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a  b  s  t  r  a  c  t

This  study  grew  GaN  epilayers  on Si(1  1 1) substrate  via  molecular  beam  epitaxy,  with  a  CrN  interlayer
fabricated  through  a  nitridation  process.  The  X-ray  diffraction  results  showed  two  peaks  corresponding
to  CrN(1  1 1)  and  GaN(0  0  0 2).  The  results  of auger  electron  spectroscopy  showed  that  the  concentration
ccepted 5 August 2011
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of  electrons  was  relatively  low  in  the  samples  grown  with  a  CrN  interlayer,  due  to  CrN  preventing  Si
atoms  from  diffusing  into  the  GaN  epilayer,  thereby  reducing  electron  concentration.  Photoluminescence
spectra  indicated  that  donor–accepter  pair  recombination  (DAP)  emission  was  not  generated  in the  GaN
with  a CrN  interlayer  because  of  improved  crystalline  quality  and  a reduction  in  electron  concentration.

© 2011 Elsevier B.V. All rights reserved.
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. Introduction

Gallium nitride (GaN)-based compound semiconductors have
een widely utilized in optoelectronic devices, due to their wide
nergy band-gap (∼3.4 eV) and excellent chemical and thermal sta-
ility [1].  A sapphire substrate is usually employed for the growth of
aN-based LEDs, though silicon substrates have a number of attrac-

ive advantages compared to sapphire substrates, including good
hermal and electrical conductivity, low-cost production, and well-
eveloped fabrication processes. Optoelectronic devices including
EDs [2,3], photo detectors [4],  and field-effect transistors [5] based
n III-nitride have been grown on Si substrates. Unfortunately, a lat-
ice mismatch between GaN and Si substrates can be as high as 17%,
esulting in cracks or dislocations in GaN epilayers [6]. Therefore, a
ow-temperature GaN or AlN layer is generally used as a buffer layer
7,8] or a lateral over growth [9] to reduce cracks and dislocation

ensity.

CrN has recently been used as an interlayer for GaN-based
ertical-LEDs fabricated in a chemical lift-off (CLO) process [10].
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Because of their notable chemical and thermal stability, CrN films
can be fabricated via a nitridation process with Cr thin films, RF
co-sputtering deposition, and co-evaporating in nitrogen plasma-
assisted molecular beam epitaxial (MBE) systems [11–13].  CrN
grown on c-sapphire or AlN/c-sapphire substrates have been shown
to follow the orientation of CrN (1 1 1) [13,14].  The orientation of
GaN layers grown on CrN (1 1 1) buffer layers has been demon-
strated to follow the c-axis [12]. Improvements in crystalline
quality and a reduction in threading dislocation have also been
reported regarding MBE-grown GaN on sapphire substrates with
CrN buffers [13]. Nevertheless, studies are scant regarding GaN
films grown on Si substrates with CrN interlayers. Therefore, this
study proposed utilizing the properties of CrN to overcome the
mismatches in the lattices of GaN and Si substrates, thereby reduc-
ing the density of associated dislocations. The research involved
forming CrN by implementing a nitridation process, subsequently
growing GaN films on Si substrates with CrN interlayers via MBE.
This study also investigated the structural and optical properties of
GaN with and without a CrN interlayer.

2. Experiment

In this study, epitaxial layers were grown on a n-type Si substrate with (1 1 1)

orientation by employing a plasma-assisted MBE  system. Initially, a layer of Cr 20 nm
in  thickness was  deposited on the substrate by radio frequency sputtering at room
temperature. The Cr-coated Si substrates were subsequently placed into the MBE
system at a background pressure of 1.8 × 10−9 Torr. Prior to the growth of GaN epi-
layers, the Cr-coated Si substrates were treated with nitrogen plasma, which was

dx.doi.org/10.1016/j.jallcom.2011.08.025
http://www.sciencedirect.com/science/journal/09258388
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Fig. 2. (a) XRD �–2� scan spectra for the MBE-grown GaN samples with and without
a  CrN interlayer. GaN (0 0 0 2) was  grown on Si with and without a CrN interlayer.
ig. 1. The plan view SEM image of etched (a) sample without CrN (b) sample with
rN.

enerated by supplying high-purity N2 (99.999% purity) gas at a flow rate of 1.1 sccm
nd  a discharge power of 350 W at 450 ◦C. A GaN buffer layer (∼20 nm)  was  grown
t  a temperature of 600 ◦C in gallium-rich conditions, with a typical growth rate of
10  nm/h. The GaN epilayers were successively grown at a substrate temperature
f  700 ◦C for 2 h, at an estimated growth rate of approximately 300 nm/h. Surface
hanges of all the samples were monitored by in situ RHEED during growth along
he [0 0 0 2] azimuth.

