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High-resistivity GaN (HR-GaN) epilayers with an in situ annealed InGaN interlayer were grown by MOCVD

technique. Hall-effect measurements show a background carrier concentration as low as 1.0 � 1012 cm�3

and a high sheet resistivity of 2.1 � 108 U per square. Combining the high-resolution X-ray diffraction,

transmission electron microscopy and secondary ion mass spectroscopy characterization, the

compensation mechanism through the carbon acceptors impurities induced by increased edge-type

threading dislocations (TDs) was demonstrated. Additionally, few increase of the screw TDs density in the

HR-GaN epilayers by introducing the annealed InGaN interlayer has been demonstrated, which is

beneficial to the device reliability in AlGaN/GaN high electron mobility transistors.
Introduction

Since the pioneering work of Khan, the AlGaN/GaN high elec-
tron mobility transistors (HEMTs) have become increasingly
important in high-power and high-frequency applications.1–3

However, the difficulty in growing high quality GaN with low
background carrier concentration and high resistivity has long
prevented the progress of GaN-based HEMTs.4,5 This is due to
the fact that unintentionally doped (UID) GaN grown by metal-
organic chemical vapor deposition (MOCVD) typically contains
substantial amounts of donor defects, such as oxygen (O),
silicon (Si) impurities and nitrogen vacancy (VN), thus exhibit-
ing n-type conductivity,6,7 and contains high density threading
dislocations (TDs), especially the screw TDs which are the
primary source of the reverse-bias leakage current.8–10

To achieve high-resistivity GaN (HR-GaN), the previously
common approach was to compensate the residual donors in
GaN by introducing additional acceptors such as Fe and C.11–13

However, the Fe precursor has a strong memory effect which
causes contamination of the reactor.11 Intentional carbon
doping has proven to be another way to render HR-GaN for
many years, however, it is difficult to ensure high crystal quality
due to large amounts of extending defects and achieve
dramatically high resistivity for the reason that carbon seeks to
self-compensate when it is the primary dopant.14
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Recently, the as-grown high resistivity GaN were realized
without introducing any external dopants by decreasing the
growth pressure in MOCVD chamber.15–17 The compensation
mechanism whereby carbon incorporation increases the
resistivity of the GaN was proposed and demonstrated by
secondary ion mass spectroscopy (SIMS) measurement. It was
found that the increased incorporation of carbon impurities
was induced by edge-type TDs.18 Such unintentionally carbon
doping provides a more encouraging method. Since this
method is to decrease the growth pressure, the kinetic growth
involved in GaN decomposition will be inuenced thus
reducing the grain size to induce much more edge-type TDs
and increase the carbon incorporation.18,19 However, this
method is accompanied with a signicant increase of screw-
type TDs, which are responsible for the leakage current that
may adversely affect the device reliability in AlGaN/GaN
HEMTs.10 Other methods to obtain HR-GaN by adjusting the
growth parameters, such as V/III ratio, the growth tempera-
ture, the nucleation layer annealing time and thickness etc.,
can achieve a sheet resistivity higher than 1010 U per square,
but they have also presented many problems, such as the
reactor aging and quite narrow parameter windows.20,21

Therefore, novel approaches to achieve HR-GaN lms with
better reproducibility and overcome drawbacks such as
undesirable memory effects and large leakage current paths
are clearly needed.

In this study, UID HR-GaN with low background carrier
concentration and high mobility was grown by introducing an
annealed InGaN interlayer within the GaN layers. High-
resolution X-ray diffraction (XRD), SIMS and transmission
electron microscopy (TEM) characterization were used to reveal
the microscopic mechanism of the high resistivity. A micro-
structural analysis of InGaN interlayer was also presented by
This journal is © The Royal Society of Chemistry 2016
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Fig. 1 (a) A Schematic diagram of sample A. (b) Cross-sectional
HAADF STEM image of the InGaN interlayer.

Fig. 2 High-resolution TEM image of the InGaN interlayer with an In-
rich cluster region outlined by the red dashed lines. The inset is an IFFT
image of the square-marked area.
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high-angle annular dark eld (HAADF) scanning transmission
electron microscopy (STEM).

