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Abstract—We have investigated photoluminescence (PL) and
terahertz (THz) generation simultaneously from multiple In-
GaN/GaN quantum wells (QWs) with different well periods. The
PL intensity fully saturates when the period of QWs is increased
up to 4. However, THz output power continuously scales up even
if the period of QWs is increased up to 16. Such a behavior indi-
cates that high-power THz wave can be generated without efficient
recombination of the photogenerated carriers, since THz is only
generated during the absorption process. Following the measure-
ments of intensity and peak energy of PL together with output
power and spectra of THz, we have concluded that the screening
effect induced by photo-generated carriers can be neglected when
the pump fluence is as low as 85 μJ/cm2 .

Index Terms—Broadband terahertz (THz) wave, InGaN/GaN
quantum wells (QWs), built-in field, dipole radiation, photolumi-
nescence (PL).

I. INTRODUCTION

INGAN/GAN quantum wells (QWs) have attracted a lot of
attention due to their potential applications in light-emitting

devices covering the regions from blue to green [1]–[3]. More-
over, it was proposed that a quantum cascade laser based on
nitrides could be operated at room temperature [4]. Perhaps, the
most unique property of InGaN/GaN QWs is the presence of
a strong built-in electric field in the order of several megavolts
per centimeter originating from piezoelectric polarizations if the
QWs are grown along the [0 0 0 1] direction. Such a large built-in
electric field induces a so-called quantum-confined Stark effect
(QCSE), resulting in a significant separation of the electrons
and holes generated in the InGaN/GaN QWs [5]–[7]. Due to
such QCSE, the recombination rate is reduced since the poor
overlap of wave functions of electron and hole. Obviously, for
applications of laser diodes or light-emitting diodes, such elec-
tric field is an obstacle for achieving high efficiency or low
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threshold devices. Therefore, in the past researchers have con-
sidered employing novel QWs structures in order to reduce the
charge-separation effect [8], [9]. On the other hand, the built-in
electric field in semiconductor bulk materials or nanostructures
can be exploited for implementing certain devices without ap-
plying an external field. Indeed, terahertz (THz) radiation was
generated from a GaAs surface being illuminated by ultrafast
laser pulses due to the screening of surface depletion field by
virtual photo-generated carriers [10]. In the past, THz emission
from GaAs/AlGaAs QWs with an external electrical field be-
ing present was observed with its mechanism being attributed
to creation of polarized electron–hole pairs by ultrafast laser
pulses [11]. Recently, microwatt THz pulse was generated in
an eight-period In0.25Ga0.75N/GaN multiple QWs grown along
[0 0 0 1] direction by utilizing its internal field [12]. It was
pointed out that for high pump fluence, screening effect in-
duced by photo-generated carriers plays a significant role in
THz generation process. Moreover, it is believed to be the main
mechanism for saturation of THz output power generated in
InGaN/GaN QWs [13], [14].

In this paper, we report our results obtained on InGaN/GaN
QWs. Indeed, we simultaneously measured the photolumines-
cence (PL) and THz output in the InGaN/GaN QWs with dif-
ferent well periods. We have observed that the PL output was
saturated when the period of QWs was increased up to four.
However, the THz output scaled up more than linearly even with
the period of the QWs increased up to 16. Through the com-
parison of experimental results of PL and THz measurements
made on InGaN QWs with different well periods, we have con-
cluded that high-power THz can be generated in InGaN QWs in
spite of high density of nonradioactive structure defect. Such a
conclusion is consistent with our proposed mechanism of THz
generation in InGaN QWs, i.e., instantaneous generation of spa-
tially separated electron–hole pairs resulting in efficient dipole
radiation. Moreover, by combining the PL result with the THz
signal, we have concluded that the screening effect induced by
the photo-generated carriers is negligible for a pump fluence as
low as 85 μJ/cm2 .

II. DESCRIPTION OF SAMPLES AND EXPERIMENTAL SETUP

InGaN/GaN QWs structures were grown on a 2.8-μm-thick
unintentionally doped GaN template (the background electron
density of ∼4 × 1016 cm−3) on a c-plane sapphire substrate
by metal-organic chemical vapor deposition (MOCVD). The
growth of the GaN template was performed at 1080 ◦C by
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Fig. 1. Experimental setups used in the investigation of THz generation from
InGaN/GaN quantum wells. WP: half-wave plate; PM: off-axis parabolic mirror;
PMT: Photomultiplier. THz filters were used to block the residual pump laser
beams while allowing the transmission of the THz waves.

