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Efficient blue light emission from In,.sGa,s:N/GaN
multiple quantum wells excited
by 2.48-um femtosecond laser pulses
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We report on the efficient blue light emission from Ing;6Gagg,N/GaN multiple quantum wells excited by femtosec-
ond laser pulses with long wavelengths ranging from 1.24 to 2.48 pm. It is found that the trap states in GaN barrier
layers lead to an efficient cascade multiphoton absorption in which the carriers are generated through simultaneous
absorption of n (n = 1 and 2) photons to the trap states, followed by simultaneous absorption of m (m = 3, 4, and 5)
photons to the conduction band. The dependence of the upconversion luminescence on excitation intensity
exhibits a slope between n and n + m, which is in good agreement with the prediction based on the rate equation

model. © 2014 Optical Society of America
OCIS codes:
http://dx.doi.org/10.1364/0L.39.003555

As important semiconductors operating in the ultraviolet-
green spectral region, III-V nitrides have received inten-
sive and extensive studies over the past two decades
[1]. Among them, the physical properties of GaN and
In,Ga,_,N epilayers have been the focus of many studies
due to their importance in the fabrication of blue light-
emitting diodes [2—4]. It has been demonstrated that
the intrinsic defects present in GaN epilayers, such as
the shallow donors related to Ga vacancy complexes
and the trapped states related to Ga vacancies [5-8], play
a crucial role in determining the luminescent properties
of both GaN epilayers and In,Ga;_,N/GaN quantum
wells (QWs).

Apart from the linear optical properties under single
photon excitation, the nonlinear optical properties of
GaN epilayers were also investigated using pulsed laser
light in the near-infrared spectral region. Early in 1997,
Kim et al. studied the multiphoton luminescence (MPL)
from GaN using tunable picosecond laser pulses and
identified the existence of defect states that are located
~1.0 eV above the valence band [9]. In 2000, Sun ef al.
employed second-harmonic generation (SHG) and third-
harmonic generation (THG) microscopy to map the
piezoelectric field distribution in GaN and studied the
two-photon absorption (TPA) [10-12]. The TPA in GaN,
In,Ga;_,N, and Al,Ga,;_ N was also characterized by
Krishnamurthy et al. [13]. Lately, Chu et al. demonstrated
simultaneous four-photon luminescence (4PL), THG, and
SHG microscopy of GaN using femtosecond (fs) laser
light at 1230 nm [14]. Li et al. investigated the two-photon
luminescence (TPL) and SHG in In,Ga;_,N/GaN multi-
ple quantum wells (MQWs) [15].

All these studies indicate that In,Ga;_,N/GaN MQWs
may exhibit highly efficient MPL due to the intrinsic
defect states present in the GaN barrier and the short ra-
diative recombination time in In,Ga; N QWs. It is
expected that the existence of the trap states in the
GaN barrier may significantly modify the multiphoton
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absorption (MPA) process in GaN and lead to efficient
blue light emission from In,Ga;_,N/GaN MQWs under
the excitation of fs laser pulses in the infrared spectral
region.

In fact, a solid state quantum counter for infrared and
millimeter waves was proposed more than fifty years ago
by Bloembergen [16]. The principle for the quantum
counter is schematically depicted in Fig. 1(a). The energy
separation between level E; (ground state) and level E,
is much larger than KT so that the optical pump light kvsy
will not be absorbed because level E; is not populated.
Once an infrared quantum hv,; is absorbed, however, a
second transition to level E3 will be induced, provided
that the pump light produces a faster rate than the decay
from level E5; back to level E;. The detection of the
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Fig. 1. (a) Solid state quantum counter for infrared and milli-
meter waves proposed by Bloembergen more than fifty years
ago. (b) Energy band diagram for In;,sGajg,N/GaN MQWs
in which the upconversion of infrared light to blue light through
cascade multiphoton absorption is indicated. The correspond-
ences between the energy states in Inj;4Gayg,N/GaN MQWs
and the energy levels in the infrared quantum counter are also
indicated.
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spontaneous emission from level Es to another level F,
will form a counter for infrared quantum hvs;.