. Result and discussion

Fig. 1(a and b) shows scanning electron microscope (SEM)
mages of the etched GaN with and without CrN interlayer, respec-
ively. During etching pit dislocation (EPD) measurements, we
mmersed the samples in H3PO4 at 160 ◦C for 3 min. It can clearly
e seen that numerous dark pits exist on the surface of both
amples. From these two images, it was found that the dark pit
ensity in sample with a conventional LT-GaN buffer was around
.22 × 1011 cm−2. In contrast, the dark pit density in sample with a
rN interlayer buffer was only around 2.36 × 109 cm−2, the much
maller EPD observed from sample with GaN interlayer indicates

hat we can indeed reduce the TD density by using the CrN inter-
ayer.

Fig. 2(a) shows the XRD �–2� scan of the GaN grown with and
ithout a CrN interlayer, in which both samples demonstrated
(b)  XRC results for the MBE-grown GaN samples with and without a CrN interlayer.
The FWHM values of GaN (0 0 0 2) with and without CrN interlayer were 1833 arc sec
and 2808 arc sec, respectively.

major 2� peaks at 34.54◦, 37.12◦, 58.83◦, and 72.97◦, originating
from GaN(0 0 0 2), CrN(1 1 1), Si(2 2 2), and GaN(0 0 0 4), respec-
tively [15]. This on-axis �–2� scan indicates that the surface
orientation was (0 0 0 2)GaN|| (1 1 1)Si and (0 0 0 2)GaN|| (1 1 1)CrN||
(1 1 1)Si for the samples with and without CrN interlayers, respec-
tively. Fig. 2(b) shows the X-ray rocking curve (XRC) for GaN(0 0 0 2)
samples. The full-width half maximum (FWHM) values of the rock-
ing curve for the GaN grown with and without the CrN interlayer
were 2808 arc sec and 1833 arc sec, respectively. The broadening
of the FWHM values was  indicative of a defective structure with
large edge-threading dislocation in the GaN grown without a CrN
interlayer.

Fig. 2(a and b) shows the results of TEM for the sample with
the CrN interlayer along the [0 0 0 1] and [1 0 1̄  0] zone axis, respec-
tively. Fig. 3(a) shows a cross-sectional TEM image of GaN grown on
a CrN interlayer and Si. The threading dislocation was concentrated
in specific regions, as shown in Fig. 3(a) by the arrows. Fig. 3(b)
displays the interface between the GaN and Si on the CrN nano-

island. The inset shows a fast Fourier transform (FFT) pattern of
the CrN nano-island, in which a pattern displays the cubic struc-
ture and direction of growth along the (1 1 1) direction, the result
of FFT corresponds to that of the XRD. According to the TEM and
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Fig. 3. TEM result of (a) epi-layer and substrate (b) interface for GaN on Si with
CrN interlayer, (a) places indicated by the arrow was dislocated from the substrate
surface, extending to the epitaxial layer. Insets of (a and b) show the SAED pattern
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nd FFT pattern, these pattern indicated that GaN was grown along c-axis and CrN
as  a cubic structure which grown along (1 1 1) direction.

RD results, the in-plane epitaxial relationship were (0 0 0 2)GaN||
1 1 1)CrN|| (1 1 1)Si and (2 1̄ 1̄ 0)GaN‖ (0 1 1)CrN‖ (1 0 1̄)Si for the sam-
les with the CrN interlayer. An apparent air-gap was found in
he interfacial region of the GaN and Si substrate without the CrN
ano-island because the lateral growth rate was higher in Ga-rich
nd high-temperature conditions. Additionally, CrN nano-islands
ormed in the substrate as nucleation sites during the GaN epitax-
al layer growth process, and the grains of the GaN bonded above
he area without the CrN nano-island. In this manner, air-gaps were
ormed beneath the grain boundary, which reduced the density of
islocations in the pattern of the sapphire substrate (PPS) [16].