employing 35-nm-thick low-temperature-grown (Tg = 525 ◦C)
GaN buffer layer. Subsequently, In0.19Ga0.81N/GaN QWs with
different well periods ranging from 1 to 16 were deposited on
the GaN template by MOCVD at 700 ◦C. The thicknesses of
the InGaN well and GaN barrier layers are 3 and 10 nm, re-
spectively. Broadband THz pulses were generated by using a
coherent radiation beam at the wavelength of 391 nm after
frequency-doubling the output beam from a Ti:sapphire regen-
erative amplifier, see Fig. 1 for the experiment setups. The pulse
duration is measured as 210 fs and repetition rate is 250 kHz.
The excitation beam was then focused on the top surface of
InGaN/GaN QWs with the laser spot area being measured to
be about 0.85 mm × 2.61 mm. The polarization of laser was
adjusted to be in the horizontal direction by using a half-wave
plate, and incident angle was set as 70◦ to minimize the reflec-
tion of the pump beam. The THz radiation was collimated, and
then, focused onto a 4.2-K Si bolometer or pyroelectric detector
by a pair of gold-coated parabolic mirrors in reflection geome-
tries. Simultaneously, the PL of the InGaN QWs, excited by the
same pump beam, was collected by a lens and then measured by
a photomultiplier (PMT) after passing through a single-channel
high-resolution spectrometer.

III. RESULTS AND DISCUSSIONS

In this section, we present our results obtained on the THz
generation and PL from the In0.19Ga0.81N/GaN QWs with dif-
ferent periods.

We have first investigated the PL spectra of each sample under
room temperature with the pump fluence being set to 85 μJ/cm2 .
As shown in Fig. 2(a), the emission spectrum measured on each
sample peaks around 472 nm. The multiple peaks modulation is
caused by Fabry–Pérot resonance due to the multiple reflection
caused by the front and back surfaces of each sample. From the
spectra, it is clear that PL intensity scales up when the well pe-
riod is increased up to four. However, when we further increase
the well period, the PL intensity is significantly saturated, see
Fig. 2(b). According to [15], we estimated the absorption length
of the InGaN QW layers in our QW structure to be on the order
of 100 nm. Since the total thickness of the InGaN layers in the
16 periods of the InGaN/GaN QWs is 48 nm, we have ruled out

Fig. 2. (a) PL spectra of InGaN quantum wells with different periods measured
at room temperature. (b) PL intensity and THz output power versus well period.
Red triangular corresponds to PL intensity and blue cross corresponds to THz
output power. The pump fluence is set as 85 μJ/cm2 .

the penetration saturation of the optical pumping as the mech-
anism for the PL saturation. In fact, for the 16-period sample,
the transmitted pump beam is visible to the naked eyes. Such
saturation could be caused by the increased density of the non-
radiative structure defects. When the total thickness of the QWs
scales up, the accumulated strain is expected to increase, which
results in a higher density of nonradiative structure defects. It
is worth noting that for the 16-period InGaN QWs, we have
clearly observed submillimeter dots by naked eyes within the
laser beam spot, especially on the edge of sample. These dots
can be the indication that the total thickness of the InGaN/GaN
QWs in this sample is close to the critical thickness.

For the THz generation, as illustrated by Fig. 2(b), the output
power increases more than linearly even if the period of the QWs
is increased up to 16. The highest output power collected from
the 16-period InGaN QWs is 360 nW. It is worth noting that the
THz output power is not reduced when we move the laser spot
onto the location where the sub-millimeter dots are observed.
In our recent paper [12], we have attributed the mechanism
for the THz generation to instantaneous creation of spatially
separated electron–hole pairs resulting in efficient dipole radia-
tion. It is well known that the output power for dipole radiation
is proportional to square of dipole density. The density of the
photogenerated carriers is proportional to the intensity of the
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optical pump. In addition, there are no phase differences among
the THz waves generated by different QWs along the propaga-
tion direction. If we assume that the absorption is constant in
each well, the THz output power should be quadratically depen-
dent on the number of the QWs. The assumption that the phase
difference of the generated THz wave in each QW is negligible
makes sense since the total thickness of QWs is much smaller
than the wavelength of the THz wave. Furthermore, unlike PL,
the THz wave is generated during the absorption process not
during the radiation process in the InGaN QWs. Since the non-
radiative structure defects only influence the radiation process,
the THz output power continuously increases with increasing
the period of the QWs even if the PL exhibits saturation. Thus,
in principle, we can further increase the periods of the InGaN
QWs to further scale up the THz output power. The increase
in the density of the nonradiative defects only influences the
recombination process. For example, if we can add another 16
periods, the THz output power can be enhanced by a factor
of 4. The increase in the indium composition in the wells can
also be used to increase the THz output power since it causes
electrons holes to further separate spatially, and therefore, the
dipole strength can be further increased. Under the same ex-
perimental setup, an eight-period In0.25Ga0.75N/GaN QWs was
measured, which shows less than a half of the PL intensity but
nine times more THz output power than that of the eight-period
In0.19Ga0.81N/GaN QWs described in this paper. Previously, it
has been shown that by increasing the well width from 1.8 to
3.6 nm, THz output power can be increased by 30% [13]. By
optimizing the structure of the QWs, the THz output power is
expected to increase to as high as 20 μW under our experiment
condition.

