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Degenerate four-wave-mixing spectroscopy on epitaxially laterally
overgrown GaN: Signals from below the fundamental absorption edge
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We performed photoluminescen@@lL) and degenerate four-wave-mixitigWM) spectroscopy in
epitaxially laterally overgrown GaN at 10 K. Optical transitions based on exciton complexes such
as biexciton emission, exciton—exciton scattering, electron—hole plasma, and so on, were revealed
by PL under a wide range of excitation densities. The FWM signals were observed from states
below the fundamental excitonic absorption edge, showing that nonlinear photoswitching can be
performed with a transmittance geometry. The origin of such nonlinearlity was discussed by
correlating with feasible many-body effects between excitons, biexcitons, and free carriers.
© 2001 American Institute of Physic§DOI: 10.1063/1.1407298

A number of breakthroughs in the fabrication technology2-um-thick GaN layer was grown on @001) C-face sap-
of GaN-based semiconductors have opened the way to thghire substrate. The 0/4Am-thick SiO, mask was patterned
commercialization of laser diodes, as well as of light-to form 4-um-wide stripe windows with a periodicity of 12
emitting diodes. Such progress has also contributed detaileg@m in the GaN(1-100 direction. The structure is then com-
studies on linear and nonlinear spectroscopy of excitonigleted by the 1Qzm-thick GaN growth on the SiOmask
transitions in hexagonal GaN{GaN) epilayers with rela- pattern. A flat GaN surface over the entire substrate is
tively high optical quality =3 Free excitons inh-GaN are achieved as a result of the coalescence of the selectively
composed of three bands labelEg, (A exciton, Exg (B grown GaN. Threading dislocation densities were roughly
exciton) andExc (C exciton, which are transitions from the estimated to be f&m? in the wing region(GaN grown on
conduction ;) to theA(T'y,), B(I'7,,), andC(I';,) va-  the SiG mask, and 18cm~2 in the window region. The
lence bands, respectively. The binding enerBy,( and the  excitation sources used were a He—Cd la@25 nm for
effective Bohr radiusi(g) of the A exciton (Eyx,) in h-GaN  continuous-wavécw) photoluminescencéPL), and a third-
have been reported to be about 28 meV and about 2.9 nmRarmonic beam of a mode-locked »8:Ti laser (wave-
respectively. Fisher et al. performed transient four-wave- length: 266 nm, pulse width: 1.5 ps, repetition rate: 80 MHz
mixing (FWM) studies on a GaN epilayer and observedor @ frequency dually doubled beam ¢ of an optical
quantum beating between the and B excitons® Further- ~ Pparametric amplifier(OPA) (wavelength: 330 nm, pulse
more, Zimmermanret al. discussed the beating period and width: 150 fs, repetition rate: 1 kHZor th_e pulsed PL. The
the power spectrum of FWM revealed the energy splitting of WM measurements were performed in the standard two-
7.98 meV between thé and B excitons, and the biexciton pulse self-diffraction configuration in transmittance geom-
binding energy E,) of 5.7 me\2 Aoki et al. reported that €Y using the 4 beam of the OPA i the range of 354364
the exciton—exciton interaction plays a major role in the™M With an excitation energy density of 2Qe/cnt. The

quantum beat process in GaN by employing polarization de€Xternal-crossing angle of the two beams is below 10°. The
pendence in the FWM experimehtSo far, FWM studies Who"? Spectra were taken at 1.0 K.

have focused on the energy range of intrinsic excitonic reso- Figure 1 shows the reflchon and the cw PL spectra of
nances under weak excitation conditions. In this letter, wéhe sample. By comparison be.tween the two, PL peaks at
observed FWM signals in epitaxially laterally overgrown 34945 and 3.5025 eV are attributed to thdree exciton

