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GaN nanoindentation: A micro-Raman spectroscopy study
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We have investigated strain fields around GaN nanoindentations. Stress relaxation around the edges
of the nanoindentation was evident in atomic force microscopy images. More detailed information
on the strain fields was obtained from Raman scattering, which has been used to analyze the shape
of the strain field around the indentation. We find that the Berkovich tip giving a triangular imprint

on the sample generates a strain field, which represents a hexagonal pattern. Negative values of the
strain indicate that the residual stress is compressive. Strain is larger in the center of the indentation
than outside. Analysis of the ratio of the frequency shift of BeandA;(LO) modes suggests that

the residual strains are close to biaxial state outside the indentation contact zone, and mostly
hydrostatic within the indentation center. Z804 American Institute of Physics

[DOI: 10.1063/1.1775295

I. INTRODUCTION niques, Raman scattering is more versatile and the sample
does not need a specific preparation, in contrast to for ex-
GaN is the preferred material to fabricate bright ultravio-ample transmission electron microscopy.
let (UV) and visible-light-emitting dioded_EDs), power de- In this paper, we present results on strain fields on an
vices, and blue lasef<Despite its large extended defect den-indented undoped GaN layer. Additional atomic force mi-
sity a large number of applications has been illustratedSTOSCOPYAFM) images give information on the topology of

Raman scattering is a technique well developed for semicorin€ Surface and within the indentation. We analyze the fre-

ductor research. Due to the availability of easy to use specquency shift of the optical phonons through Raman images.

. . . . . Strain around the indentation and the local nature of the
trometers, this technique is now known in the industry for

. . . stress are discussed.
local strain and doping measurements. Doping effects have

been investigated in GaN in the past, as the first layers ob-
tained by metal-oxide chemical vapor depositiMOCVD) !l EXPERIMENTAL BACKGROUND

showed a high residual doping leVeRaman phonon studies The undoped GaN layer of 1,2m thickness was grown
of heterostructures, quantum dots, Superlattices of GaN arlgi), MOCVD on a Sapphire Substraﬁ:e‘[he Samp|e was in-
GaN-AIN-InN alloys have also attracted significant attentiondented using the Nano Indenter X®ITS, USA) tester
recently® Nevertheless, to our knowledge there is limited equipped with a Berkovich diamond tithree-sided pyramid
work on nanoindentation of GaN studied by Raman scatterwith a nominal tip radius of 50 nnThe indentation condi-
ing. Only Leiet al* have investigated dislocations in nanoin- tions were as follows: load 100 mNoading rate 1 mN/s
dented GaN using Raman and cathodoluminescence aflding time 30 s, and finally unloading rate 1 mN/s. The
shown that, in the center of the indentation, the free carrieffdentation fingerprint represents a friangle with a side
density is vanishing. Raman spectroscopy is certainly thd#ngth of about sum. Atomic force microscopyAFM) im-

most powerful tool to trace the phase transformations in th&9€s, gving _topologlcal information, were recorded using a
Park Scientific Instrumenignodel AutoProbe CPin contact

inden r itis al w monitor the inter- - L . . .
dented a e"’?’ but it s_aso a good way to 0. tort e. e mode. We have used silicon nitride AFM tips with conical
nal stresses in materidlsin the center of the indentation, shape and a radius at the end of the tip of 5—10 nm, giving
phase transformations and amorphization may occur during,e ‘estimated spatial resolution for the images. A Renishaw
loading such as illustrated for silicon which has been eXte”'spectrometer with an automatized XY-table of acquisition
sively studied It is also well known that indentation of ma- \as used to record the Raman spectra. This spectrometer has
terials creates high stresses under diamond indenters. Farvery high optical throughput, allowing to obtain a short
GaAs, complex stress field are generated by the microindenime of mapping acquisition. GaN is a transparent material

tation which is locally biaxial. Compared to other tech- for the green wavelengtt614.5 nm used in these experi-
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ments(direct gap of GaN around at 3.4 £¥Considering a 1.0
laser spot size of um and the thickness of the GaN layer
the probed volume is less thargim®. All the Raman spectra 08 L
were recorded in backscattering geometry. o' "

g Pt

<

g os %
Ill. STRAIN RAMAN THEORY §< ,/
Due to the GaN hexagonal wurizite symmetry, eight 04 /

=0 phonon modes are predicted, i.e., thg one A;(TO),
one A;(LO), one E5(LO), one E;(LO), as well as twoB; 02
modes. In backscattering configuration along ztrection, 04 0.2 6.0 02 0.4
Raman spectra show two signatures corresponding to the X

A;(LO) andE, modes which are both Raman active modes. , _ ) »

The sirain field is typically not isatropi in the case of 10, Foe.of e Teency it sors oo fcton sk gurg
Berkovich indentations, which means that the diagonal angs ihe indentation contact zone.
off-diagonal elements of the strain tensor are different from
Z€r10. _ _ . IV. RESULTS AND DISCUSSION

Assuming that the off-diagonal components are signifi-
cantly smaller than the diagonal ones an observed frequency The AFM image of the indentation is shown in Fig. 2.
shift of the phonons can be converted into strain values. IfNO signs of extruded material or cracking are visible. The
this case, the symmetry of the crystal is not lowered by thdace of the triangular pyramid is not perfectly flat. There are
stress making the calculation possible. The in-plang,  several protuberances of material without any specific geo-
=eyy) and the normalez;) components of the strain tensor Metric arrangementnot shown in detajl This might be a
are defined byyy=(a—ap)/a, ande,,=(c—cy)/cy. The cor-  result of nonflatness of the indenter surface or sticking of the
responding stress tensor follows, according to Hooke’s lawimaterial to the indenter. The indentation is 250 nm deep
(thickness of the layer: 1.2m). The shape of the imprint is
roughly triangular, with curved edges. Outside the indenta-
tion, the surface is not flat. At the center of each side, hill-
ocks are visible that typically extend up toi@naway from
077= 2C13exx + Cgze7z. the edge of the indentation. Probably, material has moved

The magnitude of the frequency shift for each phononfrom inside the indentation in order to relax the stress gen-

mode A=A, or E, is determined by the two deformation erated during loading.

potential constanta, andb, in the case of given straiff, Mlpro—Raman spectra r(_acor(jed at th.e center_of the n-
dentation and far from the imprint are displayed in Fig. 3.

