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Multiphoton photoluminescence from GaN with tunable picosecond pulses
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UV photoluminescencéPL) from GaN thin films was observed by multiphoton excitation. The two-photon
PL excitation spectrum near the band gap agrees with the theoretical two-photon-absorption spectrum. The
pump-intensity dependence and the PL excitation spectrum in the infrared indicate the existence of midgap
defect states around 1 eV above the valence band. This is confirmed by the PL excitation spectrum obtained
with a two-color, two-photon excitation process.
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Recently there has been a great deal of interest in tha pulse energy up to 30@J/pulse, and a pulse duration of
study of wide-band-gap semiconductors, because of their p@bout 15 ps. This beam was weakly focused on the room-
tential applications to electronics and optoelectrohics. temperature sample along the optiexagonat) axis with a
Among them, GaN particularly has attracted much attentiormaximum intensity of 0.5 GW/crhto assure absence of la-
for being the most promising material for construction ofser damage. Photoluminescen@&t) from the sample was
blue lasers and blue luminescent devices. The wurtzite Galollected and sent through a monochromator to be spectrally
crystal has a direct band gap of 3.4 eV at room temperaturé@nalyzed, and finally detected by a photomultiplier and a
Excitations above the band gap usually give rise to a lumigated integrator.
nescence with two characteristic spectral peaks: one at The solid curve in Fig. 1 is the PL spectrum of our GaN
~3.35 eV is identified as the band-edge emission, and theample obtained by weak, one-photon excitation at 3.5 eV
other at~2.3 eV has been assigned to transitions from shalusing the third-harmonic output of the picosecond-pulsed
low donor to deep midgap stat&s. While linear optical Nd:YAG laser. Similar to those reported in the literature, it
properties of GaN have been studied extensivéljhe re-  consists of a near-band-edge emission peak at 3.35 eV with a
ported nonlinear optical measurements are mainly on itshoulder at 3.4 eV(transition from conduction-band-
second- and third-order nonlinear susceptibilifies. shallow-donor states to valence-band statasd a weak

In this paper, we describe our recent experiments oroad yellow luminescence peak centered around 2.5%v.
multiphoton-excited luminescence from GaN. With suffi- The full width at half maxima of this band-edge emission
ciently intense picosecond pump pulses, even a five-photorwas 17 nm(150 me\j. To see whether multiphoton excita-
excited luminescence process could be readily observed. TH®n induces the same luminescence, we also present in Fig.
excitation spectrum of the two-photon-excited luminescencéd the PL spectra of the band-edge peak obtained with several
reflects directly the two-photon absorption spectrum of GaNdifferent pump frequencies. The different curves in Fig. 1 are
for the valence-conduction interband transition if no interme-normalized to the same peak height. They do appear nearly
diate resonances are involved. In a measurement with twthe same, although the peak widths of the multiphoton-
tunable input beams, however, the two-photon excitation ac-
tually exhibited an intermediate resonance~dt eV. This

provides direct evidence of the existence of midgap states ‘2 L L L B B
responsible for the yellow luminescence at 2.3 eV. : — 0.355um
The GaN sample used in our experiment was grown on & )
the basal plane of a sapphire substrate by the metal-organic 's ok - 0.9 um
chemical-vapor deposition method. A buffer lay&00 A) 2 BN PR 1.1 um
of AIN was first deposited on sapphire at 400 °C, and then g - t2um
the wurzite GaN layer was grown on AIN at 1100 °C. The § - 1.3um
source materials were trimethylaluminuifiMA), trimethyl- § 05 L
gallium (TMG), and NH;. The flow rates were 88 g
pmol/min for TMA, 44 pmol/min for TMG, and 10 L/min 2
for NH ;. The polycrystalline GaN layer was 3/4m thick, °
with an n-type carrier concentration in the low 10cm~3 N e ol
presumably due to Si impurities and N vacancies. 20 22 24 26 28
Our PL experiment was carried out using a high-energy, Energy (eV)

widely tunable optical parametric generator-amplifier system

pumped by the third harmonic of a picosecond-pulsed FIG. 1. Photoluminescence spectra of GaN. Solid line is for the
Nd:YAG (yttrium aluminum garnet laser’ The output above-bandgagat 3.5 eV} excitation; all the other lines are for
wavelength of the system was tunable from 0.4 {@orfl with multiphoton excitations at different pump wavelengths.
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FIG. 2. Intensity dependence of PL with different excitation line is a theoretical curve describing two-photon absorption in GaN

wavelength. Solid linet?. Dotted line:1%®. Dashed linei®2 near the band gap using the parabolic band approximation.
_1)\32
excited PL seem to be somewhat broader mainly because g(‘” =K VEp  (2x—1) for x=1
the poorer monochromator resolution used in the measuré-" > "°n(w,)’Ey  (2x)° :
ment. .
We have studied the pump intensity dependence of the =0 for x<3 (1)

multiphoton-excited PL at various pump wavelengths. FigurQNhereK ,=1940 cm/GWeV) %2 is the material indepen-
2 describes the results of a few selected cases. Here PL wgg ¢ paﬁameterE =2/m|(s|pi|x;}|2=18 eV for GaN (s)
p (k!

collected through a monochromator set at 370 nm, with &nq|x.) are the wave functions of conduction and valence
20-nm passing bandwidth. For pump wavelengths betweeBands, respectively, ang@, is the momentum operator

