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Abstract

beneficial to obtaining a high quality N-polar GaN.

In this study, effects of the thickness of a low temperature (LT) buffer and impurity incorporation on the
characteristics of Nitrogen (N)-polar GaN are investigated. By using either a nitridation or thermal annealing
step before the deposition of a LT buffer, three N-polar GaN samples with different thicknesses of LT buffer and
different impurity incorporations are prepared. It is found that the sample with the thinnest LT buffer and a
nitridation step proves to be the best in terms of a fewer impurity incorporations, strong PL intensity, fast mobility,
small biaxial strain, and smooth surface. As the temperature increases at ~10 K, the apparent donor-acceptor-pair band
is responsible for the decreasing integral intensity of the band-to-band emission peak. In addition, the thermal
annealing of the sapphire substrates may cause more impurity incorporation around the HT-GaN/LT-GaN/sapphire
interfacial regions, which in turn may result in a lower carrier mobility, larger biaxial strain, larger bandgap shift, and
stronger yellow luminescence. By using a nitridation step, both a thinner LT buffer and less impurity incorporation are
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Background

III-Nitride semiconductors have been used for light-
emitting diodes (LEDs), laser diodes, solar cells, and
high electron mobility transistors (HEMTs) [1-4].
These nitride devices are generally grown along the
polar c-axis (Ga-polar), where the built-in polarization
field decreases the overlap of the electron and hole
wave functions and leads to quantum-confined Stark ef-
fect (QCSE) [1-4]. Meanwhile, the reverse polarization
field of Nitrogen (N)-polar Ill-nitrides along the -c-axis
[000-1] can be used for device applications, such as
enhancement mode and highly scaled transistors, pho-
todetectors, Zener tunnel diodes, and sensors [5-7].
Due to the reversed direction of the polarization field, a
larger forward bias reduces QCSE in N-polar quantum wells
(QWs), increasing overlap of electron and hole wave func-
tion [4]. By time-resolved electroluminescence measurement,
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an N-polar LED has been shown to have more efficient car-
rier relaxation and faster carrier recombination [4].

The properties of Ga- and N-polar GaN are different
in the direction of the polarization field, the incorpor-
ation of residual impurities, and the surface morph-
ology [8-11]. Because of the low-quality epitaxial layers
of N-polar GaN, the device performance of the N-polar
LED is poor compared to that of the Ga-polar LED [4].
The incorporation of oxygen in N-polar GaN during
nitridation is much larger than that in Ga-polar GaN
[10, 11]. Oxygen incorporates on nitrogen sites by
bonding with neighboring Ga atoms and substitutes for
nitrogen atoms on the N-polar GaN surface [10]. By
calculating the adsorption energy of oxygen on the dif-
ferent surfaces, atoms impinging on a group V site form
three bonds to the Ga surface atoms, leading to a
stronger bonding of oxygen atoms to the N-polar sur-
face [11, 12].

In addition, hexagonal hillocks on a rough surface are
often observed in N-polar GaN [13-15]. Smooth N-polar
GaN grown on on-axis c-plane sapphire substrates can
be achieved by the following approaches before the main
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GaN growth: (1) With a nucleation layer deposited at
550 °C, followed by an annealing at 1030 °C [16]; (2)
With a nitridation step on the sapphire substrates [17];
and (3) By using a low temperature (LT) GaN buffer and
optimizing the nitridation temperature of the sapphire
substrates from 1130 to 950 °C, atomically smooth N-
polar GaN has been achieved and the hillock density
has decreased [6]. The GaN nucleation layers were de-
posited at 600 °C, followed by the main GaN layer at
1055 °C. Furthermore, an improved surface morphology
and narrow spectral width can be obtained by growing
N-polar GaN on misoriented sapphire, silicon carbide,
and silicon substrates [18]. An optimized LT GaN buf-
fer is crucial to improve the epitaxial layer quality of
the multiple quantum well structures. However, the
effects of the thickness of a LT buffer and impurity in-
corporation on the characteristics of N-polar GaN with
either a nitridation or thermal annealing step were not
well studied.

