane flow
rate (Figure 3), and the step flow deposition was not affected by the increased propane
flow. The RMS roughness of these propane-doped N-polar GaN samples was found to be
less than 1.5 nm. Next, in the G2 series, the optimized deposition condition was used to
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increase the C-incorporation efficiency, such that even with the use of a lower amount of
propane, S.I. behavior could be obtained.
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N-polar GaN samples grown using G1 deposition condition.

To improve the incorporation of C using a propane precursor, the G2 deposition
condition was used in the following studies. According to Lundin et al. [25], an increased
deposition rate of Ga-polar GaN helps to increase the incorporation efficiency of C into GaN.
This phenomenon was also studied in this work to understand the behavior of propane
incorporation in N-polar GaN. Increasing the TMGa flow rate from 137 to 204 µmol/min
increased the deposition rate from 60 to 90 nm/min and showed not only higher propane
incorporation but also a reduced background carrier concentration. This might be related
to the trapping of more carbon atoms during the deposition while limiting C desorption
and fewer chances for O incorporation due to the higher supersaturation condition [9,31].
Hall measurements showed S.I. behavior with propane concentration > 1.8 mmol/min
(Figure 4a). An exponential decay in the background carrier concentration was observed
with monotonically increasing propane flow. Simultaneously, the slope of the CR with
respect to the propane flow increased significantly for G2 (Figure 4b), indicating a better
incorporation efficiency of propane at a higher TMGa molar flow rate.
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The omega-rocking curve measurement of the G2 sample showed similar trends
as those of G1. The FWHM increased with an increasing propane flow rate. Although
it followed a comparable trend, it exhibited notably lower (10–20%) FWHM values in
contrast to G1, suggesting a reduced dislocation density in comparison to G1 (Figure 5).
The implementation of the modified deposition condition G2 assisted in achieving a semi-
insulating N-polar GaN material while utilizing a decreased propane flow rate. It improved
the material’s crystalline quality while reducing the background carrier concentration,
indicating that the compensation of O mainly occurs due to the increased incorporation
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efficiency of C atoms and not due to the increase in dislocation and defect density. The
FWHM value of the semi-insulating C-doped N-polar GaN was still higher than that of
N-polar UID GaN. However, Lundin et al. demonstrated that fully optimized deposition
conditions in heavily (2 × 1019/cm3) propane-doped Ga-polar semi-insulating GaN can
provide a very low FWHM of the omega-rocking curve of the (002) and (102) planes of
~250 arc-sec and ~320 arc-sec, respectively [25]. So, further development by optimizing the
growth conditions, such as V/III ratio, growth rate of N-polar GaN, growth temperature,
and reactor pressure, needs to be performed to improve the FWHM parameter of semi-
insulating N-polar GaN.
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The surface roughness remained below 1.5 nm for the 10 × 10 µm2 AFM scan area,
indicating device quality propane doped S.I. N-polar GaN samples using propane flow of
1.8 mmol/min and 2.4 mmol/min (Figure 6).

Crystals 2023, 13, x FOR PEER REVIEW 7 of 10 
 

 

 
Figure 6. AFM scans (10 µm × 10 µm) of N-polar GaN samples deposited using G2 deposition con-
ditions at propane flow rates (a) 1.8 and (b) 2.4 mmol/min. 