Experimental

The HR-GaN lms were grown on c-plane sapphire substrates by
MOCVD with an Aixtron close-coupled showerhead system.
Trimethyl gallium and triethyl gallium (TEG) were used as Ga
sources for the growth of GaN and InGaN respectively. Trime-
thylindium and ammonia (NH3) were used as In and N
precursors, respectively. H2 was used as the carrier gas for GaN
growth while N2 was used as the carrier gas for deposition of
InGaN. The growth procedures for HR-GaN, i.e., sample A, were
as follows: prior to the epilayer growth, the sapphire substrate
was treated in H2 ambient for 5 min at 1150 �C. Then a 25 nm-
thick low-temperature GaN buffer was deposited at 530 �C fol-
lowed by a 3.2 mm-thick UID GaN lm (named layer I) grown at
1050 �C. Aer that, a 60 nm-thick InGaN interlayer was grown at
770 �C with the TEG ux of 46 standard-state cubic centimeter
per minute (sccm). The temperature was then ramped to 1050
�C and the sample was annealed at this temperature for 10 min.
During annealing, NH3 and TEG ux were maintained at 5000
sccm and 11 sccm, respectively. This was followed by the growth
of another 650 nm-thick high temperature (HT) GaN layer
grown under the same condition of layer I. All layers were
deposited under a xed chamber pressure of 188 Torr, which is
the typical growth pressure for GaN. The normally UID GaN, i.e.,
sample B, was grown as a reference sample by using the stan-
dard two-step growth conditions. The growth parameters of the
HT GaN main layer were kept constant for both samples.

The electrical properties were investigated using a Lake
Shore 7500 Series Hall System by van der Pauw conguration
with a magnetic eld of 0.6 T. The crystal quality and concen-
tration depth proles of H, C, O and indium (In) species were
investigated by high-resolution XRD and SIMS measurements,
respectively. The residual stress in the lms was assessed by
a micro-Raman spectrometer with a backscattering geometry
conguration. The detailed microstructures of the HR-GaN and
InGaN interlayer were characterized by TEM and HAADF STEM.
All measurements were carried out at room temperature.

Results and discussion

Fig. 1(a) and (b) show the schematic structure of sample A and
cross-sectional HAADF STEM image of the corresponding
InGaN interlayer, respectively. Contrast at the InGaN interlayer
is enhanced because of the atomic-number dependence of
HAADF STEM intensity, and thereby inhomogeneous epitaxial
growth due to the intentionally annealing is observed. The
bright spots zone corresponds to the phase separated InGaN
interlayer, which indicates a severe degradation in the InGaN
interlayer. Moreover, void defects with clear {10�11} and {0001}
internal facets can be found in the InGaN interlayer. These
voids and facets are consistent with the previous reports of
those in InGaN quantum wells region.22,23 The formation of
these void defects possibly originated during the InGaN
annealing, and was further exacerbated by the high temperature
This journal is © The Royal Society of Chemistry 2016
growth of the HR-GaN layer. However, the exact source remains
unclear and worth ongoing investigation.

The detailed structure of the InGaN interlayer was investi-
gated by acquiring high-resolution TEM images from the cross-
section of sample A. The red dashed lines outline an In-rich area
with metallic In embedded locally. In order to obtain a high-
quality atomic-resolved image, an image process for the
marked area in Fig. 2 composed of inverse fast Fourier trans-
form (IFFT) was carried out and the results are shown as the
inset. The IFFT image reveals intuitively the position of each
atomic column and a tetragonal structure with lattice spacing of
about 0.271 nm that may be attributable to the (101) facet of
metallic In, which is quite similar with previously reported
metallic In platelets.24 However, almost all areas outside the In-
rich cluster are In-poor InGaN matrix. The theoretical In
concentration is considered to be 15% (770 �C for InGaN
RSC Adv., 2016, 6, 60068–60073 | 60069
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growth) while that of In-poor InGaN matrix is less than 10%
deduced from the measured lattice parameter and Vegard's law.
Therefore, a loss of In atoms may occur during the annealing.
Because of the strong lattice-mismatch strain between InGaN
and GaN, stacking faults and local distortions of atomic
arrangement might exist. As shown in Fig. 2 marked with
circles, stacking faults or local distortions can be seen clearly,
indicating that the strain energy may be partly relaxed through
the creation of more stacking faults and/or local distortions in
the InGaN layer.

To investigate the crystal quality of the as-grown GaN lms,
high-resolution XRD measurements were carried out. Fig. 3
shows the symmetric (002) and asymmetric (102) XRD rocking
curves (u-scans) for both GaN samples. The full width at half-
maximum (FWHM) values of the (002) diffraction peak for
samples A and B are 318 and 284 arc sec respectively, and the
FWHM values of the (102) diffraction peak for samples A and B
are 464 and 325 arc sec respectively. The difference of (002)
plane FWHM between the two samples is insignicant, while
Fig. 3 Symmetric and asymmetric XRD rocking curves for both
samples. (a) u scans from (002) and (102) reflections for sample A; (b) u
scans from (002) and (102) reflections for sample B.

