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The electronic properties of inversion domains in a GaN-based lateral polarity heterostructure were
investigated using micro-Raman spectroscopy. The piezoelectric polarization of each domain was
calculated from strain determined via Raman scattering. The free carrier concentration and electron
mobility were deduced from the longitudinal optical phonon—plasmon coupled mode. The electron

concentration in the N-face domain was slightly higher than that in the Ga-face domain. It appears
that during growth, a larger number of donor impurities may have been incorporated into the N-face

domain than into the Ga-face domain. ZD03 American Institute of Physics.

[DOI: 10.1063/1.1570507

INTRODUCTION tween the plasmon and the LO phonon produces two coupled
LO phonon—plasmon(LPP) modes, w. (LPP") and
Gallium nitride (GaN) has attracted Signiﬁcant attention w_ (|_F>Fr)6 The Coup"ng is through the macroscopic elec-
due fo its potential optoelectronic application in the short+ric fields of these excitations. The high frequency LPP
wavelength optical spectral region. In the case of epitaxiajode behaves like a LO phonon at low carrier densities. The
GaN films, thef0001] direction of the GaN unit cell can be equency of the LPP mode increases with the carrier con-
either parallel or antiparallel to the growth direction, reSUIt'centration, and eventually corresponds to that of the plas-

ing in_domains with Ga-face or N—face_ polarity, respectively:mon_ Such a mode was proposed by Vargad observed in
Polarity can be controlled by the choice of substrate terml-GaAS by Mooradian and Wrigt.

nation and/or the growth of nucleation layémslixed polar-
ity regions(inversion domainscan exist in GaN films, and
these domains are separated by inversion domain boundari
Polarization in wurtzite GaN is attributed to spontaneou
piezoelectric components. Spontaneous polarizatisP

Kozawa et al. have reported free carrier concentration
edetermination by Raman scattering from analysis of the LO
Srﬁionon—plasmon coupled mode in G&N.was found that,
as the electron concentration increases, the LO phonon

originates from the intrinsic wurtzite crystal structure, COUPIES with the overdamped plasmon, thereby shifting the
whereas piezoelectric polarizatiéR2) is induced by lattice A1(LO) peak toward higher frequency and broadening the
distortion. The former is essentially independent of strainf€ak asymmetrically. Perliret al. studied LO phonon—
while the latter originates from strain, which may be gener-Plasmon coupled modes in highly conducting bulk GaN.
ated by lattice and/or thermal mismatch. Bernardini andBoth LPP" and LPP" modes were clearly observed in the
Fiorentinf suggested that the value of the spontaneous poRaman spectra and faithfully follow the theoretical trends.
larization in GaN can be as high as 0.034 €/ifhe strong Contrary to Kozawat al’s report, evidence of overdamping
built-in electric field generated by polarization can substanbehavior was not found, which may be attributed to the high
tially affect the electrical and optical characteristics of aquality single bulk crystalline samplemall needles or
GaN-based heterostructutd=or example, piezoelectric po- platelet3.*’ Harima et al. investigated underdamped LO
larization in GaN/AlGaN quantum well structures can causephonon—plasmon coupled modes imtype GaN* They
the separation of electrons and hdfes. argued that the problem can be resolved by using high
It has been established that Raman spectroscopy can lggality samples with moderate dopant concentrations
employed for determination of the free carrier concentration10'’-10' cm~3). Both the LPP and LPP modes were
and mobility in GaN. In polar semiconductors, longitudinal cjearly identified in the Raman spectra. It was pointed out
optical (LO) phonon modes couple strongly with plasmonsinat plasmons in GaN behave like thoseitype GaAs since
through the macroscopic electric fi€ldThe coupling be- e degree of carrier damping in GaN is relatively small
compared with that in other wide band gap semiconductors.
dAuthor to whom correspondence should be addressed; electronic mail.n spite of these efforts, the degree of plasmon damping in
m_park@ncsu.edu GaN is still under debate.
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FIG. 1. Schematic cross section of the GaN-based lateral polarity hetero-

structure. The direction and magnitude of the spontaneous and piezoelectric 400 600 800 1000
polarization are depicted by the direction and length of the arrows, respec-
. . -1
tively. Raman Shift (cm’)
(a)