The SIMS measurement carried out for the G2 deposition condition using 2.4 
mmol/min propane flow shows more than one order of higher C-concentration compared 
to the O and Si impurity levels, demonstrating complete semi-insulating behavior (Figure 
7). The detection levels of O, C, and Si are 1016/cm3, 5 × 1016/cm3, and 1016/cm3, respectively. 
Figure 7 also shows the abrupt doping profile of C at the GaN/sapphire interface, which 
is crucial for obtaining S.I. behavior. It is known from the literature that the background 
O level is almost 2–4 times higher at the GaN/sapphire interface compared to bulk GaN 
[32]. In order to compensate for the increased background O at the N-polar GaN/sapphire 
interface, the C concentration needs to be significantly high near the interface. In Figure 7, 
it can be observed that the doping concentration of C reaches nearly 2 × 1018/cm3 in the 
vicinity of the interface, effectively compensating the background O concentration. The 
increased O needs to be fully compensated for by C, or the region near the interface needs 
to be fully depleted to obtain the semi-insulating property of N-polar GaN. It is possible 
to achieve a semi-insulating property if the C concentration is sufficiently higher than the 
increased O concentration. One of the possible reasons for obtaining a semi-insulating 
behavior might be due to more than one order higher C concentration compared to the O 
concentration in the bulk N-polar GaN. This higher C concentration might be sufficient to 
fully compensate for the increased O level at the interface. Another possible reason might 
be that the higher O level is near the nucleation layer, and it is not fully electrically con-
ductive. In the nucleation layer, the N-polar GaN film quality might not be as good as that 
of the bulk, which appears from the thin island growth method in the nucleation layer 
[23]. So, even though the O concentration is higher near the interface, it does not act like a 
fully conductive path. However, the resolution of the SIMS measurement tool is insuffi-
cient to capture the thickness (possibly less than 50 nm) of the N-polar GaN/sapphire in-
terface, where elevated O levels might exist. To accurately understand the physics behind 
the compensation mechanism near the N-polar GaN/sapphire interface, an extensive 
study using energy-dispersive X-ray spectroscopy needs to be performed, which is cur-
rently beyond the scope of this study. As a result, obtaining an accurate estimation of the 
O concentration at the interface is challenging. 

Figure 6. AFM scans (10 µm × 10 µm) of N-polar GaN samples deposited using G2 deposition
conditions at propane flow rates (a) 1.8 and (b) 2.4 mmol/min.

The SIMS measurement carried out for the G2 deposition condition using 2.4 mmol/min
propane flow shows more than one order of higher C-concentration compared to the O
and Si impurity levels, demonstrating complete semi-insulating behavior (Figure 7). The
detection levels of O, C, and Si are 1016/cm3, 5 × 1016/cm3, and 1016/cm3, respectively.
Figure 7 also shows the abrupt doping profile of C at the GaN/sapphire interface, which is
crucial for obtaining S.I. behavior. It is known from the literature that the background O
level is almost 2–4 times higher at the GaN/sapphire interface compared to bulk GaN [32].
In order to compensate for the increased background O at the N-polar GaN/sapphire
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interface, the C concentration needs to be significantly high near the interface. In Figure 7,
it can be observed that the doping concentration of C reaches nearly 2 × 1018/cm3 in the
vicinity of the interface, effectively compensating the background O concentration. The
increased O needs to be fully compensated for by C, or the region near the interface needs
to be fully depleted to obtain the semi-insulating property of N-polar GaN. It is possible
to achieve a semi-insulating property if the C concentration is sufficiently higher than the
increased O concentration. One of the possible reasons for obtaining a semi-insulating
behavior might be due to more than one order higher C concentration compared to the O
concentration in the bulk N-polar GaN. This higher C concentration might be sufficient
to fully compensate for the increased O level at the interface. Another possible reason
might be that the higher O level is near the nucleation layer, and it is not fully electrically
conductive. In the nucleation layer, the N-polar GaN film quality might not be as good
as that of the bulk, which appears from the thin island growth method in the nucleation
layer [23]. So, even though the O concentration is higher near the interface, it does not
act like a fully conductive path. However, the resolution of the SIMS measurement tool is
insufficient to capture the thickness (possibly less than 50 nm) of the N-polar GaN/sapphire
interface, where elevated O levels might exist. To accurately understand the physics behind
the compensation mechanism near the N-polar GaN/sapphire interface, an extensive study
using energy-dispersive X-ray spectroscopy needs to be performed, which is currently
beyond the scope of this study. As a result, obtaining an accurate estimation of the O
concentration at the interface is challenging.
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