0.4 and 0.7um (corresponding to 3.1 and 1.77 g\an |2 n(wp) is the index of refraction ab,, andx=7%w,/E,. The
dependence was observed, whéres the pump intensity. solid curve in Fig. 3 is calculated from E€l) to compare
This indicates that the excitation was a direct two-photonyith the observed PLE in thew,=>E4/2 region and the fit
process as one would expect from the relationappears quite satisfactory. The estimated two-photon absorp-
fiw,<Ey<2fiw,, with w, being the pump frequency and tion coefficient for GaN at 2 eV is-1 cm/GW. Given a
E4 the band gap. As the pump wavelength increased fronsample thickness of 3.4m as in our case and a laser inten-
0.75 to 1.1um (1.65 to 1.13 eV, the observed pump inten- sity of 0.3 GWi/cn?, the two-photon absorption is only
sity dependence changed gradually frofnto 13, while the ~ ~10~%. This makes a quantitative measurement of two-
expected dependence from a direct multiphoton-excited Plphoton absorption difficult, but, via PLE, the two-photon ab-
should bel®. For a pump wavelength between 1.1 and 1.7s0rption spectrum can be obtained fairly easily.
um (1.13 and 0.73 e)/ I" with n=4 is expected for direct Foriw, below 1.7 eV, we need at least three photons to
excitation, butl 32 was observed. The deviation can be ex-€Xxcite the electrons above the band gap and, accordingly,
plained if the multiphoton excitation process involves satu-PLE decreases by more than an order of magnitude, as
rable intermediate resonances. This appears to be the caseSiPWn in Fig. 3. We would expect another drop in PLE as
GaN., as we shall discuss below. hw, decreases belo®,/3=1.13 eV, since one more photon
Figure 3 displays the photoluminescence excitationS Needed to excite the electron_s across the band_g_ap. How-
(PLE) spectrum taken with the pump intensity fixed at o0.38ver, the observed PLE actually increases and exh|b|t§ a peak
GW/cm?. In this measurement, PL was again collectedat ~0.95 eV. After the peak, the PLE decreases rapidly as

: expected. This suggests that there is an intermediate reso-
through a monochromator set at 370 nm with a 20-nm band- ] . L
width. The most notable feature in the PLE spectrum is th nance at-0.95 eV in the multiphoton excitation process. We

%an actually relate it to the midgap impurity or defect states
sudden drop when the pump photon enefgy, decreases j, qved in the emission of yellow luminescence at 2.3 eV

below E,/2~1.7 eV as the two-photon excitation changesgfien seen from GaN samplé€ Hofmannet al2 and Perlin

over to three-photon excitation. We expect that in the rang@t a|# have investigated the origin of this omnipresent yel-

of hw,<Ey<2hwy, the PLE spectrum essentially reflects o\ luminescence, and concluded that it is due to transitions
the two-photon absorption spectrum, assuming that the lumirom the shallow donor to the deep midgap states. These
nescence efficiency is independent of the excitation. Fomidgap states should be about 1 eV above the valence-band
2fiw,~Eg4, from the two-band parabolic approximation we maximum. Therefore in the multiphoton excitation of photo-
have the following expression for the two-photon absorptioluminescence, we can expect a resonance enhancement at
(TPA) coefficient for a direct-gap semiconducfor; ~1 eV due to transitions from the valence band to these
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midgap states. Pump saturation at this resonant step would
then make the overall multiphoton excitation process-at

eV appear to have a pump intensity dependence bf, as
shown in Fig. 2.

To further confirm the existence of these midgap states,
we employed a two-photon, two-color excitation scheme in-
stead of the above-mentioned multiphoton excitation = o4}
scheme. The optical parametric generator-amplifier system g
we used simultaneously generated two tunable coherent®
beams of frequencie®m; and w,, but the sum frequency
w1+ w, was fixed at 3.5 eMcorresponding to a wavelength
of 355 nn), which is slightly above the band gap of GaN.
With both w; and w, beams impinging on the sample, the
two-photon excited PL was easily observed. Tuningwgf
and w, with w;+ w, fixed allowed us to scan over possible
intermediate resonances without changing the final level of &
excitation. Indeed, as shown in Fig. 4, the PLE spectrum as a
function of w; exhibits a resonance peak atl eV. In the 00 N T T
experiment, the intensities of the; and w, beams were 0.90 0.95 1.00 1.08 1.10 1.15
about 0.07 and 0.3 GW/cfrespectively. With they; beam Infrared Excitation Energy (eV)
alone, the PL was hardly detectable. With thg beam
alone, the PL was less than one-third of the peak value FIG. 4. Photoluminescence excitation spectrum of GaN with

shown in Fig. 4, and no resonant features could be detectggq_nhoton, two-color excitations. Sum of the two photon energies
throughout the tuning range. The result of Fig. 4 providess fixed at 3.5 eV(355 nm), and only the infrared photon energy
direct evidence of the existence of the midgap states Bt (7.,) is shown as a variable in the plot. The solid line is a Gauss-
eV above the valence band. The resonant peak width of 14@n fit to the data with the peak position 1.0 eV, and a peak width of
meV is also comparable with the width of the 2.3-eV yellow 145 meV.
luminescence.

In conclusion, we have observed band-edge photolumi: . .
nescence from GaN with multiphoton excitation using tun-t.)and to the midgap defgct states. The same resonant tr.an3|-
able picosecond pump pulses. The PL was easily detectablions are also observed in the two-color, two-photon-excited

even with a moderate pump intensity. The pump intensity” - SPectrum.
dependence of the PL becomes more nonlinear as the pump \ye \would like to thank B. Segall of Case Western Re-

wavelength is increased as expected. The PLE spectrum ggrve University for informing us of the value &f, for GaN.

single-color, two-photon excitation near the band gap agrees, . . :
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spectrum. The PLE spectrum of four-photon excitation e
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