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The influence of V/III ratio (pressure ratio of group V (N) to group Ill (Ga) species) on GaN growth
using HVPE was investigated by simulation and experiment. The GaCl and NH; concentration on the
substrate becomes uniform for the higher V/III ratio. The FWHM of the (002) and (102) peak both
decrease as the V/III ratio increase. SEM and AFM results indicate that the increment of V/III ratio is
in favor of forming a smooth GaN film surface. The intensity ratio of Iy, /lge decreases with the
increase of V/III ratio. The FWHM of band-edge emission peaks decreases as V/III ratio increases.
Higher V/I11 ratio improved crystalline and optical quality of GaN.
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1. INTRODUCTION

GaN is an important semiconductor material which has been widely used in electronic and
optoelectronic devices due to its wide band gap and stability at high temperatures [1, 2]. However,
GaN crystal is very difficult to obtain and it has been mainly grown on foreign substrates. GaN
epitaxial layers have high dislocation densities (10%-10'° cm™) due to the lattice mismatch and the
difference in thermal expansion coefficient between GaN and the foreign substrate [3, 4]. The high
dislocation density is harmful to the performance of optical and electrical devices. Therefore, high
quality GaN crystal with low dislocation density is in great demand. It is known that growth conditions
affect the quality of GaN epitaxial layers and V/III ratio is a very important parameter for GaN growth
[5, 6]. Zhao et al. studied the effects of V/III ratio in the initial growth stage on the properties of GaN
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epilayers grown on low-temperature AIN buffer layers by metal-organic chemical vapor deposition
(MOCVD) [7]. Liao et al. reported that the best quality GaN films grown by MOCVD were achieved
at a higher V/III ratio with a quenched yellow luminescence and an enhanced near band edge
photoluminescence emission [8]. However, there are few reports on the influence of the V/III ratio on
the quality of GaN epilayers grown by hydride vapor-phase epitaxy (HVPE). In this paper, we
investigate the influence of V/III ratio on NH3 and GaCl flow distribution, surface morphological,
structural and optical properties of HVPE grown GaN by simulation and experiment.

2. EXPERIMENTAL

The GaN films were grown in a home-made vertical HVPE reactor. Template with 5 ym GaN
layer grown by MOCVD on Al,O3 substrates were employed as starting substrate. Ga and NH3 were
used as gallium and nitrogen source, respectively. HCI gas reacted with liquid Ga at 820°C to form
GaCl, which was transported to the growth zone of the reactor and reacted with NH3 at 1030°C to form
GaN deposition on the substrate. N, was used as a carrier gas. The reactor pressure was kept around
atmospheric pressure. In order to ensure a change of the V/III ratio, NH3 flow rate is kept constant
(1000 sccm) and HCI flow rate is 20, 50 and 100 sccm, respectively. The V/II1 ratio for different HCI
flow rate is 50, 20 and 10, respectively.

The effect of V/III ratio on air flow distribution was investigated using a three-dimensional
computational fluid dynamics (CFD).
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Figure 1. Schematic diagram of HVPE reactor profile
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Fig.1 shows the schematic diagram of HVPE reactor profile. GaCl outlet is in the middle of
reactor. NH3 outlets are on the both sides of reactor. N is used as carrier gas. The major assumptions
for the simulation included constant susceptor temperature, convection-determined wall temperature,
neglecting chemical reactions and thermal radiation, ideal gas and steady state.

The crystal quality of GaN films was characterized by high-resolution X-ray diffraction
(HRXRD) using symmetrical (002) and asymmetrical (102) reflections. Scanning electron microscopy
(SEM) images were taken with a Hitachi FESEM-4800 field emission microscope. AFM (Digital
Instrument Dimension 3100) were used to investigate the surface morphology. Photoluminescence
(PL) measurement was carried out at room temperature using 325 nm He-Cd lasers as excitation
power.

3. RESULTS AND DISCUSSION
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Figure 2. Simulation results of GaCl [(a) /111 =10 (b) /111 =20 (c) V/I11 =50] and NH3 [(d) V/I11 =10
(e) /111 =20 (f) V/I11 =50] concentration distribution above the substrate with different V/IlI
ratio (a) /111 =10 (b) /111 =20 (c) /111 =50
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Fig. 2 shows the concentration distribution of GaCl and NH; on the substrate with different
V/III ratio. The molar concentration of GaCl in the centre is lower than that near the edge on the
substrate. The concentration distribution of NH3 on the substrate is the reverse of GaCl. With
increasing the V/I1I ratio, the molar concentration of GaCl on the substrate decreases while that of NH3
increases. The GaCl concentration on the substrate becomes very uniform for high V/I1I ratio.

