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Optical diffraction spectroscopy of excitons in uniaxially strained GaN films
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The degenerate four-wave mixil§WM) spectroscopy of uniaxially strained GaN layers is demonstrated
using colinearly polarized laser pulses. The nonlinear response of FWM signal on exciton oscillator strength
enhances the sensitivity for polarized exciton, allowing for mapping out the in-plane anisotropy of the strain
field. The observed high-contrast spectral polarization clearly shows fine structure splittings of excitons, which
are also confirmed in the change of quantum beating periods of time.
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I. INTRODUCTION surface using a len&f=200 mm). The FWM signal in the
Influence of strain fields on the optical properties of semi—2k2_kl direction was spatially selected by an iris, and was

conductors has been studied extensively for many years. I;pectrally resolved by a 30-cm-long monochromator with a

particular, the presence of uniaxial strain generates the pola; w%g gsetegéiotk/gr\;vehg??”yqtmﬁszeb?gggzg;?ﬁqpuﬁsg I‘?h(cj-:‘e-
ization and splitting of excitons, which provide useful infor- P P b b :

mation on exciton fine structurd&EFS3.1-4 However, it is sample is mounted in a closed-cycle helium cryostat and all

only recently that the EFS in wurtzite GaN was observeomeasurements were carried out at 10 K.

experimentally, where the exchange splitting was measured TO. understand the e_nhancement of sensitivity for exciton
by Julieret al. as 0.6+0.1 meV using reflectivity measure- polarizations, we consider the FWM signal in a two-level

ments on a uniaxially strained GaN epilayemd by Paskov system using the phase-sp_ace fillRSH nonlinearity? Fpr
etal.as 0.58+0.05 meV using photoluminescef®k) mea- simplicity, we neglect additional many-body Coulomb inter-

surements on thick Gal? The exchange interaction con- actions. Within the framework of the optical Bloch equation

stant of y evaluated by a Hamiltonian based on quasi—cubicfor the &-function pulses with the linear polarizatiofig, and

approximation shows a good correspondence in both meds, the third-order optical polarlzatloﬁ(;,’()z_kl at 7, is de-
surements and is consistent with the exponential dependenéeribed by°

on interatomic distance for IlI-V compounds. However, since .

the EFS is usually comparable to the excitonllinewidth, more p<23|‘() s I—(t _ 712)®(712)Eﬁ Eﬂ |Mq|2,uq,

precise measurements are needed for detailed analysis. The 2 2 21

use of nonlinear spectroscopy often provides significant en-
hancement of the signal sensitivity, which is advantageoug"
for investigating a small amount of spectral changes such &

here u, is the dipole matrix elements of linearly polarized
citons. As a consequence, the FWM sighg}y with re-

those of EFSs. spect to the oscillator strengfh,|? is expressed by
In this study, we report on the polarization-resolved map-

ping of exciton lines in a ulni.axially strained GaN Iayer.using lewm(T12) = f dt p(2~°l’<)2_kl ) M; 2

degenerate four-wave mixinFWM) spectroscopy. Since

the diffraction signal in FWM increases as the fourth power. .. . 2
of the exciton oscillator strength, the exciton spectra shOV\'/nd'C‘rjltlng the fourth power dependence|p§| - The FWM

strong polarizations resulting from the uniaxial strain in theZ')?Cr;s)listhus provide a sensitive probe for linearly polarized

sample. The highly polarized spectra allow us to determine The sample used in this study is a high-quality

the precise splitting energy between excitons, which shows 3 3-um-thick GaN layer on ar(11-20 a-plane sapphire

good agreement with that obtained from the oscillation pe- : .
riod of quantum beats. substrate grown by metalorganic chemical vapor

depositiont™'2 The details of the sample growth conditions
were presented in Ref. 12. In the sample, built-in uniaxial
strain exists due to the anisotropic thermal expansion coeffi-
cients of thea-plane sapphire. Figure(d shows the experi-
The two-pulse FWM experiments in reflection geometrymental geometry with respect to the crystallographic axis of
were performed using a frequency doubled, mode-lockethe sample. The polarization angheof the incident pulses,
tunable Ti:sapphire laser with the spectral width of 13 meVwhich can be changed by rotating the half-wave p(até/P)
(FWHM).2 The excitation pulses with the same intensitiesin front of the focusing lens, is measured from the
were colinearly polarized and superimposed onto a samplgl1-20] axis parallel to the direction of the uniaxial stress.

