Chinese Physics B

Study on the nitridation of B-Ga,0Os films

Fei Cheng(f£3F), Yue-Wen Li(Z=1i3), Hong Zhao(X4L), Xiang-Qian Xiu(f&[Er), Zhi-Tai Jia(P&28), Duo Liu(XI&),
Xue-Mei Hua(*£5 1), Zi-Li Xie(i§t H /1), Tao Tao(Fg#4), Peng Chen([%: M), Bin Liu(xxt), Rong Zhang(7k%), You-Dou
Zheng(¥RA %}

Citation:Chin. Phys. B . 2019, 28(8): 088103 . doi: 10.1088/1674-1056/28/8/088103

Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Thin-film growth behavior of non-planar vanadium oxide phthalocyanine

Tian-Jiao Liu(X|K#r), Hua-Yan Xia(® 4£#), Biao Liu(XI#5), Tim S Jones, Mei Fang(77 1), Jun-Liang Yang(FH % 5%)
Chin. Phys. B . 2019, 28(8): 088101 . doi: 10.1088/1674-1056/28/8/088101

Polarized red, green, and blue light emitting diodes fabricated with identical device configuration
using rubbed PEDOT:PSS as alignment layer

Haoran Zhang(7kf54%), Qi Zhang(7k3), Qian Zhang(ik#), Huizhi Sun(#ML%), Gang Hai(¥#i), Jing Tong(4:##),
Haowen Xu(f#¥%30), Ruidong Xia(& i 7<)
Chin. Phys. B . 2019, 28(7): 078108 . doi: 10.1088/1674-1056/28/7/078108

Photodetectors based on small-molecule organic semiconductor crystals

Jing Pan(i% i), Wei Deng(¥541), Xiuzhen Xu(4#:75 £), Tianhao Jiang(Z K 2), Xiujuan Zhang(5k 75 48), Jiansheng Jie(#5 2
)
Chin. Phys. B . 2019, 28(3): 038102 . doi: 10.1088/1674-1056/28/3/038102

Synthesis and characterization of B-Ga,O;@GaN nanowires

Shuang Wang(ZE£ ), Yue-Wen Li(Z=1ii ), Xiang-Qian Xiu(f&[A1), Li-Ying Zhang(Fkili#1), Xue-Mei Hua(tEF ), Zi-Li
Xie(if H 77), Tao Tao(Fg#%), Bin Liu(xIxk), Peng Chen(F45), Rong Zhang(ik %), You-Dou Zheng (%85 4})
Chin. Phys. B . 2019, 28(2): 028104 . doi: 10.1088/1674-1056/28/2/028104

Occurrence and elimination of in-plane misoriented crystals in AIN epilayers on sapphire via
pre-treatment control

Wang Hu, Xiong Hui, Wu Zhi-Hao, Yu Chen-Hui, Tian Yu, Dai Jiang-Nan, Fang Yan-Yan, Zhang Jian-Bao, Chen
Chang-Qing
Chin. Phys. B . 2014, 23(2): 028101 . doi: 10.1088/1674-1056/23/2/028101


http://cpb.iphy.ac.cn/EN/abstract/abstract74447.shtml
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/abstract/abstract74334.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract74235.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract74235.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract73680.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract73543.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract57743.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract57743.shtml

Chin. Phys. B Vol. 28, No. 8 (2019) 088103

Study on the nitridation of 3-GasO; films*

Fei Cheng(f£9F)", Yue-Wen Li(Z*1%30)!, Hong Zhao(R4L)!", Xiang-Qian Xiu(f&[a]H{)">*,
Zhi-Tai Jia(3{ £2%)%, Duo Liu(X/8%)2, Xue-Mei Hua(*eZE#)!, Zi-Li Xie(#f [ /7)!, Tao Tao(Fa#)!,
Peng Chen([4: M%), Bin Liu(¥J%it)!, Rong Zhang(5k%%)!"%, and You-Dou Zheng(¥{7 %H)!