If we compare the energy diagram of the quantum
counter with that of In,Ga;_,N/GaN MQWs, which is
schematically shown in Fig. 1(b), then a scenario for real-
izing efficient upconversion of infrared light by utilizing
cascade MPA is generated. Apparently, the valence band
of GaN corresponds to level E; while the trap states in
GaN correspond to level E5;. The conduction band of
GaN or equivalently the ground state of electrons in
In,Ga;_,N QWs corresponds to level F'5 while the ground
state of holes in In, Ga;_,N QWs corresponds to level E,.
There exist two major differences between the infrared
quantum counter (IQC) model and the proposed MPA
scheme. First, the transitions from low energy levels
to higher energy ones are initiated by single photon ab-
sorption (SPA) in the IQC model while most of the tran-
sitions in our case are induced by MPA. Second, an
upconversion luminescence produced by a pump light
is employed to detect an infrared wave with much lower
energy in the IQC model. In our case, an upconversion
luminescence is generated through a cascade MPA of the
pump light. The larger absorption cross section for the £
to E, transition, as compared with that for the FE; to E5
transition, ensures the population of level Fj.

In this Letter, we demonstrate such an efficient upcon-
version from 2.48 to 0.45 pm in Inj 154Gag g4 N/GaN MQWs,
which normally requires at least simultaneous absorption
of seven photons in the absence of the trap states.

The sample used in our study was composed of a GaN
buffer layer of ~2 pm, five periods of Ing ;4Gajyg,N/GaN
QWs with a well thickness of 3 nm and a barrier thickness
of 10 nm, and a GaN cap layer of ~10 nm. They were
grown on a sapphire substrate by metal-organic chemi-
cal vapor deposition [17]. In experiments, the fs laser
light, with a repetition rate of 1 kHz and a pulse duration
of ~100 fs delivered by an optical parametric amplifier
(OperA Solo, Coherent), was used to excite the sample
at an angle of 45°. The excitation wavelength (1.,) was
tuned from 1.24 to 2.48 pm. A focusing lens with
S = 150 mm was used to focus the fs laser light and the
sample was placed 2 cm away from the focus to avoid the
optical damage of the sample. In this case, the diameter
of the excitation spot was estimated to be ~400 pm
and the maximum laser fluence was calculated to be
~7.96 mJ/cm?, which is much lower than the damage
threshold reported previously for GaN (~250 mJ/cm?)
under the excitation of nanosecond pulses [18]. In our
case, the damage threshold was found to be ~24 mJ/cm?
and ~40 mJ/cm? for 1.24 pm and 2.48 pm excitation,
respectively, based on scanning electron microscopy
(SEM) observation. The absence of optical damage
was confirmed by both the SEM observation after exci-
tation and the repeatability of the measurement results.
The emitted light was collected using another lens in the
direction normal to the sample surface and directed to a
spectrometer for analysis. The photoluminescence spec-
tra of the MQWs under single photon excitation were
measured by a spectrometer (F-4600, Hitachi).

When we tuned the excitation wavelength from 1.24 to
2.48 pm, efficient blue light emission from the sample
was clearly observed, as shown in Fig. 2. In Figs. 3(a)
and 3(b), we show the emission spectra obtained at

Fig. 2. Photo showing the blue light emission from
Ing 16GaggyN/GaN MQWs under the excitation of 2.48-pm fs
laser pulses.

Aex = 1.24 pm under the lowest and highest excitation
intensities. In Fig. 3(b), a weak SHG located at 0.62 pm
was observed because the transition from the valence
band to the trap states is caused by SPA with a large ab-
sorption coefficient and the excitation light is depleted
mainly by SPA. In Fig. 3(c), the excitation intensity
dependence of the upconversion luminescence intensity
is presented in a logarithmic coordinate. A slope of ~3.64
is observed at low excitation intensities. It is reduced to
~1.55 at high excitation intensities, implying the satura-
tion of the upconversion luminescence.

