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Effects on AlGaN/GaN high-electron-mobility transistor structure of a high-temperature AIN buffer on sapphire
substrate have been studied by high-resolution X-ray diffraction and atomic force microscopy techniques. The
buffer improves the microstructural quality of GaN epilayer and reduces approximately one order of magnitude the
edge-type threading dislocation density. As expected, the buffer also leads an atomically flat surface with a low
root-mean-square of 0.25 nm and a step termination density in the range of 108 cm 2. Due to the high-temperature
buffer layer, no change on the strain character of the GaN and AlGaN epitaxial layers has been observed. Both
epilayers exhibit compressive strain in parallel to the growth direction and tensile strain in perpendicular to the
growth direction. However, an high-temperature AIN buffer layer on sapphire substrate in the HEMT structure

reduces the tensile stress in the AlGaN layer.

1. Introduction

The GaN-based high-electron-mobility  transistors
(HEMTs) are strong candidates for high-power and high-
frequency applications owing to the excellent properties
of group-III nitride semiconductor materials [1-4]. The
GaN-based HEMT structures are commonly grown on
sapphire substrates on account of the lack of large native
substrate. = However, the lattice constant and thermal
coefficient discrepancy between GaN and sapphire brings
about a high dislocation density in the GaN and overgrown
epitaxial layers, which adversely affects the performance
of devices. In order to reduce the dislocation density in
the epilayers, several techniques such as the lateral epitaxy
overgrowth and various buffer layers growth have been
used [5-7]. In recent years, the growth of GaN and AlGaN
films on an AIN buffer layer or multi-buffer layers have
been attracting interest [7-10].

On the other hand, a semi-insulating (SI) thick-GaN main
layer is a necessity for HEMTs because it decreases parallel
conduction between the source and the drain, and ensures
a sharp channel pinch off [11,12]. A SI-GaN is usually
achieved by means of intentional doping or tuning the
growth conditions [12-14]. Apart from these methods, Yu
etal. [15] developed a SI-GaN layer for AlIGaN/GaN HEMT
applications by using an AIN buffer layer on sapphire
substrate. Consequently, the AIN buffer layer has a critical
important for the device performance, and thereby its effects
on the heterostructures needs to be understood.

In case of heteroepitaxial growth, a strong influence
of the buffer layer on the structural properties and the
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character of the growth of subsequent layers has been well
known [7,9,16,17]. We, too, had confirmed this in one
of our previous studies [18]. In this study, we report the
effects on the crystalline quality, dislocation density, and
surface morphology of AlGaN/GaN-HEMTs of an HT-AIN
(high-temperature AIN) buffer layer on c-plane sapphire
substrate. We also evaluated the strain status of GaN and
AlGaN epitaxial layers in the HEMT structures.

2. Experimental method

The unintentionally doped AlGaN/GaN-HEMTs used
in the present study were grown on C-plane sapphire
substrates in a low-pressure MOCVD reactor (Aixtron
200/4 HT-S) by using standard trimethylgallium (TMGa),
trimethylaluminum (TMALI), and ammonia (NH;3) as Ga,
Al, and N sources, respectively. Prior to the epilayer
growth, the substrates were annealed at 1100°C for 10 min
to remove the surface oxides. For sample with the buffer
layer, the growth was initiated with the deposition of
a 15-nm-thick low-temperature AIN nucleation layer (NL)
at 840°C. Then, the reactor temperature was ramped
to 1150°C and a 500-nm-thick HT-AIN buffer layer was
grown. A sample without the buffer was deposited on a
25-nm-thick low-temperature GaN NL, for comparison a.
The NL thickness and annealing process of this sample
were carefully calibrated to obtain highly resistive character.
Finally, for both samples, an undoped 2000-nm-thick GaN
main layer, 25-nm-thick AlGaN barrier layer, and 3-nm-thick
GaN top layer were grown at same growth temperature and
reactor pressure. The HEMT structures with and without
the HT-AIN buffer were labeled as samples A and B.
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Figure 1. AFM scans with a 5 x 5um? area of the samples: (a) A and (b) B. Dark to white color variance corresponds to pit to hill

variance on the surface of the samples.

The structural quality and strain state of the samples
were examined by XRD measurements using a Bruker
D8-Discover high-resolution diffractometer system. The
surface morphology of the samples was characterized by
AFM observations using an Omicron variable temperature
(VT) STM/AFM instrument.