1 Key Laboratory of Advanced Photonic and Electronic Materials, School of Electronic Science and Engineering,
Nanjing University, Nanjing 210093, China

ZState Key Laboratory of Crystal Materials, Shandong University, Jinan 250100, China

(Received 12 May 2019; revised manuscript received 19 June 2019; published online 25 July 2019)

Single-crystal GaN layers have been obtained by nitriding -GayO3 films in NH3 atmosphere. The effect of the
temperature and time on the nitridation and conversion of GayO3 films have been investigated. The nitridation process
results in lots of holes in the surface of films. The higher nitridation temperature and longer time can promote the nitridation
and improve the crystal quality of GaN films. The converted GaN porous films show the single-crystal structures and low-
stress, which can be used as templates for the epitaxial growth of high-quality GaN.
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1. Introduction

GaN-based nitrides have been widely used in optical de-
vices and high power or high temperature microelectronic
devices.!'=31 However, one of the main problems for high qual-
ity GaN growth is lack of a suitable lattice-match substrate.
Foreign substrates, such as sapphire and Si, bring about a large
number of defects in GaN epilayers, although they are the most
popular substrates.[*] The ideal substrate would be GaN for
the homoepitaxy.

B-Gay03 is an ultra-wide band gap semiconductor and
has excellent properties, such as high transparency in the re-
gion from visible to UV regions, high electrical conductivity
and thermal stability at high temperature.®-8! The lattice mis-
match between GaN and -Ga;Os is relatively small, as low
as 2.6%.1) So, B-Ga,O3 can also be applied as a substrate
for GaN epitaxial growth.!!%!!1 Tt has been reported that the
(100) cleavage plane of 3-Ga,O3 undergoes a surface recon-
struction under nitridation at high temperature and NH3 gas,
which causes the surface to match GaN naturally.['?! The sur-
face of 3-Ga; 03 film can be nitridated to acquire good lattice-
matching of GaN for the direct growth of GaN. And, GaN
films converted from B-GayO3 by nitridation with NH3 can
be also used as a substrate or template for GaN homogeneous
epitaxial growth. In this work, we report the influences of tem-
perature and time on the nitridation to better understand the
process.

DOI: 10.1088/1674-1056/28/8/088103

2. Experimental details

The 2-inch (1 inch=2.54 cm) B-Ga,03 films have been
grown by self-made halide vapor phase epitaxy (HVPE)
system.[!3] The as-grown B-Ga, 03 is transparent and smooth,
the surface roughness is about 6.2 nm obtained by the anal-
ysis of atomic force microscope. The as-grown -Ga;Os3
films have been cut into 1 cmx1 cm for the nitridation pro-
cess. The nitridation of $-Ga,0j3 films has been carried out
in a quartz tube furnace with the NH3 flow rate of 200 sccm
at different temperatures and times, respectively. After ni-
tridation, all the samples exhibit yellowish and translucent.
The surface morphologies were studied by scanning elec-
tron microscopy (SEM, JSM-700 F). The structural proper-
ties were measured by means of high-resolution x-ray diffrac-
tion (XRD, BRUKER-DS) and Raman spectroscopy (Raman,
OLYMPUS-BX41).

3. Results and discussion
3.1. Analysis of nitridation temperature

Figure 1 shows the surface morphologies of -GayO3
film and as-nitridated films at different temperatures for 0.5 h.
The scanning electron microscopy images randomly observed
at different areas indicate that the surface morphology of as-
nitridated film is similar and uniform. It can be seen that lots of
holes appear in the surface after nitridation. In the higher mag-
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nification, the surface consists of lots of hillock pits, showing
a stratified or sheet structure. The rough surface may be due
to the nitridation of §-Ga;O3 at NH3 atmosphere, and the f3-
Gay03 decomposed into GaO, Ga0, and Ga, releasing O»
simultaneously.!'*! More tiny hillock pits appear obviously in
the surface of sample with increasing the temperature. When
the nitridation temperature is up to 1000 °C and above, the -

F
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Ga03 film is nitridated heavily and show a porous network
structure. The decomposition and nitridation of 3-GayO3 at
high temperature may results in the porous layer.!'>! The den-
sity and diameter of the hillock pits increased as the nitrida-
tion temperature was increased from a temperature range of
850 °C-1050 °C due to the enhancement of the 3-Ga,O3 de-

composition rate. 1!
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Fig. 1. The SEM images of 3-Ga;Oj3 film and the samples after nitridation at different temperatures for 0.5 h. The insets are SEM

images in the higher magnification.
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Fig. 2. XRD patterns of 3-Ga; O3 film and the samples after nitridation
at different temperatures for 0.5 h.