When we excite the MQWs at 1.24 pm (~1.0 eV), elec-
trons will be lifted from the valence band to the trap
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Fig. 3. (a) and (b) Luminescence spectra of In, ;4Gayg,N/GaN
MQWs under the excitation of 1.24-pym fs laser pulses with the
lowest and highest excitation intensities. (c) Dependence of the
upconversion luminescence intensity on excitation intensity.



states by SPA and the transition back to the valence band
was found to be nonradiative with a lifetime ~430 ps [19],
which is long enough for electrons to be further pumped
to the conduction band through three-photon absorption
(BPA). Since the SPA possesses a cross section much
larger than that of the 3PA, the trap states are generally
filled with electrons that can be continuously pumped to
the conduction band, provided the intensity of the fs laser
light is sufficiently strong for the 3PA process. In addi-
tion, the electrons pumped to the conduction band will
be rapidly captured into InGaN QWs, leading to efficient
upconversion from 1.24 to 0.45 pm.

A similar principle is applied to fs laser light with a
much longer wavelength of 2.48 pm (~0.5 eV). In this
case, the transition from the valence band to the trap
states can be realized by a TPA process while that from
the trap states to the conduction band can be accom-
plished by a five-photon absorption (5PA) process.

For ., = 2.48 pm, the upconversion efficiency is
thought to be small because a 5PA process is required.
However, the SHG in this case is suppressed because
the existence of the trap states whose energy matches
the energy of two photons. Previously, the suppression
of SHG with decreasing excitation wavelength from
795 to 750 nm was observed in ZnO nanorods [20]. It orig-
inates from the competition of TPL, which becomes dom-
inant when the energy of two photons is larger than the
exciton energy of ZnO. In contrast to the SHG observed
at 0.62 pm for A, = 1.24 pm, no SHG was observed at
1.24 pm for 1., = 2.48 pm, confirming the suppression
of SHG. This implies that the TPA process is facilitated,
leading to a larger population of the trap states and an
enhancement of the upconversion luminescence. In
Fig. 4, we present the upconversion luminescence inten-
sity as a function of excitation intensity. As expected, we
observe a slope of ~4.13 at low excitation intensities and
a smaller slope of ~2.65 at high excitation intensities, in-
dicating the saturation of the upconversion lumines-
cence. In the inset of Fig. 4, we show the PL spectra
of the MQWs under single photon excitation at different
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Fig. 4. Excitation intensity dependence of the upconversion
luminescence intensity under the excitation of 2.48-uym fs laser
pulses. The PL spectra obtained by single photon excitation at
different wavelengths are shown in the inset.
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wavelengths. Similar to the previous reports for the yel-
low band in GaN epilayers [5,6,8], a broad emission band
was observed at ~550 nm, confirming the existence of
the trap states in the GaN barrier layers [9].

Now let us try to explain the excitation intensity
dependence of the MPL observed at Ao, = 1.24 and
2.48 pm. Early in 2000, Pollnau et al. investigated theo-
retically, with a simple rate equation model, the power
dependence of upconversion luminescence mediated
by a set of intermediate states [21]. It was revealed that
the upconversion luminescence excited by sequential
absorption of n photons may exhibit a dependence on
excitation intensity P in the range of P" to P!. The
two limits are identified as the cases of infinitely small
and infinitely large upconversion rate. They verified their
theoretical results by experiments carried out in several
typical rare-earth-ion-doped crystals.

Now we employ the similar rate equation model to an-
alyze the excitation intensity dependence of the upcon-
version luminescence generated in the MQWs. The
energy diagram of the MQWs is considered as a three-
level system, including the valence band (F), the trap
states (Fs), and the conduction band (E3). Suppose that
the transition from E; to F3, which is mediated by Es, is
achieved by simultaneous absorption of n photons, fol-
lowed by the simultaneous absorption of m photons,
then the rate equations dominating the carrier dynamics
in F5 and F5 can be written as