Within the imprint[spectrum(c)], the phonon line is broad,
the background intensity is increasing, and a shift of the
Using the values from Refs. 11 and 12, we have for thgohonons to the higher frequencies is visible. Due to the ac-
pair of {E,; A;(LO)} modes the following values expressed tivation of g# 0 modes, an asymmetry to the lower frequen-
in cmY/GPa {-1.12;-1.6% for uniaxial stressoyx=0yy
=0), {-2.43;-1.9} for biaxial stresgoxx=0yyando,z=0), nm
and{-3.55;-3.56 for hydrostatic streséoyy=ovy=07,).>
Assuming that we have a combination of biaxial and uniaxial

oxx=(C11+ Ciexx + Cigezz,

Aw)\ = za)\SXX + b)\SZZ'

stress, we can represent the stress tensor as follows: g
1-|x| !
o= 1-|x . B
X £ 5
-
In the case ofx=0, the stress is purely biaxial. 4

=0.5 we have the hydrostatic case, while fer-1 or +1 we
have a purely uniaxial stress. When is negative, the
uniaxial and the biaxial stress components have opposite -
signs. The relative values of uniaxial, biaxial, and hydrostatic
stresses can be determined in the experiment when measu
ing both the frequency shift of th&, and E, phonons from

the ratio of the frequency shifw,,/ Awg, plotted in Fig. 1.

As only the ratio of the frequency shift is used in the follow-

ing, the tensor does not need to be normalized. FIG. 2. AFM image of the indentation.
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FIG. 3. Raman spectr@) far from the imprint,(b) close to the imprint at
2 pum, (c) within the imprint, the locations are indicated in Fig. 2. 3 wumXx 3 um. This dimension corresponds to the size of the

imprint on the layer surface. Outside the imprint, the pattern

cies appears but is not large enough to shift strongly th f the strain field represents a hexagonal symmetry with six

frequency of the main peak. Close to the impi@tum)[see ranches. The brgnches are _probably associated to the pro-
spectrum(b) in Fig. 3 and the location of the point of analy- longation of the hillock found in the topography. The exten-

sis in Fig. 4, theE, mode is more symmetric and broadenedSiOn ﬁf thel branches from the iquare is arourwjnf& This h
compared to the pristine material, although it is narrower€"9th could be compared to the AFM observation. In the

than in the center of the imprint Since there is no indicatio FM image, we observe a surface undulation gir2 of the

for the mergence of new phonon modes, meaning the appeaqgge of the imprint. The strain field is present when the
ance of a new phase, we focus on the GaN phonon modesurface is undulated but also at a larger distance. Earlier
' - ; 18
Because the sample is undoped, the effect of changes in tif!dies by different groups have already observed the
carrier concentration can be neglected and we can concefPSeNnse of the signs of delamination, microcrack propaga-
trate on the stress effects. tion, or phase changes in hexagonal GaN filrns under mod-
Figure 4 shows a map of ti& phonon frequency in the erate loading conditions. In particular, GaN was shown to
region of the indentation. This phonon is usually used todeform plastically under the indenter through activation of
measure strain in GaN, due to its nonpolar character. Theifferent slip systems depending on the indentation

frequency far away from the imprint is569.3 cmiL. This is orientation*® Both cathodoluminescence spetfrand the
higher than value reported for unstrained G&§6.5 cm?).

amplitude mode AFM imagéSrevealed sixfolded symmetry
This small compressive stress is due to lattice and therm&lf the deformation-induced extended defects and the slip

mismatch with the sapphire substrateThe maximum fre- traces in hexagonal GaN after spherical indentation. Prob-
quency shift in the imprint is<8 cnt?, in the center. The ably, the same mechanism leads to the observation of six

size of the area where ti®, frequency is highly shifted is branches in our Raman map around the imprint of a Berkov-
ich pyramid(Fig. 4).

The variations ofE, and A;(LO) phonons are propor-
tional. Consequently, in Fig. 5 we have plotted the frequency
of the A;(LO) mode as a function of the frequency of g
mode for all the spectra recorded. We see clearly a correla-
tion between the two frequencies. The slope determined by
the least-squares equals 0.73. From Fig. 1 we deduce that
this corresponds tg&=-0.14 as indicated by the square. The
average stress tensor is therefore close to the biaxial stress
case(x=0). For the larger shifts, several points deviate from
the linear curvgnot taken into account in the least-squares
adjustment These points, corresponding to the center of the
squarghighly straineq, are associated to a rathawa;/ Awgs
close to 1. Thex value from Fig. 1 giving the latter ratio is
close to 0.5 (hydrostatic case Actually, the crystal is
strongly perturbed within the indentation. As we can see in
spectrum(c) of Fig. 3, the intensities of th&, and A;(LO)
phonons are different from those far away from the center.
From the measured frequency shi& cnit), we find a re-
FIG. 4. Frequency map of th&, mode for the undoped GaN layer. sidual hydrostatic stress of 2.2 GPa.

pm
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