Il. EXPERIMENTAL DETAILS
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FIG. 1. (Color onling (a) Experimental geometry. The colinear
polarization angled of the incident pulses is defined from the 3495 350 3505 3510
[1-100 axis of GaN.(b) Schematic illustration of'5 exciton lev- Energy [eV]
els in wurtzite GaN. Uniaxial in-plane strain reduces the symmetry
from Cg, (hexagonal to Cy, (orthorhombig. (c) Typical FWM FIG. 2. (Color online Contour plot of the FWM spectra for a

spectra of GaN layer om-plane sapphirgtop), GaN layer on  GaN ona-plane sapphire taken by rotating the polarizaigrat

c-plane sapphir¢middle), and free-standing Gakbottom), at 71, 7.=0. The spectra consists of peaks centered at approximately

=0 s. In the top spectra, the polarization angles set to ben/4, 3508.6 meV(X®) and 3499.0 me\(X?). The polarization angle of

and the dashed line indicates the excitation spectrum. incident pulses was rotated in 1-degree steps and the integration
time for collecting the signal at eadhwas 1 s.

Figure Xb) illustrates an overview of the optically allowed

states of A-excitor(X*) and B-exciton(X®) when the laser GaN and substrates in each sample. Following the analysis

light is polarized perpendicular to the growth axis. In normalof Shikanai et al,'® we obtainedA,=30 meV andAg,

wurtzite GaN, there exists twofold degenerate spin-singlet13 meV.

states. The reduction of symmetry due to the uniaxial strain  The ability to map out the uniaxial strain field is high-

lifts the degeneracy and polarizes the optical transitions alighted in Fig. 2, where we show a contour plot of FWM

lowed inx andy, wherex andy are along th¢11-20 and  spectra consisting of ’Xand X8, recorded at the polarization

[1-100Q axes, respectively. angle of the incident pulses with a 1-degree step. The figure
shows a striking feature of the anticorrelated polarizations in
each exciton line, signifying the reduced symmetry due to

IIl. RESULTS AND DISCUSSIONS the uniaxial strain. This optical anisotropy has been reported

We first consider the biaxial strain in order to determinePreviously using the reflectance and the PL measurenénts.
several important parameters of crystal-field splitingand ~ Note that compared with the case of linear spectroscopy,
spin-orbit splitting As, Figure 1c) shows typical FWM there is a considerable magnitude of polarization in which
spectra atr,=0. For comparison, FWM spectra of a the nonlinear response in the FWM measurement increases

70-um-thick free-standing GaN and a 28n-thick GaN Py a factor of~10, allowing us to determine the uniaxial
layer on a(0001) c-plane sapphire are displayed in the fig- Strain field without fitting. Besides the nonlinearly enhanced
ure. In the spectra, the lower- and upper-energy peaks‘re XeXciton polarization, the contour plot clearly shows the en-
and X8, respectively, each of which shows the systematic€'9Y shifts originating from the EFS of two linearly polarized
energy shifts depending on the sample. The exciton energig&citons. The lower-energy component of #nd the upper-
and their separations obtained from the Lorentzian fitting t¢®"€"dy component of Xare active a=0,  corresponding
the spectrum in each sample are listed in Table I. As has bedf the[1-100] axis (y direction in Fig. 1b)), whereas the
reported by several groupsl*the observed shifts reflect the UPPEr-energy component of"Xand the lower-energy com-
biaxial strain associated with the mismatch of the lattice conPonent of X are active at=m/2, 3m/2 corresponding to