3. Results and discussion

In order to understand the surface properties of the
samples, AFM scans were performed over a small area
of 5x 5um?. Fig. 1 shows AFM images obtained from
the GaN top surfaces of the HEMT structures. As seen
from these images, sample A with the buffer has a well-
defined step-terrace structure. However, sample B without
the buffer displays pits and hillocks on the surface besides
unclear step terraces. The pit and hillock densities of
this sample were estimated as 5.6 - 107 and 2.4 - 107 cm 2
by the number of pits and hillocks from the image of
5 x 5um?, respectively. The observed step-terrace for-
mation on the surfaces of the samples reveals step-flow
growth. On the other hand, the majority of the steps
on the surfaces were terminated at darks spots in the
images. It is rather well known that there are three kinds

of threading dislocations (TDs) in a GaN epilayer: pure
screw (C-type), pure edge (a-type), and mixed (c + a)-
type. The intersection of a TD except for the pure edge
one with the free surface leads to a step termination on a
single crystal surface and hence, the step termination density
is related to the screw or mixed TD density [19]. The
density of step terminations is in the rang of 108 cm~2 on
the surface of sample A. The step termination density was
not distinguishable from sample B, on account of its rough
surface. However, from the step-terrace structure and lateral
sizes of the terraces, it is apparent that the step termination
density of sample A is lower than that of sample B.
Additionally, the root-mean-squre (rms) values of samples A
and B were obtained as 0.25 and 0.66nm over a scan
area of 5 x 5um?, which are in agreement with the lateral
sizes of the terraces on the surfaces. Consequently, AFM
observations clearly indicated that sample A grown by using
an HT-AIN buffer layer on sapphire substrate has a good-
quality surface with an rms value of 0.25nm and a regular
step-terrace structure as opposed to the inferior surface of
sample B grown by a low-temperature GaN NL only.

Fig. 2 shows Bragg reflections from the symmetric
plane (0002) and asymmetric plane (1012) of the GaN
layers in the samples. Gaussian type (0002) reflections
result from the mosaicity of the layers [20,21]. In this
case, it is clear that GaN main layer without the buffer

Structural parameters of GaN and AlGaN in samples A and B

FWHM (°) TD density (cm™?) Strain
Layer Sample (0002) (1012) Dscrew Dedge & €a
GaN A 0.078 0.104 1.6 - 108 7.4-108 —0.01007 0.01016
B 0.116 0.342 3.5-108 8.1-10° —0.01672 0.00803
AlGaN A - - - - —0.00437 0.00888
B - - - - —0.00771 0.02028

®Duauka 1 TEXHUKa NonynpoBogHUKoB, 2013, Tom 47, Bbin. 6




812

S. Corekci, M.K. Oztiirk, Hongbo Yu, M. Cakmak, S. Ozcelik, E. Ozbay

T T LI T Trrr o1 rrrrT

5-10°F a — sample A
— — sample B 1

Z4-104F .
= ]
o] L 4
53-10*F .
2 ]
£2-10* .
= 5
10* | ]

0 == T 1]

17.0 175 17.6

0, deg

8:10° . . .
b

Z610°F 1
o
s
0
234'10 - 1
&
I3
E2103F 1

=== =

23.9 24.0 24.1 24.2
0, deg

Figure 2. Bragg reflections of the samples: ¢ — symmetric GaN (0002), b — asymmetric GaN (101_2).

in sample B has a more mosaic structure because of the
wide spread of the reflection. As is already well known,
the broadening of the X-ray reflections is related to the
crystalline quality of epitaxial layers, which is denoted by the
full-width at half-maximums (FWHMs) of the peaks. The
FWHMs of samples A and B were determined as 0.078°
for the GaN(0002) reflections and 0.104°, 0.342° for the
GaN(1012) reflections as listed in Table. As is clearly seen,
the FWHM values of sample A are lower than those of
sample B. These results show that the GaN in sample B has
a poor quality, which seems in harmony with the inferior
surface consists of pits and hillocks of the same sample.
The X-ray reflections are broadened by limited crystallite
size, out-of-plane and in-plane misorientations of crystallited
(tilt and twist), and heretogeneous strain (microstrain) in
epitaxial films [22,23]. In addition, the tilt and twist
misorientations are associated with the screw (c-type)
and edge (a-type) TDs in the films [23]. Unfortunately,
dislocations lead to drain—current collapse in AlGaN/GaN
HEMTs [24). The dislocation density of GaN in the samples
was estimated from the following equations [25],

ﬂ2 ﬁZ _
D _ (0002) oo = (1012) (1)
43502 L ecee 4.35b§dge

where Dygerew 1s the screw-type TD density, Degge is the
edge-type TD density, S is the FWHM of X-ray reflec-
tions, and b is the Burgers vector length of the disloca-
tion (byerew = 5.1855 A, begge = 3.1890 A). The screw and
edge TD densities in GaN were estimated as 1.6- 108,
7.4-10%cm=2 for sample A and 3.5-10%, 8.1-10°cm—2
for sample B, respectively. = From these results, it is
clearly seen that the TD density of the GaN main layer
in sample A decreases due to the presence of an HT-AIN
buffer layer on sapphire substrate, which is consistent with
our premious study [18] on structural, morphological, and
optical properties of AlIGaN/GaN heterostructures with AIN
buffer and interlayer. In addition, the estimated screw

dislocation densities of the samples show conformity with
the step termination densities in the AFM images.