(ELO) GaN from the states under the band-gap energy WhergEXA) an_d_ theB free e_XC|ton Exa). respegnvely. These en
: L g ergy positions are shifted towards the higher photon energy
almost no optical absorption is observed in linear spectros-. .
conv. Although EWM sianals below the band gap have al side by about 17 meV compared to that of the nearly strain-
Py- 9 9 nad gap free homoepitaxiah-GaN layef® This is because the epil-
ready been observed in IARelow-gap nonlinearlity pecu-

liar to GaN A tically i figated ayer suffers biaxial compression of the order of 13 kbar at
ar oh a wa}s SYs g”.‘a 'ﬁa y ln(\j/es 'gated. by th the face perpendicular to th@001) direction, which is
The sample used in this study was grown by the tWo'mainly induced by the difference of the thermal expansion

flow.metal—o-rganic chemical-vapgr deposition method, the.,efficient between the substrate and the epilayer. The main
details of which have been described elsewhere. ELO Gal) neak located at 3.4880 eV is attributed to the excitons

was fabricated by the procedure described below. First, 8,,nd to the neutral dondtD® X)]. This energy position is

very close to that of biexcitons which appear under moder-
dElectronic mail: k-omae@kuee.kyoto-u.ac.jp ately high photoexcitatiohlt should be noted that the spec-
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FIG. 1. PL spectrum of an ELO-GaN sample at 10 K under cw excitation (a) 3.4 35 b 3 35
with a He—Cd laser. Reflection spectrum is also inserted in the figure. Photon Energy (eV) Photon Energy (eV)

. ) . . FIG. 3. (a) FWM spectrasolid curvg at 10 K taken under various pumping
tra in Fig. 1 are taken under macroscopic condition where @pectral conditionédotted curvi (b) Spectrally integrated FWM intensities

lot of stripes composed of wing/window regions are includedas a function of excitation energy. Energy positionsEgd, and Exy are
within the area of photoexcitation. In order to assess th&hown for the reference.

correlation between dislocation densities and optical proper-

ties, the microscopic PL was performed under the sitenonlinearlity can be observed. If the incident energy density
selective configuration. It was found that the spectral shapis less than about 2@3/cn?, such optical nonlinearlity is not

of the spectra taken at the wing region is almost the same agserved at energies below the fundamental absorption edge.
that at the window region, besides the former is blueshiftedt should be noted that similar high-order nonlinearlities have
by 0.3 meV with respect to the latter due to a slight differ-been observed in ZnSe-based semiconduétoTe finding
ence of compressive strain. This suggests that the opticaff optical nonlinearlity at the transparent energy range is
quality is insensitive to macroscopic dislocation densitiesjnteresting not only from the physics viewpoint but also from
and that the transition energies can be determined within thapplications related to the high-speed multisignal processing
accuracy of 0.3 meV even with a macroscopic measurementith low optical conditions.

Figure 4a) shows the picture of transmitted laser beams  The FWM spectra at 10 K, taken under various pumping
used for the FWM measurement, the directions of which arspectral conditions, are shown in Fig. 3. Each signal is mea-
defined ask, andk,, respectively. Since the striped SiO sured at each timet£0-275fs) when the maximum inten-
mask acts as a grating, each beam is diffracted to the diresity is reached. Unlike the case under lower photoexcitation
tion perpendicular to the periodic structures of an ELO GaNenergy density, the nonlinear signals originating from the
The wavelength is 357 nr(8.473 eV}, so that the incident transitions ofExg, Exa, andExy are not detected in this
beams transmit the sample with almost no photoabsorptiortondition probably because the carrier density exceeds the
If the timings of the two beams are tuned, FWM signalsMott's screening density of excitons. FWM signals are
appear in the phase matching directions, showing thirgpinned instead at two energy ranges, labeld@.473—-3.476
(2k,—k,), fifth (3k,—2k;), seventh (%,—3k;), ninth  eV) andB (3.442-3.459 eYif the incident is covered beam
(5k,—4k,), eleventh (&,—5k,), thirteenth (k,—6k;), in the vicinity of these energy positions. Since the absorption
and fifteenth (&,—7k;)-order nonlinearlity, as shown in tail in GaN is negligibly small in such energy ranges at cryo-
Fig. 2b). To the naked eye, signals up to eleventh-ordeilgenic temperature, almost no real exciton population is in-

volved in these nonlinear processes. Moreover, if the inci-

K, ky2kyk, 3ky-2k, dent laser wavelength is in the range of 354—-358 nm, the

k,-3k, time when the maximum intensity is reached is delayed with
6k

Tk 2k, tions of AandB. From these results, the origin of the and

. .
. .
. »