stants and of the thermal expansion coefficients betweetf€ [11-20 axis [x in Fig. 1(b)]. Thus, the polarization
spectra provides a type of crystalline analysis achieved in

x-ray diffraction spectroscopy. Contrary to the x-ray diffrac-

TABLE |. Exciton energies obtained from FWM spectra at °. . .
g P tion, the FWM analyzes the sample using safe and simple

by experimental apparatus. We stress that this technique can be

Sample ¥ (V) XB(eV) XB-XA(meV) applied_extensiyely to _anisotropically polarized exciton sys-
tems with uniaxial strain.

Bulk GaN 3.4816 3.4871 5.5 For qualitative analysis with great precision, we made to

GaN onc-sapphire 3.4912 3.4987 75 fit the spectra with a combination of two Lorentzian func-

GaN ona-sapphire 3.4990 3.5086 9.6 tions. A Lorentzian line shape is predicted in the case of a

homogeneously broadened system, which will be confirmed
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FIG. 3. (Color online Plots of (a) normalized peak intensities
and (b) energies on A-excitoffred and B-exciton(blue) lines ob-

tained from the Lorentzian fitting to the FWM spectra ab 0.0 0.5 1.0 15
=0.2 ps for various polarizations. Calculated polarization depen-

dences ofc) FWM intensities andd) peak energies for each exci- Delay [ps]
ton line. FIG. 4. (Color onling (a) Contour plot of FWM spectra af
in the time evolutions of the signal. Figure¢aBand 3b) =m/4 for various ;. FWM intensities for(b) Xz and (c) X, as

plot the peak intensities and the energies for each excitoffinctions of delayr;, at different incident polarization& The gray
line at variousd. Note that we evaluate the data obtained atines are guides for the eye, indicating the changes in quantum
71,~0.2 ps in order to reduce the contributions from effi- Peating oscillatior(} for various .

cient many-body effects at,=~0. In Fig. 3a), the variations

of the FWM intensities deviate from the simple sinusoidal In addition to the spectral evolutions, FWM experiments
functions but agree well with the fourth power of them allow us to examine the temporal dynamics of excitons in
[sir*(6)], providing proof that the PSF nonlinearity accountsgfs. Figure #a) shows a contour plot of FWM as a function
for our detection. The best fit to the data presented in Figof r,,, at =m/4. As is well known, the simultaneously ex-
3(c) gives the ratios of polarized FWM intensities fof ¥nd  cited two excitons result in a quantum beating oscillation, of
XB as I™/17=19.0~=(2.1)* and I%Y/1®*=17.2=(2.0%, re-  which the oscillation period) corresponds to the energy
spectively. This results in a trapezoidal variation of the SpecCseparation between excitons. In Figéb}and 4c), we plot

tral peak energiefFig. 3b)]. Based on the ratios of polar- the peak intensities of each resonancé=0,/4,1/2. The
ized FWM intensities, we can reproduce such p°|a”_zati0rbolarization dependence 68(¢) in each polarization con-
dependences as shown in FigdB The parameters obtained i, ration is clearly seen, and is, of course, comparable in
from these analysis are listed in Table Il. The splitting eNeleach exciton lind QA(6) ~ QB(6)]. Assuming the homoge-

gies between the colinearly polarized EFS in each excitorh | . he FWM si
are BE-E*=8.9 mV (x) and 10.4 meMy). The average en- eigfessiet:jrc;zdened excitons, the signalrgtcan be

ergy shift of the EFS is thus-8.0 meV. Using the specific

arameters obtained from the biaxial strain, we are now AB AB _ JAB
I;)eady to evaluate the exchange interaction constdot this IFun(712,6) > [1 +75(6)cod Q(O) 712~ ¢75)]
sample. Following the analysis presented by Judteal.> we xXexd - 2712/T’§'B(6)].
obtain y=0.6 meV using the uniaxial strain energ
=-1.5 meV. In this fitting function,a®® denotes the beating contrast and

TABLE II. Fitting parameters for polarized FWM. °Eand I'* (a«=A,B) are exciton transition energy and linewid(fFWHM),
respectively.