On the other hand, the density of the edge threading
dislocations (TDs) for both samples is higher than that of
the screw ones, which is typical for epitaxial GaN layers.
This result is due to the smaller nucleation energy of the
edge TDs [26]. Furthermore, the edge dislocation density of
sample B is approximately higher one order of magnitude
than that of sample A, which can be related to the nucleation
and annealing process of sample B. Look eal. [27] found
that the edge-type TDs in GaN are electrically active.
Hence, the reduction of edge TD densities in the samples is
important for achieving the high HEMT performance. Fini
etal. [28] reported that the low angle grain boundaries are
the main source of the edge-type TDs in the GaN films.
Qian etal. [29] show that the grains are formed during the
coalescence of the islands in NL at the initial stage of GaN
growth due to island misorientation. Xu etal. [30] found that
a higher island density leads more grain boundary. Also,
they indicated that the size and density of islands strongly
influence the diffusion of oxygen impurities from sapphire
substrate into GaN. In this context, the high TD density of
sample B, in which a major contributor is the edge TDs,
means the high island density and small island size in NL,
and to be limited of the oxygen diffusion.

The structural quality of GaN main layer and AlGaN
barrier layer in the samples were characterized in detail
utilizing reciprocal space maps (RSMs). Fig. 3 shows the
twi RSMs having an elliptical shape recorded around the
asymmetric (1015) Bragg reflections for samples A and B.
The elliptic nature of the RSMs is typical for III-nitrides and
associated with mosaicity of epitaxial layers [31].

An epitaxial layer with high dislocation density are often
described by the mosaic model [32], in which the layer is
assumed to consist of single crystalline blocks with lateral
and vertical coherence lengths. The rotaion (tilt and twist)
and sizes of the mosaic blocks are related to the intensity
distibutions in RSMs [32]. Thus, the larger broadening
appeared along the Qx and Q; axes for GaN in sample B
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Figure 3. RSMs recorded around the asymmetric (1015) reflections for samples (a) A and (b) B.

is due to the limited coherence ltngths and relatively high
tilt- and twist-angles of the layer. According to the report
of Chierchia etal. [32], the inclination of the main axis of
the ellipses with respect to the Qy axis increases with the
grain diameter. In this context, the larger inclination of GaN
in sample A implies the larger grain diameter, which is in
good agreement with the relatively wide terraces in AFM
image of the same sample.

On the other hand, the intensity maximum of AlGaN
peak in both samples is aligned parallel to that of GaN
peak, which implies a pseudomorphic growth for the AlGaN
layers. In order to clarify this, the in-plane (@) and out-of-
plane (c) lattice constants of the GaN and AlGaN were
extracted and strain status of the layers was evaluated by
utilizing the lattice constants. The a-lattice constant of the
AlGaN and GaN for both samples was very similar to
each other. Kisielowski etal. demonstrated presence of a
biaxial strain in GaN thin films on account of the growth
on lattice-mismatched substrates and post-growth cooling,
and a hydrostatic strain due to the point defects [33]. The
& and &, strain amounts in the GaN and AlGaN along the
c- and a-axes were calculated and the results were listed
in Table. The a and c lattice constants were taken to
be 3.1890 and 5.1855A for unstrained GaN, respectively.
As can be seen in Table, the GaN and AlGaN layers in the
samples are compressively strained in parallel to the growth
direction (in the c-direction), while they are tensile strained
in perpendicular to the growth direction (in basal plane).
These results are in agreement with a previous report [34]
showing that the layers grown on c-plane sapphire by a
nucleation layer are tensile strained. Strain character of
heteroepitaxially grown GaN layers on sapphire substrates
is determined by the superpositon of tensile/compressive
stress result from point defects in the layers and growth
on the lattice-mismatched substrates [33,35], biaxial tensile
stress associated with the coalescence process of the
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islands [34,36,37], and compressive stress caused by cooling
of the layers to room temperature [34]. In this case, the
tensile strain in a-axis of the GaN is probably originated
from the density of point defects and/or the coalescence
process. On the one hand, the high edge TD density of
sample B shows that the strain in GaN partially release. The
relatively low &,-strain of GaN in sample B can be related
to the layer thickness, non-stoichiometric growth, oxygen
concentration, or coalescence process on different surfaces
of the GaN islands. On the contrary, the tensile strain in
a-axis of AlGaN barrier layer in sample B is higher than
that of sample A. This results shows that an HT-AIN buffer
layer on sapphire substrate reduces the tensile stress in the
barrier layer of the HEMT structure. Finally, the high quality
of sample A with HT-AIN buffer, which was revealed in the
AFM observations, was confirmed by an improvement in the
microstructural quality from the HRXRD measurements.

4. Conclusion

We investigated the effects of an HT-AIN buffer layer
on microstructure AlIGaN/GaN-HEMTs grown on sapphire
substrates by low-pressure MOCVD. The buffer layer
remarkably improves to the structural quality of the epitaxial
layers in the HEMT structure and decreases the propagating
of the threading dislocations into GaN main layer. We also
evaluated the strain status of GaN main layer and AlGaN
barrier layer. The experimental results reveal that these
layers are compressively strained in the c-axis and tensile
strained in the a-axis. However, an HT-AIN buffer layer on
c-plane sapphire substrate reduces the tensile stress in the
AlGaN barrier.
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