Recently, Frayssinedt al'? presented evidence of a gra-
dient in the free carrier concentration along thexis in bulk

GaN with high electron concentration. Infrared and Raman ll””””l””lw " Iclale;_lfla!éml

spectroscopy has revealed that the free electron concentra . 5000 — I -

tion on the N face is higher than on the Ga face. They at- '€ a3

tribute this result to the preferential incorporation of oxygen > 4000 - /'.‘.-' % —

impurities into the N face during growth. However, due to g F

the nature of bulk crystal growth, anisotropy in processing ~ 3000 —

including temperature and purity may result in variations F

during growth. 2 2000 |
Therefore, in the present investigation, we have studied ".d:','

the electronic and piezoelectric characteristics of Ga- and = 1000 ]

N-face domains in a lateral polarity heterostructure using e it o

micro-Raman spectroscopy. Free carrier concentration, plas-
mon damping, free carrier mobility, and piezoelectric polar-
ization (and total polarizationwere determined from analy-
sis of the Raman spectra. This work is different in that these
parameters were obtained using an epitaxial film that con-
tained opposite inversion domains, which were intentionally (b)
created at the same time with essentially identical processin
conditions.

550 560 570 580
Raman Shift (cm™)

IglG. 2. (a) Typical Raman spectrum of GaN-based lateral polarity hetero-
structure(b) Raman spectrum of thel?) peak of GaN(the Ga-and N-face
regions.

EXPERIMENT

. RESULTS AND DISCUSSION
The GaN-based lateral polarity heterostructure was fab-

ricated using plasma-induced molecular beam epitaxy Hexagonal GaN has a wurtzite structure withC4,
(PIMBE). The GaN epitaxial flms were grown on a pre- space group anf;(z)+2B;+E(x,y)+ 2E, optical modes
patterned AIN/sapphire substrate. The Ga-face and N-facat thel” point of the Brillouin zoné* The twoE, modes are
inversion domains were created on AlIN/sapphire and sapRaman active, thé\; and E; modes are both Raman and
phire regions, respectively. Details of the processing condiinfrared active, and the twB; modes are silent. Since the
tions are reported elsewhereA schematic cross section of A; andE,; modes are polar, they split into LO and transverse
the structure is depicted in Fig. 1. Micro-Raman spectrosoptical (TO) components. According to Raman selection
copy was carried out at room temperature using backscatterdles, only theEY, E?), and A;(LO) modes should be
ing geometry with the 514.5 nit2.41 e\) line of an Arion  observed with the(-,-)z scattering geometry of our experi-
laser using an ISA U-1000 scanning double monochromatoment.

The excitation laser beam was focused onto a small &pot Figure Za) shows a typical Raman spectrum of GaN.
wum in diametey with a microscope objective. High resolu- The sapphireE; mode (at 748 cm?t) was observed since
tion scans were obtained with 2@0n slit widths, resulting GaN is transparent to the 514.5 nm line of the excitation
in 1.7 cm tinstrumental resolution. The interval between thelaser. Raman spectra were collected at specific points across
data points is 0.2 cirt. Survey scans were acquired using athe inversion domain boundary from the N-face region to the
400 um slit width and 2 cm?® data intervalFig. 2(a)]. Ga-face region. Figure(B) displays the Raman spectrum of
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| 1 | stresspg,=o0y, 0.=0), andv is the Poisson ratio. Based on