In this study, the effects of the thickness of a LT buffer
layer and impurity incorporation on the characteristics
of N-polar GaN are investigated by atomic force micros-
copy (AFM), secondary ion mass spectrometry (SIMS),
photoluminescence (PL), Raman, and Hall measure-
ments. It is found that the sample with the thinnest LT
buffer and a nitridation step proves to be the best in
terms of a strong PL intensity, fast mobility, small biaxial
strain, and smooth surface. Thermal annealing of the
sapphire substrates may cause more impurity incorp-
oration around the HT-GaN/LT-GaN/sapphire inter-
facial regions, which in turn may result in a lower
carrier mobility, larger biaxial strain, larger bandgap
shift, and stronger yellow luminescence. By using a
nitridation step, both a thinner LT buffer and less im-
purity incorporation are beneficial to obtaining a high
quality N-polar GaN.

Methods

The N-polar GaN samples are grown on nominally on-
axis c¢-plane sapphire in a metalorganic chemical vapor
deposition reactor (MOCVD). Trimethylgallium (TMGa)
and ammonia (NHj3) are used as the precursors for Ga
and N, respectively. Sapphire was heated up in a mixture
of NH; (3 slm) and N, (4 slm) to a high temperature for
nitridation. One N-polar GaN sample with 20-nm thick-
ness of LT buffer (namely LT-20 sample) was grown on
nitridized sapphire at 600 °C and a pressure of 300 mbar
in H,, followed by the growth of ~1 pm N-face GaN at
1055 °C and 100 mbar with 0.5 slm NHj3 and a TMGa
flow of 66 pmol/min. Besides, the other two N-polar
GaN samples with 21 and 32 nm thicknesses of LT
buffers are prepared (namely LT-21 and LT-32 samples,
respectively). The LT-21 and LT-32 sample sapphires did
not have a nitridation step but had a thermal cleaning at
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1070 °C in H, for 2 min before the growth of LT-GaN
buffer. The thermal cleaning of the sapphire substrates
probably caused some issues at the initial growth inter-
face, which accounts for the different properties among
the LT-20, LT-21, and LT-32 samples.

The surface morphology was revealed by AFM (Park
Systems, XE-70) with a non-contact mode using a sili-
con tip of curvature less than 10 nm. The samples were
placed in a cryostat for temperature-dependent PL
measurement with the 325-nm line of a 55-mW He-Cd
laser for excitation. Raman spectra were recorded in the
backscattering configuration using a Jobin Yvon-Horiba
micro-Raman system (model T64000) with a 532-nm
laser. Mobility and sheet resistance are measured by
Hall/van der Pauw measurement.

Results and Discussion

AFM Images and SIMS Profiles

Figure 1 shows the AFM images of the three N-polar
GaN samples. The surface roughness for the LT-20, LT-
21, and LT-32 samples are 0.394, 0.868, and 0.909 nm,
respectively. For a thicker LT buffer, the surface morph-
ology becomes rough. The smooth surface of the LT-20
sample represents the best sample.

Figure 2a—c shows SIMS profiles of the LT-20, LT-21,
and LT-32 samples, respectively. The incorporations of
hydrogen, oxygen, and silicon in the LT-21 and LT-32
samples without a nitridation step are higher than those
in the LT-20 with a nitridation step. Especially, the im-
purity incorporations in the LT-21 sample are the high-
est and distributed more widely among the three
samples. Without a nitridation step in the LT-21 sam-
ple, the thermal cleaning of the sapphire substrates
probably may cause more impurity incorporation
around the HT-GaN/LT-GaN/sapphire interfacial re-
gions. Silicon probably comes from the susceptor SiC
coating or reactor chamber ambient. Oxygen atoms can
substitute for nitrogen atoms on the N-polar GaN sur-
face [10]. The impurity incorporation affects the mater-
ial and optical properties of N-polar GaN.

PL and Raman Measurements

Figure 3 shows the PL spectra at 10 K of the three sam-
ples. The spectra show the band-to-band emission peak
~358 nm (3.464 eV), donor-acceptor-pair (DAP) band
and LO phonon replica ~370-410 nm, and a weaker yel-
low luminescence for the three samples [11]. For a
thicker LT buffer, the PL intensity is weaker. The DAP
band and LO phonon replica for the LT-32 sample are
stronger than those for the LT-20 sample, while those
for the LT-21 sample are the weakest. The yellow lumi-
nescence for the LT-20 and LT-21 samples is nearly
same, while that for the LT-32 sample is weaker. The
substitution for nitrogen atoms by impurity atoms on
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Rg, is shown in the parentheses

Fig. 1 AFM images of the a LT-20 (Rg 0.394 nm), b LT-21 (Rg 0.868 nm), and ¢ LT-32 (Rg 0.909 nm) samples. Surface roughness of each sample,
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Fig. 2 SIMS profiles of hydrogen, carbon, oxygen, and silicon
incorporations for the a LT-20, b LT-21, and ¢ LT-32 samples.
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are indicated
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the N-face surface creates more defect density. Hence, a
higher impurity incorporation in the LT-21 sample leads
to a stronger yellow luminescence.