The XRD patterns (6-26 scan) of 3-Ga,O; film and as-
nitridated films at different temperatures for 0.5 h are exhib-
ited in Fig. 2. The XRD peaks at 18.84°, 38.3°, 58.98° corre-
spond to diffractions from the (-201), (-402), (-603) planes of
B-Gay03, respectively.[!”l When the nitridation temperature
is 850 °C, the peaks of 3-Gap,O3 are dominant and a weak
peak for the GaN (002) reflection occurs at 34.4°.1'81 It in-
dicates that 3-Ga;O3; have been converted partly to GaN at
850 °C. The intensity of GaN (002) diffraction peak gradu-
ally increases and the full width at half maximum (FWHM)
decreases with the increasing nitridation temperature. Con-

40" 60 65 70

versely, the intensity of peaks belonging to -Gay O3 gradually
decreases. After a further increase of the nitridation tempera-
ture to 1000 °C, the diffraction peaks belonging to §-Ga,03
entirely disappear and only a high intense single sharp XRD
peak corresponding to GaN (002) plane dominates. XRD re-
sults reveal that the crystalline quality of the formed GaN in-
creases with increasing nitridation temperature and the GaN
films have a preferential orientation along (002) direction.
Raman spectra has been measured at room temperature
by using an argon ion laser (A = 514 nm). Figure 3(a) illus-
trates the Raman spectra of §-GayO3 film and as-nitridated
films at different temperatures for 0.5 h. For 3-Ga;0s3, eight
Raman peaks were observed with no blue shift as compared
to the bulk Raman peaks.['”) After nitridation at 850 °C, the
Raman spectra shows no obvious changes, expect a slight re-
duction of the peak intensity. For 3-Ga;O3 films nitridated at
950 °C and 1000 °C, the phonon modes related to §-Ga,03
are diminished and the Raman peaks corresponding to GaN
at 142 cm™!, 422 cm~!, 568.8 cm™!, and 734 cm~! evolved.
The Raman peak at 568.8 cm~! for the E, (high) phonon
mode of GaN shows a slight blue-shift as compared to the
standard Raman spectra of bulk GaN crystal,!?°??] which may
results from lattice strain by the conversion from $-Gay03 to
GaN. During the nitridation process, the N atoms decompos-
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ing from NH3 would replace the O atoms in Ga—Og or Ga—Oy4
bond configurations to form Ga—-N4 or Ga—Ng bond configura-
tions. And the Ga—Ng bond configuration is unstable and will
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Fig. 3. Raman spectra of $-GayOs3 film and the samples after nitrida-
tion at different temperatures for 0.5 h (a) and the curve of Raman peak
intensity of the Ga, O3 -A3 g mode and the GaN-E; (high) mode with the
nitridation temperature (b).

10_}_11}-1

spontaneously convert to more stable Ga-Ng bond
configuration.?3! So the strain may be caused by the incom-
plete conversion with the short nitridation time, and enough
nitridation time would promote the complete transformation
which is verified by the effect of the nitridation time below.
And the intensity of the Raman peak corresponding to GaN
gradually increases with the increase of nitridation temper-
ature. Raman analyses further confirm that the surface of
B-Gay05 films has converted to GaN. Figure 3(b) shows the
change in Raman peak intensity of the A3g phonon mode of 3-
Ga;03 and the E; (high) phonon mode of GaN, respectively.
The slope of the fold lines at 950 °C—1050 °C indicates that
high temperature accelerates the conversion from f3-Ga,O3 to
GaN. The efficient conversion of the -Ga;O3 to GaN can be

achieved at nitridation temperature of 1050 °C.