C : g‘é\g;'ghm ER - the Raman data and using Hd), the in-plane biaxial com-
70 412 g pressive strain in the Ga- and N-face domains was calcu-
e L & o * ; 4 1.0 f‘j lated. The strain calculated in the Ga- and N-face domains is
§ I ? é é J o8 = 4.0<10 % and 1.0< 104, respectively. Piezoelectric polar-
s 850 % E % ization can be calculated using the following expression:
P e i
oo : ® 7 e
6.0 - f L, + *?®  Joz2 g Ppz=[€31—(C13/C33)€33][ 284], (3
C 1 Jo00 &
I N-face IDB Ga-face A
55 | I | I L --0.2 wherees; andes; are piezoelectric constants, aoyd andcss
20 -0 0 10 20 are the stiffness coefficients, which are listed in Table I. The
Distance from IDB (micrometer) calculated piezoelectric polarization in the Ga- and N-face

domains is 4.X10 % and 1.0< 10" C/n?, respectively. In
FIG. 3. Peak position and FWHM of the Ram&f) mode determined by  the case of GaN under biaxial compressive stress, the direc-
fiting the Raman peak with a Lorentzian function. tions of spontaneous and piezoelectric polarization oppose
each other. Therefore, the total polarizatioR{,=Psp
+ Ppy) for the N-face domains has a slightly higher absolute
magnitude than that for the Ga-face domains. Details of the

pROS|t|0nE?2r;d fug width atd half ”.‘axémg‘ m::WHM)h othhe direction and magnitude of the spontaneous and piezoelectric
amanE}” mode were determined by fitting the Raman polarization are depicted in Fig. 1.

peak with a Lorentzian function, and the results are summa- It should be noted that any measurement technique

gzed in Fi%‘ 3. -::he relative_ Shiﬂé)f ;c]he %eak is(;he diEereqqewhich can provide the value of strain can be used to provide
etween the reference point and the observed peak positiog., ;e of piezoelectric polarization. Previous measurements

We. haye used a value of 567.2 cinas thg _reference POINt,  have established that Raman scattering and x-ray diffraction

which is the mgasured Raman peak position oftthemode provide equivalent results on large area samplds. our

of a f_re_e—stand_lng bulk GaN samp Ie.. samples with micrometer-sized patterned areas, micro-
Kisielowski et al. found that biaxial stress of 1 GPa re- Raman spectroscopic determination of strain is more appro-

: ; (2)
sults in jil it"ft of th-eEZ Raman peak(zt))f GaN by 4.2 priate than x-ray diffraction due to its higher spatial resolu-
+0.3 cm *.7> The positions of the Ramdg}”~’ mode for the tion.

Ga-face and N-face domains were 568.0 and 567.4'cm The FWHM of the E®Y Raman mode of the Ga-face
respectively. This implies that the domains are under COMyomains is narrower that of the N-face domains, which pos-
pressive stress. The calculated compressive stress on the Gas

T . oly implies a larger number of defects and impurities in-
face and N-face domains is 0.2 and 0.05 GPa, respectivelyy, nqrated into the N-face domain. It is well known that the

_1 . (2)
where 567.2 cm” was considered as thg;” mode fre- i,cqmoration of impurities and point defects significantly re-
quency of stress-free GaN. The Ramaflhe[eak. collected fromg,ces the phonon lifetime, thus broadening the Raman line-
the Ga-face domain is shifted by 0.65 crto higher wave  iqth Note that the Ramai, mode in GaN is not directly
number than that collected from the N-face region, indicating ¢ cteq by variation in the free carrier concentration.

that the Ga-face domain exhibits 0.15 GPa larger compres- |, caN. where plasmon damping is significant, the LO
sive in-plane stress than the N-face domain. phonon—plasmon coupling is displayed as a shift of the LO
Assuming that the hydrostatic stress contribution fromphonon mode. The plasma frequency can be deduced by fit-

point defects is negligible, two-dimensional biaxial stressting the coupledA,(LO) phonon—plasmon peak to the fol-
can be considered to represent the state of residual StreSSIBI/ving expressior?

the thin film. The relation between stress and strain in the
thin films can be expressed as

e,=E lo,(1—v), (1)
_ _ =1
.= —E Toa2v, @ Wwherew is the Raman shifte(w) is the dielectric function,

wheree, ande. are strain along tha andc axes,E is the and A(w) is related to the deformation-potential and the
Young’s moduluso, is the stress along the axis (biaxial ~ electro-optic mechanisnA(w) is given by

the E{?) peak of GaNthe Ga- and N-face regionsThe peak

| ,=constA(w)-Im{—&(w) 1}, (4)

TABLE |. Stiffness coefficients and piezoelectric coefficients of GaN.