Figure 4a, b shows PL peak position and normalized
integral PL intensity as a function of temperature of the
three samples, respectively. At higher temperature(s),
the red-shift peak positions for all the samples are
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Fig. 3 PL spectra at 10 K for the three samples

368_--~'|'~~-|""|""|""|""‘
- a ]
~ 366 .
E 364 o
g g ,7'" ]
= 362 Py = ]
72 [ "/ ]
o L & ]
A 360 /-_.:._./‘ .
= ;ll---'—-‘=/0'°
& 358 [9e-e-8-0-0 .
=W [
356|||||
0 50 100 150 200 250 300
2 b ‘bandtoband ]
5 10(e —=—LT-20 -
o I —e—LT-21
S LT-32 |
g DAP band and |
§ 05k LO replica
= ——LT-20
= \ —o—LT-21
2 LT-32
= L ]
[ O'O PP PR B o ar o o Iuﬁ
0 50 100 150 200 250 300
Temperature (K)
Fig. 4 a PL peak position and b normalized integral PL intensity as a
function of temperature for the three samples

attributed to the band gap shrinkage [1]. Because of the
large lattice mismatch between the films and the sub-
strates, a large residual strain exists in the films. Strain
relaxation is related to the thickness of the LT buffer.
Hence, the bandgaps and PL peak positions of the three
samples are different [1]. The strain inside the sample
was determined by Raman measurement. In addition, as
the temperature increases at ~10 K, the integral intensity
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Fig. 5 Raman spectra for the three samples at RT. The dotted line at
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Table 1 Phonon frequency shift Aw, biaxial strain o, bandgap shift AE,, estimated bandgap £/, from phonon frequency shift,
measured bandgap £, from PL peak position for the LT-20, LT-21, and LT-32 samples

Sample Molem™ 1 o(GPa) AE(eV) E’ 4(eV) from Raman Eg(eV) from PL peak
LT-20 1.75 0.28 591x10°° 339581 33926
LT-21 2.96 048 1012x1072 340012 34037
LT-32 146 0.23 485%107° 339485 33912

of the band-to-band emission peak steeply decreases,
while that of the DAP band and LO phonon replica be-
comes stronger, especially for the LT-32 sample. This
shows that the apparent DAP band and LO phonon rep-
lica are responsible for the decreasing integral intensity
of the band-to-band emission peak. The apparent DAP
band and LO phonon replica are consistent with a
poorer sample quality and rougher surface morphology
in the LT-32 sample.

Figure 5 shows Raman scattering spectra for the three
samples. The spectra display E,-high mode of GaN. The
dotted line (568.0 cm™) shows the phonon frequency w,
for the strain-free E,-high mode of GaN. Based on the de-
formation potential approximation, the phonon frequency
shift, Aw = @ — wg = 6.20, can be approximated as a func-
tion of the biaxial strain, o [19]. As shown in Table 1, ex-
cept for the LT-21 sample, a thicker LT buffer helps strain
relaxation, leading to a smaller residual strain. The largest
biaxial strain, for the LT-21 sample, may be due to higher
incorporations of hydrogen, oxygen, and silicon. It has
been reported that oxygen incorporates on nitrogen sites
by bonding with neighboring Ga atoms [10]. The larger
oxygen atom distorts the atomic structure and results in a
larger biaxial strain. In addition, with the relationship of
the bandgap shift AE,(=0.02110) as a function of biaxial
strain, o [20], bandgaps of the three samples can be esti-
mated. The energy bandgap of GaN is 3.39 eV at RT [21].
As shown in Table 1, the estimated bandgaps from pho-
non frequency shifts are nearly the same as the observed
bandgaps from PL peak positions at 10 K for the three
samples. It is suggested that more impurity incorporations
inside the sample induce a larger biaxial strain and shift
the PL peak position.