N N
QIGIPnNI—GzpmNz——Z, (1)
dt 79
dN N
=3 = 5PN, - —2 2)
dt 73

Here, N; (7 = 1, 2, 3) is the population density of state %, P
is excitation intensity, o; (7 = 1, 2) is the MPA cross sec-
tion of state 4, and z; (i = 2, 3) is the decay time of state 1.
In the steady state, we have dN,/dt = dN3/dt = 0, and
Egs. (1) and (2) are reduced to be

Ny

(FIPnN1=O'2PmN2+g, (3)
6,P" Ny = N3 4)
73

If state F5 is dominated by linear decay (i.e., the
second term in the right side of Eq. (3) is much larger
than the first one), then we have Ny «xP" and
N3 «x P"N, o« P, In the case when state E, is gov-
erned by upconversion instead of decay, we have Ny «
P"/P"™ and N3 x P"N,  P". Therefore, it is expected
that the excitation intensity dependence of the upconver-
sion luminescence will exhibit a slope between n and
m + n, which is considered as the index of the corre-
sponding nonlinear process.

For Ay = 1.24 pm, it is apparent that the transition
from E, to F5 is a SPA process (n = 1) while that from
E, to E5 is a 3PA one (m = 3). Therefore, the excitation
intensity dependence of the upconversion luminescence
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will exhibit a slope between 1.0 and 4.0. For A =
2.48 pm, the transition from E; to E; becomes a TPA
process while that from E5; to E5 becomes a 5PA one.
As a result, a slope between 2.0 and 7.0 is anticipated.
In experiments, we observed a slope of 3.64 for 1., =
1.24 pm at low excitation intensities, which is close to
the upper limit of the theoretical value. It implies that
the dynamics of the trap states is dominated by linear de-
cay. With increasing excitation intensity, the trap states
are gradually governed by upconversion, leading to a
smaller slope, which is close to the lower limit. Previ-
ously, the saturation intensity of 3PA was reported to
be 44 and 210 GW/cm? for ZnO and ZnS, respectively
[22]. In our case, GaN is expected to have a lower satu-
ration intensity of 3PA because it occurs between the
trap states, which possess a lower density of states than
the valence or conduction bands. Therefore, it is reason-
able to observe that the saturation of upconversion ap-
pears at ~16 GW/cm?. For Ao = 2.48 um, the slope
observed at low excitation intensities is in the middle
of the lower and upper limits, implying similar rates for
upconversion and linear decay at the trap states because
the excitation intensity is several times larger than that
used for Ao, = 1.24 pm. At high excitation intensities,
the slope also approaches the lower limit.

Apparently, the trap states formed by Ga vacancies
spread over a wide energy region, as shown in Fig. 4. This
characteristic significantly releases the constraint of res-
onant excitation to the trap states, making it possible to
realize efficient upconversion over a wide wavelength re-
gion. To demonstrate this feature, we also investigated
the upconversion luminescence generated by using 1., =
1.8 and 2.1 pm. It was found that efficient blue light emis-
sion could still be achieved. For 1., = 1.8 pm, the tran-
sition from the trap states to the conduction band can be
achieved by 4PA process. However, the observed upcon-
version luminescence is not much stronger than that
observed at A., = 2.48 pm because the first transition
to the trap states does not occur at the energy position,
where the density of states is the largest. With increasing
excitation intensity, a gradual saturation of the MPL is
also observed. For A., = 2.1 pm, similar reduction in
the slope is also found, however, the saturation occurs
at higher excitation intensities.

In summary, we investigated, by comparing with the
solid state quantum counter, the upconversion lumines-
cence in InjyGaggyN/GaN MQWs and demonstrated
efficient blue light emission mediated by cascade MPA.
It was revealed that the intrinsic trap states present in
the GaN barrier play a crucial role in the realization of
efficient upconversion luminescence. The slope in the ex-
citation intensity dependence of the upconversion lumi-
nescence intensity was found to be determined mainly by
the carrier dynamics in the trap state. The wide spread
trap states in GaN barrier layers make it possible to gen-
erate efficient blue light over a wide wavelength range.

The efficient upconversion in Ing ;4GaggsN/GaN MQWs
will find applications in making optoelectronic devices.
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