44

E ] —— V/III=50 e
— = 0
SR —e— V/I11=20 Z a2 /-/,/-/' .
O 10 V/II1=10 - - o
S A 9] = "B il
£ g 8 S = 4.0+ /
b £ S
= £ 7 s £ g o
l: =% 6 T~ E N;: 3.8 /
§ "c 5 \.\o o-® 2 = :
; % 2 - 8.6 —e— V/I11=20
= 4 s V/II=10
= 34

0 T T T T T T T T T T

-30 -20 -10 0 10 20 30 -30 -20 -10 0 10 20 30

Position (mm) Position (mm)
A B

Figure 3. The molar concentration XY Plot picture of GaCl (a) and NH3 (b) along the Y centerline of
substrate

Fig. 3 illustrates the molar concentration XY Plot pictures of GaCl and NH3 along the Y
centerline of substrate. In Fig. 3a, the molar concentration of GaCl varies greatly and the range from
8.5%x10™° kmol/m® to 12.7x10° kmol/m® along Y centerline of substrate for a V/III ratio of 10. With
increasing the V/III ratio, the variation of GaCl molar concentration along Y centerline of substrate
becomes smaller. The molar concentration of GaCl becomes uniform and the range from 1.7x107
kmol/m®to 2.2x10° kmol/m?® alone Y centerline of substrate when the V/I1I ratio is 50. As shown in
Fig. 3b, the molar concentration of NH3 increases as a result of increasing V/I1I ratio. All the molar
concentration of NHj at different /111 ratio increases along the Y centerline of substrate. The change
tendency is almost the same for NH3. The uniform distribution of GaCl and NH3; molar concentration
on the substrate results in a uniform growth rate and better film properties [9-11]. Therefore, we
predicted that increasing the V/I11 ratio will improve the properties of GaN films.

The crystal quality of GaN film was characterized by a HRXRD rocking curve. Fig. 4 depicts
the w-scans spectra of (002) symmetry planes and (102) asymmetry planes of GaN film grown under
different V/III ratios. The full width at half maximum (FWHM) of (002) peak and (102) peak both
decrease as the V/III ratio increases. For GaN film grown with V/III ratio of 50, the FWHM of (002)
peak and (102) peak is 392 and 485 arcsec, respectively. The (002) plane rocking curves can be
broadened by the screw or mixed dislocations, while (102) rocking curve can be broadened by all types
dislocation including pure edge dislocations [12]. Previous studies has proven that the screw
dislocation density and edge dislocation density are indirectly represented by the FWHM of HRXRD
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at (002) and (102) planes, respectively [13,14]. The narrow FWHM of (002) and (102) peak suggest
that the dislocation densities are reduced as the V/III ratio increase. Therefore, we conclude that
increasing the V/I1I ratio can effectively improve the crystal quality of the GaN.
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Figure 4. w-scans spectra of (002) symmetry planes and (102) asymmetry planes of the GaN film
grown under different /111 ratios.

SEM and AFM observations were performed to investigate the influence of the V/III ratio on
the surface morphology of GaN layers. Fig. 5 shows the surface morphology of GaN films with
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different /111 ratio measured by SEM. When the V/III ratio is 10 (Fg. 5(a)) the surface is very rough
and many dark dots are observed. With increasing the V/III ratio (V/111=20), the surface becomes

smooth (Fg. 5(b)). The density of dark dots decreased.

lum

Figure 5. SEM images of GaN film with different /111 ratio (a) /111 =10 (b) V/111 =20 (c) V/111 =50

Further increasing the /111 ratio to 50, the surface is very smooth and only a few dark dots are
observed (Fg. 5(c)). The surface morphology is improved by increasing the V/I1I ratio. Fig. 6a-c shows
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the Sumx5um area AFM images of GaN layers grown with V/III ratio of 10, 20 and 50, respectively.
The lower V/111 ratio reduces the nuclei density and promotes the three-dimensional (3D) growth mode
[15]. Therefore, many island protuberances are observed when the V/I111 ratio is 10 (Fig. 6(a)).
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Figure 6. Sumx5um AFM images of GaN layers grown with V/III ratio of 10 (a), 20 (b) and 50 (c),
respectively.
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Figure 7. Growth rate of GaN films as a function of the V/III ratio.

When the V/III ratio is increased to 20 (Fig. 6(b)), the surface of GaN film consists of well-
defined terraces. The surface morphology of GaN films with a V/III ratio of 50 (Fig. 6(c)) becomes
very smooth and exhibits the best morphology among the three samples. The root-mean-square (RMS)
roughness decreases from 1.850 nm to 0.818 nm with the increasing of V/III ratio, indicating an
improvement of surface quality. The increment in V/III ratio is in favor of forming a smooth GaN film
surface [8].

The dependence of growth rate of GaN on the V/III ratio is also investigated. Fig. 7 shows the
growth rate of GaN films as a function of the V/IlI ratio. It can be seen that the growth rate decreases
when the V/III ratio increases. In this paper, NH; flow rate is kept constant and HCI flow rate is
changed. The growth rate is determined by the concentration of GaCl and it varied linearly with GaCl
partial pressure [9]. Therefore, it is the lower growth rate in the GaN films grown with a higher V/I1I
ratio.