3.2. Analysis of nitridation time

Figure 4 shows the SEM images of as-nitridated 3-Ga; O3
films at 1050 °C for different times. As the nitridation time is
increased from 0.5 h to 3 h, the density and diameter of the
hillock pits in the surface increase due to the enhancement of
the B-GapO3 decomposition. And a porous network layers
forms obviously in the surface of sample after the nitridation.
The above may result from that the $-Ga,Os3 film is dissoci-

ated and converted to GaN under NH3 atmosphere.

10 fim-

Fig. 4. The SEM images of 3-Ga; 03 films after nitridation at 1050 °C for different times. The insets are SEM images in the higher

magnification.

Figure 5(a) shows the XRD patterns of as-nitridated f3-
Gay 03 films at 1050 °C for different times. As is shown in
Fig. 5(a), the XRD patterns contain strong diffraction peaks
corresponding to GaN (002). And there are two weak peaks
corresponding to 3-Ga; O3 in the sample nitridated at 1050 °C
for 1 h and 2 h. The appearance of -GayO3 peaks possibly

be ascribed to the emerging non-surface layer of the $-Ga;03
film by nitridation. The XRD results reveal that the converted
GaN films have a preferential orientation along (002) direc-
tion.

In order to characterize the crystal quality, the x-ray rock-
ing curves (XRC) of the GaN (002) and (102) planes were
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obtained from as-nitridated $-Ga; O3 films at 1050 °C for dif-
ferent times. As shown in Fig. 5(b), the FWHM value of the
GaN (002) and (102) plane remarkably decreases. The change
of FWHM value indicates that the crystal quality of the GaN
films becomes better with the increase of nitridation time be-
cause of the atom reconstruction during the nitridation pro-
cess. The discrete FWHM value of GaN (102) may be at-
tributed to the lack of N under a low NH3 flow rate. The XRC
results indicate that the converted GaN films show the single-

crystal structure and the nitridation time can improve the crys-

tal quality of GaN films.
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Fig. 5. XRD patterns of $-Ga,O; films after nitridation at 1050 °C for
different times (a). The XRC patterns of GaN (002) and (102) formed
at 1050 °C for different times (b).

Figure 6 illustrates the Raman spectra of as-nitridated 3-
Ga 03 films at 1050 °C for different times. In addition to the
phonon modes of GaN, the A’g phonon mode of 3-Ga,03 is
also observed in the spectra of as-nitridated films. And the
peak intensity of the A’g phonon mode of $-Ga,O3 grad-
ually decreases until it disappears as the nitridation process
proceeds. It should be noted that while the A*g phonon mode
of B-Gay03 is still observed, the E; (high) phonon mode of
GaN shows a blue-shift, which indicates the existence of com-
pressive stress in GaN. And the blue-shift offset of the E;
(high) phonon mode is decreasing with the increase of nitri-

dation time. As discussed earlier, the stress results from the

incomplete conversion from 3-Ga;O3 to GaN. When the ni-
tridation time increases to 3 h, the E, (high) peak is located
at 567.7 cm~! with no blue-shift compared with that of bulk
GaN, which means that there is no significant stress in GaN
film nitridated at 1050 °C for 3 h. So, it can be concluded that
the enough nitridation time significantly improves the quality
of GaN converted from 3-Ga; O3, which is in accordance with
the XRC analysis.
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Fig. 6. Raman spectra of $-Ga, O3 films after nitridation at 1050 °C for
different times.

4. Conclusion and perspectives

In summary, GaN films have been obtained from the -
Ga;03 films by the nitridation under the NH3; atmosphere.
The nitridated films show a porous network surface morphol-
ogy. The structural analysis indicates that the nitridated sur-
face layer is single-crystal GaN layer. After full nitridation at
1050 °C for 3 h, GaN layers show no significant stress. The
nitridation temperature and time can promote and improve the
crystal quality of GaN films. The porous GaN films obtained
by the nitridation of 3-Ga;O3 can be used as templates for the
epitaxial growth of GaN instead of the expensive bulk GaN

substrates.
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