60070 | RSC Adv., 2016, 6, 60068–60073
the (102) plane FWHM of sample A has a remarkable broad-
ening about 140 arc sec compared with that of sample B. Since
the FWHM of (002) and (102) rocking curves are related to the
screw-type and edge-type TDs density respectively,25 the edge-
type TDs density (Dedge) and screw-type TDs density (Dscrew) in
the epitaxial layers can be estimated using the formulas:26

Dedge ¼
bð1012Þ

2

9bedge2
; Dscrew ¼ bð0002Þ

2

9bscrew2

where b is the FWHM measured by XRD rocking curves and
b is the Burgers vector length (bscrew ¼ 0.5185 nm, bedge ¼
0.3189 nm) for GaN. Therefore, the calculated edge-type and
screw-type dislocation densities for sample-A are 0.6 � 109

cm�2 and 1.0 � 108 cm�2, respectively. While the calculated
edge-type and screw-type dislocation densities for sample-B
are 2.7 � 108 cm�2 and 0.8 � 108 cm�2, respectively. In other
words, the edge-type TDs density of the HR-GaN lms
dramatically increased when introduced an annealed InGaN
interlayer, while the screw-type TDs density exhibits indiffer-
ence to this introduction. The signicantly broadened (102)
FWHM of sample-A suggests that strain relaxation can occur at
both InGaN/GaN interfaces to relax the corresponding stress
in the lm, and consequently the dislocations generated
which generally show edge-type character with a Burgers
vector b ¼ 1/3[11�20].27

To identify the residual stress of the two samples, the micro-
Raman spectrum measurements with the E2 (h) phonon peak
were carried out. The 417 cm�1 phonon peak of sapphire was
used as a reference. As shown in Fig. 4, the principal E2 (h) peaks
for sample A and sample B situated at 570.0 cm�1 and 570.5
cm�1 respectively, indicating strong residual compressive stress
in both samples since the E2 (h) has an intrinsic value of 567.5
cm�1 for stress-free GaN.28However, there is an obvious redshi
(0.5 cm�1) of the E2 (h) peak of sample A compared with that of
sample B, strongly suggesting that strain relaxation occurred in
sample A.

The relationship between the residual stress, s, and the shi
of the phonon peak, Du, is derived as follows:29
Fig. 4 Micro-Raman spectra of the as-grown samples A and B.

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 SIMS depth profiles of C, H, O and In concentrations for sample
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s ¼ Du

2:56

�
cm�1 GPa�1

�
:

Hence, the relaxed compressive stress in sample A can be
calculated to be 0.20 GPa. In addition, the voids induced by
InGaN interlayer (shown in Fig. 1(b)) may also contribute to the
strain relaxation. Furthermore, the small amplitude of the
A1(TO) and E1(TO) peaks are visible at 527 and 561 cm�1

respectively for sample A and only E1(TO) for sample B. The
appearance of these peaks may be correlated with GaN islands
formed in the initial growth stage and this is the subject of
further investigation.30

Screw-type TDs are considered as the primary culprit in
reverse-bias leakage current and are undesirable in electronic
devices, therefore this method to obtain HR-GaN enjoys an
advantage in control the leakage current paths for HEMTs
devices, thus superior to typical approaches by decreasing the
pressure or intentionally doping.

To study the electrical properties of the as-grown GaN lms,
Hall-effect measurements were carried out. The normally UID
GaN, i.e., sample B, exhibits n-type conduction with sheet
resistivity of 1.3 � 103 U per square. However, sample A, i.e., the
HR-GaN, exhibits high resistive character with a sheet resistivity
of 2.1 � 108 U per square which was ve orders of magnitude
higher than that of sample B. However, the carrier concentra-
tion was exactly on the contrary. The carrier concentration of
sample A and sample B are 1.0 � 1012 cm�3 and 4.7 � 1016

cm�3, respectively. In addition, the Hall mobility of sample A is
112 cm2 V�1 s�1, which is nearly half of that of sample B (245
cm2 V�1 s�1). The mobility seems to show disagreement to the
classical behavior that the mobility is increasing monotonically
with the carrier concentration decreasing. However, this
behavior can be well accounted for by the dislocation scattering
model according to Weimann et al.31 and Ng et al.32 In the
dislocation scattering model, the room temperature electron
mobility as a function of net carrier concentration follows
a family of bell-shaped curves. In the low carrier concentration
regime (<5 � 1017 cm�3), the electron mobility is dominated by
scattering at charged dislocation lines and increases mono-
tonically with carrier concentration, while at higher carrier
concentrations the limitation stems from scattering at ionized
impurities and the electron mobility decreases monotonically
with carrier concentration.32 With respect to samples A and B,
both have a carrier concentration below 5 � 1017 cm�3 and the
edge-type dislocations density of sample A is doubled as that of
sample B. In this scenario, the dislocations may play a domi-
nant role in determining the mobility of sample A and decrease
the mobility even with lower carrier concentration. Since the
pronounced decrease of carrier concentration and concomi-
tantly signicant increase in the resistivity, some compensation
mechanism involving the impurities and structure defects
could exist behind this phenomenon.