4
\\\ Sk,-4k, respect to that of the laser pulse. The spectra taken under
\ 25k such wavelength conditions are pinned at the energy posi-
. \ B-nonlinear bands in the FWM spectra may be ascribed to
- ; virtual excitonic states related to the many-body effect of
’!' : excitons such as exciton—exciton scattering or to exciton—
E phonon complex systems.
(b) i The spectrally integrated intensities of the FWM signals
as a function of pumping laser energies are shown in Fig.
FIG. 2. (8 Photograph of transmitted two-pump beams in the direction of3(b). The maximum intensity is obtained at the pumping en-
k; andk, used for FWM experimgnts._ The timing of Fhe two beams are ergy of 3.473 eV, which is almost the same as the energy
detuned to ea_ch ot.her. Each beam is diffracted to the direction perpendlculzﬁosition of A. However, it should be noted that the peak of
to the periodic striped structures of an ELO-Gal) Photograph of the . . L.
wave mixing signals at 10 K. The incident photon energy is 3.473 eV withth€ FWM spectrum jumps to tH&range if the incident laser

excitation energy density of 200J/cn?. energy is tuned to peak, as shown in the spectrum in Fig.
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material considering the density of states of carriers involved

N T in this scattering process Above about .,= 60 uJ/cn?, the
. ‘ e P.. band branches also to the lower-energy band. This emis-
M sion band becomes broader with increasiggvalues and
) N | their peak energies make redshifts strongly. Therefore, these
) 400uJ/cm N (h bands are probably attributed to radiative recombination of
5 | 200pl/cm? N (@) the electron—hole plasm&HP),* where Coulomb attractive
g 5 forces between electrons and holes are completely screened
T [120owem” /i~ __® by the large amount of carriers. Undeg= 1.2 mJ/cn, the
S | e0udicm? P A\ 2805V peak energy of the EHP band reaches 3.405 eV, which is
2 SN 22meV nearly the same as that of t +1LO (longitudinal opti-
= | 12uiom’ Bot1LOx 3 ’ @ cal p%onor)l band(3.409 e\f (EZQ, also, Fig.E)Jé.L P
* | 1.2udem? <10 VI\i (@) As mentioned before, the origin of tieenonlinear band
) <10 Pa Al ®) in the FWM spectra may be related to virtual exciton—
600nJ/icm 2: : exciton P, scattering comparing with FWM and PL spectra.
6nJicm? jua) However, no clear correspondence was observed between the
33 Y SRR Y B-nonlinear band and PL peak energies. Thisand(3.442—
Photon Energy(eV) 3.459 eV} is located betweeR, and theEx,+ 1LO bands. It

may be related to three or more exciton scattering processes,
FIG. 4. Time-integrated PL spectra of ELO-GaN at 10 K taken under pulseqyy other Comp"Cated many_body processes where excitons,
excitation with different excitation energy densities. For excitation energy,.. : : : P
density less than 600 nJ/énthe excitation source is the third harmonic pleXCItonS, and free carriers are involved. HO_Wever’ itis dif
beam of a mode-locked D5 Ti laser, and is the frequency dually-doubled ficult at the ?U”_'ent_ St.age to make a clear assignment dBthe
beam of an optical parametric amplifier above gHcn?. band. This finding is important for the future development of

nonlinear optical switching devices operated under transmit-

3(a) taken under 357 nm excitation. It is likely that a com- tance geometry with low optical loss conditions.
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