Mobility and Sheet Resistance Measurements
Furthermore, Table 2 shows the PL intensity, mobility, and
sheet resistance for the three samples. The characteristics

Table 2 PL intensity, mobility (u) calculated from Hall/van der
Pauw measurements, and sheet resistance (Rsneer) for the LT-20,
LT-21, and LT-32 samples

Sample PL intensity H (cm?/Vs) Repeer (0hm/o)
LT-20 Strong 98.100 3.069
LT-21 Medium 89.155 2758
LT-32 Weak 9211 1592

of a strong PL intensity, fast mobility, and smooth surface
of the LT-20 sample show the best sample. With more im-
purity incorporations inside the LT-21 sample, carrier-
impurity atom scattering would slow down the mobility.
In addition, the sheet resistance is inversely proportional
to the film thickness [22]. Hence, sheet resistance in
thicker GaN layer becomes lower.

Conclusions

In summary, we have studied the effects of the thick-
nesses of a LT buffer and impurity incorporation on the
material and optical properties of N-polar GaN samples.
The sample with the thinnest LT buffer and a nitridation
step proves to be the best in terms of a strong PL inten-
sity, fast mobility, small biaxial strain, and smooth sur-
face. As the temperature increases at ~10 K, the DAP
band is responsible for the decreasing integral intensity
of the band-to-band emission peak. In addition, the ther-
mal annealing of the sapphire substrates may cause more
impurity incorporation around the HT-GaN/LT-GaN/
sapphire interfacial regions, which in turn may result in
a lower carrier mobility, larger biaxial strain, larger
bandgap shift, and stronger yellow luminescence. By
using a nitridation step, both a thinner LT buffer and
less impurity incorporation are beneficial to obtaining a
high quality N-polar GaN.

Acknowledgements
This research was supported by the Ministry of Science and Technology,
Taiwan, under grants NSC 102-2112-M-390-001 and MOST 103-2112-M-390-002.

Authors’ Contributions

YYC performed the experiments. QS and JH fabricated the samples. FWY and
SWF coordinated the project and drafted the paper. All the authors read and
agree the final version of the paper.

Competing Interests
The authors declare that they have no competing interests.

Author details

'Department of Electronic Engineering, Southern Taiwan University of
Science and Technology, Tainan, Taiwan, RO.C.. “Department of Applied
Physics, National University of Kaohsiung, No.700, Kaohsiung University Rd.,
Nan Tzu Dist, 81148 Kaohsiung, Taiwan, RO.C.. °Key Laboratory of
Nanodevices and Applications, Suzhou Institute of Nano-tech and
Nano-bionics, Chinese Academy of Sciences, Suzhou, China. “Department of
Electrical Engineering, Yale University, New Haven, CT, USA.

Received: 15 October 2016 Accepted: 8 November 2016
Published online: 18 November 2016



Yang et al. Nanoscale Research Letters (2016) 11:509

References

1.

20.

21,

22.

Feng SW, Yang CK, Lai CM, Tu LW, Sun Q, Han J (2011) Surface striation,
anisotropic in-plane strain, and degree of polarization in nonpolar m-plane
GaN grown on SiC. J Phys D Appl Phys 44:375103

Feng SW, Lai CM, Chen CH, Sun WC, Tu LW (2010) Theoretical simulations
of the effects of the indium content, thickness, and defect density of the
i-layer on the performance of p-i-n InGaN single homo-junction solar cells.
J Appl Phys 108:93118

Feng SW, Lai CM, Tsai CY, Su YR, Tu LW (2013) Modeling of InGaN p-n junction
solar cells. Opt Mater Express 3:1777

Feng SW, Liao PH, Leung B, Han J, Yang FW, Wang HC (2015) Efficient
carrier relaxation and fast carrier recombination of N-polar InGaN/GaN light
emitting diodes. J Appl Phys 118:043104

Keller S, Li H, Laurent M, Hu' Y, Pfaff N, Lu J, Brown DF, Fichtenbaum NA, Speck
JS, Denbaars SP (2014) Recent progress in petal-organic chemical vapor
deposition of N-polar group-lil nitrides. Semicond Sci Technol 29:113001

Sun Q, Cho YS, Lee IH, Han J, Kong BH, Cho HK (2008) Nitrogen-polar GaN
growth evolution on ¢-plane sapphire. Appl Phys Lett 93:131912