SIMS and TEM characterization help to provide insight into
the electrical properties of the as-grown GaN lms observed in
Hall-effects results, due to the fact that the electrical properties
of GaN are closely related to impurities and micro-structural
This journal is © The Royal Society of Chemistry 2016
defects. Fig. 5 shows the depth prole of C, H, O and In
concentrations for sample A. The UID carbon (C) concentration
increased one order of magnitude by introducing an InGaN
interlayer, from 4.7 � 1016 cm�3 to 5.0 � 1017 cm�3. The
segregation peak in the In prole indicates the relative depth of
InGaN layer and inhomogeneity of In distribution. The In prole
is much broader for the sample than designed InGaN thickness
in Fig. 1(a), which can be correlated to the thermal induced In-
diffusion process during the growth of HR-GaN layer.33 Unex-
pectedly, the hydrogen (H) and O concentrations vary in
consistent with the uctuation of In fraction within the InGaN
layer. In general, UID carbon impurities originate from the
metalorganics in MOCVD, and act as acceptors when substitute
for N (CN).34Oxygen can be leached from the quartz liner and has
been demonstrated to act as donors (substituting for N, i.e., ON)
in GaN,35 and atomic H is mainly produced by NH3 dissociation
but plays a small role in n-GaN.36 Considering that the Si donors
and Zn or Mg acceptors are not intentionally introduced in the
growth chamber, C and O are believed to be the primary back-
ground impurity acceptor and donor in our HR-GaN lms in this
study respectively. Accordingly, it is probably that the impurity
compensation from CN acceptors and the major donors such as
ON and VN, as the most possible candidates involved in the HR
compensation mechanism in this work.

TDs have been associated with charged centres in GaN lms,
and play an important role in determining the electrical prop-
erties of the lms. Elsner et al. have calculated the electronic
structure of screw and edge TDs in GaN and suggested that the
stress elds surrounding the edge TDs are sufficiently large to
trap intrinsic defects and impurities such as Ga vacancy (VGa), O
and VGa–O complexes.37 Wickenden et al.18 have also presented
that carbon impurity segregated primarily at the edge-type TDs
for growth pressure >100 Torr, resulting in compensating
acceptor states. Combining the XRD results and analysis above,
it is reasonable to believe that the increase of carbon incorpo-
ration is probably induced by the increased edge-type TDs.

In order to further verify the increase of edge-type TDs in HR-
GaN layer, representative cross-sectional TEM images for
A of the top 1.1 mm thickness.

RSC Adv., 2016, 6, 60068–60073 | 60071
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Fig. 6 Cross-sectional TEM images of sample-A showing a variety of
dislocations: (a) bright-field image of a region near the HR-GaN layer.
White arrow highlights the degraded InGaN position. (b) Dark-field
image of the marked area with g1 ¼ [0002]. (c) Dark-field image of the
marked area with g2 ¼ [11�20].
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sample-A using two-beam diffraction conditions were performed,
as shown in Fig. 6. A signicant increase in TDs density aer
growth of the InGaN interlayer can be observed in Fig. 6(a). From
the Burgers vector analysis using invisibility criteria,38 the TDs in
Fig. 6(b) and (c) are determined to be almost pure edge TDs
(marked with “e”) andmixed TDs (marked with “m”), and no pure
screw TD can be found in marked area. Edge-type mist disloca-
tion (marked with “MD”) can also be found near the InGaN layer.
Quantitative analysis on the cross-sectional image [Fig. 6(a)] leads
to a total TDs density of�1.3� 109 cm�2, which is consistent with
the XRD results (0.6 � 109 cm�2). Therefore, the increased edge-
type TDs may be responsible for the increasing C incorporation,
thus causing the background compensation and contributing to
the high resistivity. Further studies are currently underway to
determine the inuence of the thickness and In mole fraction of
InGaN interlayer on the lm resistivity.
Conclusions

In summary, UIDHR-GaN lm by introducing an annealed InGaN
interlayer without decreasing the growth pressure was demon-
strated. The as-grown UID GaN shows high resistivity, high Hall
mobility, dramatically low carrier concentrations as well as good
crystalline quality. It is found that the increased carbon incorpo-
ration induced by edge-type TDs which are caused by the InGaN
interlayer is probably responsible for the high resistive character.
This method could be an attractive choice to obtain HR-GaN
buffer with better reproducibility and overcome drawbacks such
as undesirable memory effects and large leakage current paths.
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