Fig. 8a shows the PL spectra of GaN films grown with different /Il ratio measured at room
temperature. The band-edge emission peaks at 3.42 eV and the yellow luminescence band at 2.1-2.5
eV are observed. The intensity ratio of the yellow luminescence band to band-edge emission (Ivi/lgg)
is strongly related to the dislocation densities [16]. The intensity ratio of Iy /lIge decreases with the
increase of V/III ratio. The results indicate that the dislocation densities of GaN decreases with the
increase of /111 ratio which is consistent with the HRXRD results. Fig. 8b shows the FWHM of band-
edge emission peaks as a function of V/III ratio for GaN films. It is shown that the FWHM of band-
edge emission peaks are in the range of 39.16-46.36 meV, and the value decreases as V/III ratio
increases. Therefore, it can be concluded that the crystalline and optical quality of GaN film grown
with higher /111 ratio is improved.
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Figure 8. (a) The PL spectra of GaN films grown with different V/III ratio measured at room
temperature. (b) The FWHM of band-edge emission peaks as a function of /Il ratio for GaN
films.

4. CONCLUSIONS

The effect of V/III ratio on the growth of GaN with HVPE in a vertical reactor was studied.
The simulation results show that the molar concentration of GaCl on the substrate decreases while that
of NHj increases as increasing the V/III ratio. The molar concentration of GaCl on the substrate
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becomes very uniform when the V/III ratio is 50. SEM and AFM results indicate that GaN samples
with higher V/III ratio have better surface morphology. The best quality GaN films were achieved
under a V/III ratio of 50. The growth rate decreases as the V/I1I ratio increase. The PL spectra indicate
that the optical quality of GaN film is improved with higher V/III ratio. These results confirm that
increasing the V/I1I ratio could effectively improve the crystalline and optical quality of GaN films.

ACKNOWLEDGEMENTS

This work was supported by National Basic Research Program of China (2009CB930503), NSFC
(Contract 51021062), the Fund for the Natural Science of Shandong Province (ZR2010EMO049,
ZR2010EM020) and 1IFSDU (2012JC007), China Postdoctoral Science Foundation funded project
(2012M521331), Special Fund from Postdoctoral Innovation Research Program of Shandong Province
(201203062).

References

1. D. Ehrentraut, Z. Sitar, MRS Bull. 34 (2009) 259-265.

2. Daniel F. Feezell, Mathew C. Schmidt, Steven P. DenBaars, Shuji Nakamura, MRS Bull. 34 (2009)
318-323

3. D. Kapolenek, X. H. Wu, B. Heying, S. Keller, B. Keller, U. K. Mishra, S. P. Denbaars, J. S.
Speck, Appl. Phys. Lett. 67 (1995) 1541-1543.

4. Lei Zhang, Yongliang Shao, Xiaopeng Hao, Yongzhong Wu, Haodong Zhang, Shuang Qu,
Xiufang Chen, Xiangang Xu, CrystEngComm,13 (2011) 5001-5004.

5. 0. Briot, J. P. Alexis, S. Sanchez, B. Gil, R. L. Aulombard, Solid-State Electron, 41 (1997) 315-
317

6. G. Durkaya, M. Buegler, R. Atalay, I. Senevirathna, M. Alevli, O. Hitzemann, M. Kaiser, R.
Kirste, A. Hoffmann, N. Dietz, Phys. stat. sol. (a), 207 (2010) 1379-1382

7. D.G. Zhao, D. S. Jiang, J. J. Zhu, Z. S. Liu, S. M. Zhang, H. Yang, J. W. Liang, J. Cryst. Growth
303 (2007) 414-418

8. W.T. Liao, J. R. Gong, S. W. Lin, C. L. Wang, T. Y. Lin, K. C. Chen, Y. C. Cheng, W. J. Lin, J.
Cryst. Growth 286 (2006) 28-31

9. S. A. Safvi, N. R. Perkins, M. N. Horton, R. Matyi ,T. F. Kuech, J. Cryst. Growth 182 (1997) 233-
237.

10. L. J. Sytniewski, A. A. Lapkin, S. Stepanov, W. N. Wang, J. Cryst. Growth 310 (2008) 3358-3365

11. E. Richter, C. Hennig, M. Weyers, F. Habel, J. D. Tsay, W. Y. Liu, P. Bru“ckner, F. Scholz, Y.
Makarov, A. Segal, J. Kaeppeler, J. Cryst. Growth 277 (2005) 6-12

12.J. X. Zhang, Y. Qu, Y. Z. Chen, A. Uddin, S. Yuan, J. Cryst. Growth 282 (2005) 137-142

13. H. Heinke, V. Kirchner, S. Einfeldt, D. Hommel, Appl. Phys. Lett. 77 (2000) 2145-2147

14.H.J. Ko, T. Yao, Y. Chen, S. K. Hong, J. Appl. Phys. 92 (2002) 4354-4360

15. T. Yang, K. Uchida, T. Mishima, J. Kasali, J. Gotoh, Phys. stat. sol. (a) 180 (2000) 45-50.

16.J. Y. Shi, L. P. Yu, Y. Z. Wang, G. Y. Zhang, H. Zhang, Appl. Phys. Lett. 80 (2002) 2293-2295.

© 2013 by ESG (www.electrochemsci.org)



http://www.electrochemsci.org/

