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We report an observation of efficient two-photon photoluminescence 共TPL兲 of InGaN / GaN
multi-quantum-well 共MQW兲 structures using broadband femtosecond near-infrared excitation laser.
Near quadratic excitation-intensity dependence and asymmetric collinear interferometric
autocorrelation trace of the TPL signal unambiguously verify the nonlinearity of the TPL process.
We also measured the excitation spectrum of the TPL signal and found that it can be fitted well with
the theoretical two-photon absorption coefficient formula for direct wide gap semiconductors. The
decay time of the TPL signal was determined using a time-resolved photoluminescence technique.
These results demonstrate the strong nonlinear optical property of InGaN / GaN MQWs. © 2006
American Institute of Physics. 关DOI: 10.1063/1.2218772兴
Two-photon absorption induced photoluminescence
共TPL兲 is an important nonlinear optical phenomenon. It is
not only of fundamental interest but also has many important
applications such as two-photon microscopy,1,2 threedimensional optical data storage,3 optical power limiting,4
single molecule detection,5 and fluorescence correlation
spectroscopy in biological systems.6,7 Therefore, TPL phenomenon in various materials as well as their microstructures
has been attracting significant attention since it was observed
decades ago.
In the past decade, due to its central role as the active
layers in GaN based short-wavelength light-emitting devices
including laser diodes,8 the linear optical properties of
InGaN / GaN multiquantum wells 共MQWs兲 have been extensively investigated and well documented.9–12 Recently, nonlinear optical properties of GaN based materials and heterostructures have attracted an increasing interest.13–18 For
example, Cingolani et al. measured two-photon absorption
spectroscopy of GaN / AlGaN QWs 共Ref. 14兲 and Satake et
al. reported ultraviolet anti-Stokes photoluminescence in
InGaN / GaN QW structures.17 On the other hand, available
theoretical studies predicted that there exists a strong nonlinear optical effect in InGaN / GaN MQWs.16 Motivated by the
wide applications of the TPL and the technological importance of InGaN / GaN layered structures, we experimentally
investigated the TPL effect of InGaN / GaN MQWs at 77 K.
Observation of the intense TPL signal and its asymmetric
interferograms unambiguously demonstrates the strong nonlinear optical effect of InGaN / GaN MQWs.
The sample used in the present study was grown on sapphire by metalorganic vapor phase epitaxy. A 30 nm lowtemperature GaN buffer was firstly grown, followed by
1 m GaN epilayer. Ten periods of 3 nm In0.13Ga0.87N / 5 nm
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GaN MQWs were then grown, which was capped by a
20 nm GaN layer. Near infrared femtosecond laser pulses
with 80–100 pulse width from a Ti:sapphire oscillator 共Tsunami, Spectra-Physics兲 pumped by solid-state laser diode array were employed to excite the sample at 77 K. The wavelengths of the laser pulses can be tuned from 710 to 950 nm.
The luminescence signal from the sample was dispersed with
a grating spectrometer 共Acton SP300兲 and detected with photomultiplier 共R928, Hamamatsu兲. A digital phase lock-in amplifier 共SR850, Stanford Research兲 was used to enhance the
signal-to-noise ratio. Time-resolved PL spectra were measured with a 25 cm spectrometer and a synchroscan streak
camera 共C4334, Hamamatsu兲. The collinear interferometric
autocorrelation traces of the luminescence signal were recorded using an experimental arrangement based on Michelson interferometer.19
Figure 1 shows representative three 77 K TPL spectra
from the sample excited by 710 nm 共⬃1.746 eV兲, 760 nm
共⬃1.632 eV兲, and 780 nm 共⬃1.590 eV兲 femtosecond pulses.
The TPL spectra are dominated by a luminescence peak at
425 nm 共⬃2.918 eV兲. The inset logarithmically shows the
integrated TPL intensity versus the excitation power of
760 nm laser. The power index obtained from the leastsquares fitting using a power function is 2.12± 0.07, which is
slightly more than the ideal value of 2. It is well known that
the integrated TPL intensity depends on the excitation intensity in a quadratic law.20 However, recent studies about the
excitation intensity dependence of the TPL in the organic
chromophores in solution show that validity of the quadratic
law is questioned for the cases of strong excitation.21 We
thus carefully seek for more and clearer evidences to verify
the nonlinearity of the TPL in the InGaN / GaN MQWs. For
the purpose, we measured the collinear interferometric autocorrelation traces of the TPL signal. In an earlier work, such
method has been employed to investigate the multiphoton
absorption induced luminescence in ZnO single crystal.22
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FIG. 3. 共Color online兲 Closer look of measured TPL interferometric autocorrelation trace 共thicker line兲 and theoretical second-order autocorrelation
trace 共thiner line兲 of two Gaussian excitation pulses.
FIG. 1. 共Color online兲 Representative three TPL spectra of the sample at
77 K. The average powers of excitation pulses with different wavelengths
are kept as 283 mW. The inset shows the logarithmic excitation-power dependence of the integrated TPL intensity for excitation wavelength of
760 nm. The power index obtained from the least-squares fitting is
2.12± 0.07.