Song J, Yuan G, Xiong K, Leung B, Han J (2014) Epitaxial lateral overgrowth
of nitrogen-polar GaN by metalorganic chemical vapor deposition. Cryst
Growth Des 14:2510

Akyol F, Nath DN, GUr E, Park PS, Rajan S (2011) N-polar lll-nitride green
(540 nm) light emitting diode. Jon J Appl Phys 50.052101

Sun Q, Cho YS, Kong BH, Cho HK, Ko TS, Yerino CD, Lee IH, Han J (2009)
N-face GaN growth on c-plane sapphire by metal organic chemical vapor
deposition. J Cryst Growth 311:2948

Fichtenbaum NA, Mates TE, Keller S, DenBaars SP, Mishra UK (2008) Impurity
incorporation in heteroepitaxial N-face and Ga-face GaN films grown by
metalorganic chemical vapor deposition. J Cryst Growth 310:1124
Polyakov AY, Smirnov NB, Govorkov AV, Sun Q, Zhang Y, Cho YS, Lee IH,
Han J (2010) Electrical and luminescent properties and deep traps spectra
of N-polar GaN films. Mater Sci Eng B 166:83

Zywietz TK, Neugebauer J, Scheffler M (1999) The adsorption of oxygen at
GaN surfaces. Appl Phys Lett 74:1695

Weyher JL, Zauner ARA, Brown PD, Karouta F, Barcz A, Wojdak M, Porowski
S (1999) Growth of high quality, MOCVD grown Ga-polar GaN layers on
GaN substrates after novel reactive ion etching. Phys Stat Sol (a) 176:573
Kornitzer K, Ebner T, Thonke K, Sauer R, Kirchner C, Schwegler V, Kamp M,
Leszczynski M, Grzegory |, Porowski S (1999) Photoluminescence and
reflectance spectroscopy of excitonic transitions in high-quality
homoepitaxial GaN films. Phys Rev B 60:1471

Sumiya M, Yoshimura K, Ito T, Ohtsuka K, Fuke S, Mizuno K, Yoshimoto M,
Koinuma H, Ohtomo A, Kawasaki M (2000) Growth mode and surface
morphology of a GaN film deposited along the N-face polar direction on
c-plane sapphire substrate. J Appl Phys 88:1158

Matsuoka T, Kobayashi Y, Takahata H, Mitate T, Mizuno S, Sasaki A,
Yoshimoto M, Ohnishi T, Sumiya M (2006) N-polarity GaN on sapphire
substrate grown by MOVPE. Phys Status Solidi B 243:1446

Collazo R, Mita S, Aleksov A, Schlesser R, Sitar Z (2006) Growth of Ga- and
N- polar gallium nitride layers by metalorganic vapor phase epitaxy on
sapphire wafers. J Cryst Growth 287:586

Fuke S, Teshigawara H, Kuwahara K, Takano Y, Ito T, Yanagihara M, Ohtsuka
K (1998) Influences of initial nitridation and buffer layer deposition on the
morphology of a (0001) GaN layer grown on sapphire substrates. J Appl
Phys 83:764

Kozawa T, Kachi T, Kano H, Nagase H, Koide N, Manabe K (1995) Thermal stress
in GaN epitaxial layers grown on sapphire substrates. J Appl Phys 77:4389
Zhao DG, Xu SJ, Xie MH, Tong SY, Yang H (2003) Stress and its effect on
optical properties of GaN epilayers grown on Si (111), 6H-SiC (0001), and
c-plane sapphire. Appl Phys Lett 83:677

Mmska HP, Tietjen J (1969) The preparation and properties of vapor-
deposited single-crystal-line GaN. Appl Phys Lett 15:327

Kou KY, Huang YE, Chen CH, Feng SW (2016) Lattice strain relaxation and
absorbance in textured ZnO: B transparent conductive oxide for thin film
solar cell applications. Beilstein J Nanotechnol 75:75

Page 6 of 6

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Immediate publication on acceptance

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com




	Abstract
	Background
	Methods
	Results and Discussion
	AFM Images and SIMS Profiles
	PL and Raman Measurements
	Mobility and Sheet Resistance Measurements

	Conclusions
	Acknowledgements
	Authors’ Contributions
	Competing Interests
	Author details
	References