Stiffness coefficiedt(GPa 396 144 100 392 91
Piezoelectric coefficieAt(C/mP) -0.34 0.67

aReference 34.
PReference 35.
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w .
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where £ N-face (1)
8= wiY{(ol)?+ (0fo— 0?2}
+ 0T (0’ + %) (0o~ 7o), (6) Sapphire
and C is the Faust—Henry coefficiett, w, is the plasma bty
frequencywo andw o are the TO and LO phonon frequen- 700 720 740 760 780
cies, respectively, antl and y are the phonon and plasmon ] A
damping constants, respectively. The Faust—Henry coeffi- Raman Shift (cm )

cient can be deduced from the ratio of the intensity of the LO,5 4 raman spectra of thg (LO) mode of GaN in the Ga- and N-face
and TO phonon peaks in undoped GaN using the followingiomains.

equation®®
4 2 2
Iﬂz wot W g wTO{ 1+ @70 zwLOJ 7) plasma frequency was calculated. The plasma frequency for
lto \wotwro/ w0 Coto |’ the N-face region ¢,=135 cni ') was higher than that for

the Ga-face regiond,=96 cm 1), which implies that the
N-face domain has a higher free electron concentration than
the Ga-face region. However, this is only an approximation
since the LPP mode was not observed due to overdamping
of the plasmon, i.e., the plasmon damping constant was
' ®) larger than the plasma frequencyX w;). Therefore, the
peak was fitted with Eq.1) after removing the sapphire sub-
whereQ?= w{,— w7, ande., is the high frequencyoptica)  strate peak by spectral subtraction.
dielectric constant. From least square fitting, parameigrs Figure 6 shows the experimental and theoretical line

7, I', and C can be obtained. If damping is neglected, theshape of the LPP mode as a function of the plasma fre-
frequencies of the LPPand LPP modes can be calculated

where wg is the frequency of the laser. The dielectric func-
tion e(w) can be expressed as a combination of the contribu
tion from phonons and plasmons,

02 w?

1+ —— =
wio—0’—iwl w(w+iy)

e(w)=¢,

from
2_w50+w§+ wfo-i-ws 2 s o 12 9 755 | [ | [ —]
YT o 2 ~ @p@T0 © . 3
Finally, the free carrier concentratiqn) can be calculated B - Sapphire E o
usin c 750 4 =
g & = i
Amn )| 12 S 5 E E E H = ]
"’p:( g ) : (10 S 7451 ]
wheren is the free carrier concentration anmd is the effec- n? N + ]
) . - . GaN LPP
tive mass of the free carriers. The mobility of the free carrier ﬁ 740 - .
can be obtained from o - ~
o L @ ® -
e c - .
= . 11 © - &
Figure 4 shows Raman spectra in the region of the & C 7
coupledA,(LO) plasmon mode for the different polarity sur- - e
faces. TheE; mode due to the sapphire substrate is also 730 = | | | | b
observed. Each spectrum was fitted with two Lorentzian Sap N-2 N-1 Ga-2 Ga-1
functions, and the results are summarized in Fig. 5. In the
backscattering geometry from th€0001) surface, the Region

A1(LO) phonon mode propagates in the direction of the

axis, and the on-axi&) electron mobility can be determined Fi. 5. pecomposed peak positions of thgLO) mode of GaN and sap-
by the above-mentioned procedure. By using E%), the  phire E; mode.
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FIG. 6. Experimental and theoretical line shapes of the LPP mode as
function of the(a) plasma frequencyb) phonon damping constant, afg
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plasmon damping constant.

quency, phonon damping constant, and plasmon damping 8x10° and ~1x10° cm~

Park et al.