A representative collinear interferometric autocorrelation
trace of the TPL signal recorded for the sample at 77 K was
shown in Fig. 2共a兲, whereas Fig. 2共b兲 depicts a theoretical
second-order autocorrelation trace of two Gaussian excitation pulses with varying time delay propagating along the
same direction in medium. Clearly, the measured interferogram exhibits a strong asymmetry in intensity, which is consistent with the theoretical curve. The minimum TPL signal
approaches zero while the maximum luminescence signal at
zero delay time is ⬃6.6 times stronger than that at long
enough delay time. Despite the fact that the intensity ratio
between the maximum TPL signal at zero delay time and that
at long enough delay time is not exactly equal to the theoretical value of 8 for the ideal second-order nonlinear
process,23 the result still evidently demonstrates that the observed TPL signal really originates from the efficient twophoton absorption. The deviation of measured intensity ratio
to the theoretical value may be due to the involvement of
defect states in the two photon absorption process.22 Although the traces shown in Figs. 2共a兲 and 2共b兲 are very similar to each other, a more careful comparison between the
subfemtosecond interference fringes of the two traces shows

that phase shift of the luminescence signal with respect to the
excitation pulse takes place, as shown in Fig. 3. The experiment of Yu et al. has demonstrated the existence of the phase
shift of the free-induction decay relative to the excitation
pulses in GaAs.24 Detailed discussion about the phase shift
of TPL signal is beyond the scope of the present short letter.
It is known that TPL intensity is proportional to twophoton absorption coefficient in semiconductors.25 In order
to further investigate the properties of the TPL process in the
InGaN / GaN MQWs, the excitation spectrum 共open triangles兲 of the TPL signal at 425 nm was measured at fixed
excitation power, as shown in Fig. 4. As expected, the TPL
intensity rapidly increases with increasing energy of exciton
photons. For direct band gap semiconductors, theoretical absorption coefficient is well established as26,27

␤共2兲共 p兲 = K pb

冑Ep

共2x − 1兲3/2
,
n2共 p兲E3g 共2x兲5

共1兲

where K pb = 3100 cm/ GW共eV兲5/2 is the material independent
parameter,27 E p is related to the interband momentum matrix
element
and
approximately
21 eV
for
most
semiconductors,27 n共 p兲 is the refractive index of material at
 p, and x = ប p / Eg. Note that Eq. 共1兲 is valid only for x
艌 21 . Using Eq. 共1兲, we did fitting to the experimental data
and the fitting curve was depicted as solid line in Fig. 4.
Reasonably good agreement between the experimental data
and the theoretical fitting curve is achieved for Eg = 3.01 eV

FIG. 2. 共a兲 Representative collinear interferometric autocorrelation trace of the TPL signal from the sample at
77 K using the experimental arrangement based on
Michelson interferometer; 共b兲. Theoretical second-order
autocorrelation trace of two Gaussian excitation pulses
propagating along the same direction in medium.
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interferometric autocorrelation trace, and excitation spectrum
of the TPL signal unambiguously demonstrate that the strong
two-photon absorption is responsible for the efficient TPL
signal. These results show that InGaN / GaN MQWs structures are promising heterostructures for applications of nonlinear optics.
The work was supported by Hong Kong Research Grants
Council-Competitive Earmarked Research Grants under
Contract No. HKU-7036/03P and the Research Grants of the
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present work.
FIG. 4. Excitation spectrum 共open triangles兲 of the TPL peak at 425 nm
from the sample at 77 K. The solid line is a least-squares fitting curve using
theoretical two-photon absorption coefficient formula described in the text.
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