Polarization B (eV) I'A (meV) EB (eV) I'B (meV)
X 3.4993 2.1 3.5082 1.8
Y 3.4987 2.3 3.5091 2.5

195315-3



TODA et al. PHYSICAL REVIEW B 71, 195315(2005

T’z*B denotes the dephasing time, both of which depend.on =0.6 meV ande®Y-EB*=0.9 meV, showing a difference in
Neglecting the many-body Coulomb interactions, we con-splitting energy between”Xand XE. This difference between
sider the quantum beats dominated by the two pairs of colinexcitons is consistently observed throughout all our FWM
early polarized excitons, -XBX and XV-X®. In this as- experiments, and becomes even more apparent in Fig. 2,
sumption, the results obtained 60 and #/2 reflect the where, in the absence of any fitting, one can see a clear
natures of X and X, respectively. The exact phagé'® is  difference in the distributions of each exciton line. Further,
slightly different in each polarization mainly due to the Cou-we have obtained a similar difference in the reflectivity mea-
lomb interactions between excitotisFor simplicity, we also  surements, excluding the contributions of many-body effects.
neglect these contributions. From the fitting to the data, welherefore, we conclude that the different splittings originate
obtain 0*=13.6 rad/ps and)Y=15.7 rad/ps. These param- from the difference in EFS between excitons of our sample,
eters correspond to the splitting energies between thsuggesting the breakdown of the quasi-cubic approximation
colinearly-polarized EFS in each exciton of B-EA in wurtzite GaN'’ Further investigations including theoreti-
=8.95 meV(x) and 10.3 meMy), coinciding with those ob- cal supports are needed to clarify the difference. However,
tained from the polarization-resolved spectra. we emphasize the importance of the enhanced sensitivity for

The dephasing times in each exciton 5@20.58 ps, exciton polarizations achieved in this measurement that al-
T2Y=0.60 ps, T5*=0.70 ps, andT5Y=0.58 ps, which are lows us to account for the small amount of spectral changes
comparable with those obtained from the Lorentzian fits tdn EFSs.
the FWM spectra. Thus, we conclude that exciton lines are
homogeneously broadened in our sample.

Also, the beating contrasts®B(¢) are a®(0)~a®(0) IV. CONCLUSION

~ A ~ B ~ i i . . .
~0.6 anda’(m/2)~a"(w/2)~0.9. The polarization depen- A combination of the fourth power dependence of exciton
dence is mainly due to the difference in relative oscillatorggcillator strength on a four-wave mixing signal and the
strength between the excitons. On the basis of a noninteragyjlt-in uniaxial strain of the sample allow not only for a

ing three-level system, the beating contrast is givel by type of crystalline analysis by x-ray diffraction spectroscopy,

2| ua(0)[2] ua(0)2 but also for studying exciton fine structures and their tempo-
a*B(g) = A 7 2 7 ral dynamics. This technique can be applied to optical char-
|a(O)]* + | e ()] acterization for polarized exciton systems with an appropri-

According to the spectral evolutions, we assume the relativ@te anisotropic strain field.
exciton oscillator strengths to bla(0)|?=0.31, |ug(0)[?

=1.0, |ua(7/2)[?=0.65, and|ug(7/2)|>°=0.49. As a result,
we obtain the beating contrasts a#‘B(0)=~0.57 and
a*B(7/2)~0.96, which give excellent agreement with those  The authors acknowledge Dr. T. Someya for useful dis-
evaluated using the time evolutions. cussions. This work was partly supported by Grant-in-Aid

Finally, we comment on the splitting of EFS in each ex-for Scientific Research and IT program, MEXT. K. H. ac-
citon. In Fig. 3b), the shifts of EFS energy ale"*-E~  knowledges support from the JSPS for Young Scientists.
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