The fixed value of the Faust—Henry coefficie@= 0.4) was
used for this fit. The fitting results are summarized and tabu-
lated in Table Il. The results indicate that the free carrier
concentration in the N-face domains is higher than that in the
Ga-face domains.

According to the theoretical study by Zywiett al., the
probability of incorporating donor impurities such as oxygen
into N-face surfaces is higher than that into Ga-face
surface€? This was experimentally observed by Frayssinet
et al. in their infrared study Due to the specific structural
configuration of the Ga- and N-face sites, different affinity to
oxygen may be expected. This is also supported by broaden-
ing of the E, mode in the N-face domain which can be
attributed to the incorporation of impurities.

It should be noted that tha&;(LO) peak also shifts due
to stress. It was reported that biaxial compressive stress of 1
GPa will shift theA;(LO) peak toward a higher wave num-
ber by 0.8 cm*.2? Note that this is a factor of 5 less than the
shift of the E?) mode for the same biaxial stress. As was
stated in the previous discussion, the Ga-face domains are
0.15 GPa more compressively stressed than N-face domains.
Based on this difference in stress, the phonon frequency of
the A;(LO) mode of the Ga-face domains should b€.1
cm 1 higher than that of the N-face domains. This difference
is negligible compared to the observed shift-e8 cm 1.
Therefore, we can safely disregard the effect of stress in our
free carrier concentration determination.

Our measurement is different since the Ga- and N-face
domains were formed at the same time on the same substrate
using identical processing parameters. Therefore, the contrast
manifested in the Raman spectra provides compelling evi-
dence for this hypothesis. It appears that the incorporation of
oxygen impurities into the N-face domains may relieve com-
pressive stress originally produced by mismatch in the ther-
mal expansion coefficients of GaN and sapphire. This is
plausible since the atomic size of oxygen is smaller than that
of nitrogen. Relaxation of residual stress with Si doping has
previously been observédin this case, the smaller sized Si
atoms replace the larger sized Ga atoms, resulting in the
relaxation of the residual stress.

It should be noted that the value of the polarization in-
duced charge is about10*® cm™2. If the electron concen-
tration is>2x 10" cm~2 and the GaN thickness is about 1
um, the electron sheet carrier concentration is equal to the
polarization induced surface charge. In this case, the electric
field induced by the piezoelectric and spontaneous polariza-
tion can be completely screened by the free electrons and
ionized impurity atoms.

The electron mobility in the N-face domain was found to
pe higher than that in the Ga-face domain, and was mani-
fested as larger plasmon damping in the Ga-face region. It is
conjectured that the observed difference in plasmon damping
is produced because of the difference in dislocation density.
The dislocation densities for the Ga- and N-face domains are
2. respectively* It has long

constant. From line shape analysis, the plasma frequency, tlieen considered that threading dislocations are electrically
phonon damping, and the plasmon damping constant wergenign in GaN since they do not degrade the performance of
obtained. The free electron concentration and electron mobilGaN light emitting diode$>2° It was found from a transmis-

ity were calculated using Eq$10) and (11), respectively.

sion electron microscopy study that commercial blue light
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TABLE II. Plasma frequencies, phonon damping constants, plasmon damping constants, Faust—Henry con-
stants, free carrier concentration, and free carrier mobility obtained from line shape analysis.

o r y Ne

Y2
(cm™? (cm™ (cm™ C (cm™d (Cm?IV's)

N face 1 185 3.3 813 0.4 3:910Y 60

N face 2 193 2.9 764 0.4 221017 64

Ga face 1 146 3.2 912 0.4 %40 54

Ga face 2 148 3.0 964 0.4 %80 51
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