Hall measurements indicated that the carrier concentrations of
he samples, which had been grown with and without CrN inter-

18 −3 20 −3
ayers, were 7.72 × 10 cm and 1.65 × 10 cm , respectively.
he GaN epilayer without the CrN was diffused by the Si substrate
or several hours at a high temperature and low pressure. How-
ver, the resulting chemical and thermal stability of the CrN, which
Fig. 4. AES results of GaN (a) without (b) with CrN interlayer. (a) The interface of GaN
and  Si was  contaminated by diffused Si, (b) the CrN interlayer acted as a blocking
layer to prevent the Si from diffusing into the GaN epilayer.

prevented the Si from diffusing to the GaN epilayer, caused unin-
tended doping. In addition, the CrN interlayer not only improved
the crystalline quality, but also reduced electron concentration in
the GaN epilayers. Nevertheless, conducting longitudinal element
analysis was  possible to confirm the diffusion of Si via Auger elec-
tron spectroscopy (AES).

Fig. 3(a and b) shows the AES results of the GaN grown on the
Si substrate with and without a CrN interlayer, respectively. The
sample grown without a CrN interlayer displayed more Si atoms
diffusing into the GaN epilayer compared to the sample grown with
a CrN interlayer. This indicates that the CrN interlayer played a role
in obstructing the diffusion of Si atoms from the substrate during
GaN growth. In addition, Si diffusion into the GaN layers could be
the cause of higher carrier concentrations in the GaN grown without
a CrN interlayer compared to the GaN grown with a CrN interlayer,
on the other hand, in the initial epitaxy state, the quality of GaN
was reduced by Si unintended doping, the poor quality of initial
epilayer resulted the reduction of GaN epilayer quality, in contrast,
the CrN interlayer obstructing Si diffused into GaN initial epilayer
to avoid the quality of GaN epilayer was decreased (Fig. 4).

Fig. 5 shows the PL spectra of samples grown with and with-
out CrN interlayer. Fig. 5 shows two  peaks located at 365 nm and
380 nm for the GaN sample without a CrN interlayer. The unin-
tended doping caused by Si diffusion into the GaN produced this
change in the photoluminescence spectra. The difference in energy
between the band-to-band emission (365 nm)  and the 380 nm

was 169 meV, which was  higher than the ionizing energy of SiGa
(27 meV). Because the peak at 380 nm was not donor-to-valence
band photoluminescence, this may  have been a result of the donor-
to-acceptor transition [17]. This is due to Ga vacancy being the
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Fig. 5. Photoluminescence spectra of the MBE-grown GaN samples with and with-
out a CrN interlayer. The peak located at 368 nm for GaN with CrN interlayer and
two peaks located at 365 nm and 380 nm for GaN without CrN interlayer. Due to CrN
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s a blocking layer to prevent Si diffused into GaN epilayer, the 380 nm of the peak
oes not appear in GaN with CrN interlayer.

ominant native defect in the n-type doping (or unintended dop-
ng) conditions, acting as an acceptor [18]. GaN with a CrN interlayer
isplayed only one peak at 368 nm,  which may  have been due to the
revention of Si diffusion by the CrN interlayer. Thus, the CrN layer
eemingly prevents Si from diffusing into the GaN epilayer from
he Si substrate, thereby reducing electron concentration, reduc-
ng Ga vacancies, and improving crystalline quality. The sample

ithout a CrN interlayer demonstrated a lower degree of inte-
ral PL intensity and wider FWHM compared the sample with a
rN interlayer, which implies that the CrN interlayer improved the
rystalline quality of the grown GaN epilayer.

. Conclusion

In summation, this study grew a GaN epilayer on an Si(1 1 1)
ubstrate with a CrN interlayer formed by the nitridation of a
putter-coated Cr metal film. The GaN epilayer displayed a crys-
al orientation of [0 0 0 2], and the EPD measurement and XRC
esults demonstrated that the growth of a CrN interlayer between
he Si substrate and the GaN epilayer reduces dislocation density
nd increases crystalline quality. The TEM results also confirmed
hat CrN reduced the number of dislocations such as pattern

apphire substrates do. In the sample with the CrN interlayer, elec-
ron concentration was reduced 100-fold compared with the GaN
rown without CrN. Photoluminescent spectra indicated donor-
o-acceptor transition in the GaN films grown without a CrN

[

[

[
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interlayer, which may  have been caused by a diffusion of Si atoms
from the Si substrate. The unintended doping of Si resulted in Ga
vacancies being recognized as an acceptor material. The PL inten-
sity and FWHM of the band-edge emission were improved in the
GaN film grown with a CrN interlayer. This effect can be attributed
to the prevention of Si diffusion by the CrN interlayer, which con-
sequently reduced Ga vacancy and improved the crystallinity of
the grown GaN epilayer. The results of this study show that a CrN
interlayer is significant for the growth of GaN epilayers.
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