The dependence of the THz output power on the pump fluence
for the 16-period InGaN QWs is shown in Fig. 3(a). Initially,
for the pump fluencies up to 40 μJ/cm2 , the THz output power
quadratically increases with the pump fluence, see the red fitting
curve in Fig. 3(a). When the pump fluence is further increased up
to 85 μJ/cm2 , a slight deviation to the quadratic fit is observed.
Such a deviation has been attributed to the screening effect
induced by the photo-generated electron–hole pairs and been
supported by blueshift of the PL peak energy [13]. We have
also plotted the peak energy of PL versus the pump fluence, see
the blue dots of Fig 3(b). The peak energy for such 16-period
InGaN QWs exhibits a blueshift in the amount of 60 meV, which
appears to support the screening effect. However, according to
the theoretical calculation [14], the screening effect increases the
effective absorption coefficient, which is proportional to ratio of
the integrated PL intensity with the pump fluence. Thus, based
on such a calculation, we should expect that the integrated PL
intensity scales up more than linearly when the pump fluence is
increased. In experiment, apparently, the integrated PL intensity
scales up less than linearly with the pump fluence, see the red
triangles of Fig. 3(a), indicating that the absorption coefficient
is actually reduced, which is not consistent with the screening
effect. In a recent pump-probe experiment on similar InGaN
QWs, the reduction of absorption has been observed for a pump
fluence of as low as 0.19 mJ/cm2 and explained by increased
density of the hot carriers [16]. Thus, from the dependence of

Fig. 3. (a) THz output power as a function of pump fluence. The crosses
correspond to experiment data. The red curve corresponds to a quadratic fitting
for first ten data points. (b) Integrated PL intensity and peak energy as a function
of pump fluence. The red triangles and blue dots correspond to PL intensity and
peak energy, respectively.

the integrated PL intensity on the pump fluence, we may draw
a conclusion that the deviation or saturation is induced by the
decrease in the absorption coefficient.

The contradicting conclusions from our analysis of the PL
reveal that monitoring the PL signal may not be sufficient for us
to understand the dynamic screening effect in the THz genera-
tion process, since THz is only generated during the absorption
process whereas the PL is not only influenced by the absorp-
tion process but also by the recombination process. Indeed, the
recombination mechanism is still not fully understood in the
InGaN/GaN QWs. It is widely believed that the localized states
play an important role in the emission process [17]–[19]. Such
localized states induce a band-tail filling effect, resulting in
the blue shift with increasing the pump power. Therefore, the
blueshift for the InGaN QWs has been attributed to the combi-
nation of screening effect with band-tail filling effect [20]. In
our detailed PL study on a similar InGaN sample, the domi-
nant PL peak is explained by the recombination of the localized
states [21]. Thus, we may over-emphasize the role of the screen-
ing effect if only monitoring the blueshift of PL peak.

An alternative method to determine the screening effect is to
measure the spectra of the THz output from the InGaN QWs at
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Fig. 4. (a) THz spectra measured at pump fluencies 11, 22, 43, 91 μJ/cm2 .
(b) THz energy density generated per well as function of pump fluence.

different pump fluencies. It has been pointed out in theory that
dramatic broadening and shift of the THz spectra will be ob-
served with increasing the pump fluence if dynamical screening
is a strong absorption process [14]. Under such a predication, the
THz spectral band width could far more exceed the bandwidth
of the excitation laser. We have measured the THz spectra under
several different pump fluencies by a homemade sub-millimeter
diffraction grating system. Such a system allows us to detect
whole THz spectra even if the bandwidth of the THz output
is beyond the laser spectra, which is difficult to achieve in an
electro-optic sampling system if the same laser is used to gener-
ate and sample the THz output. As is shown in Fig. 4(a), when
the pump fluence is increased from 10 to 90 μJ/cm2 , within the
accuracy of our measurements, we did not observe a bandwidth
broadening or frequency shift of the THz spectra, which proves
that in our experiment the screening effect induced by the pho-
togenerated electron–hole pairs is negligible. It is worth noting
that our conclusion is not in conflict with the work in [14], since
the lowest fluence used in their calculation, which only causes a
weak screening effect, is about two times as large as the highest
value in our experiment.

In order to see a strong screening effect, we have reduced
laser spot area to increase the pump fluence up to 1 mJ/cm2 . A
full saturation behavior of the THz output power was observed
when the pump fluence is about 0.6 mJ/cm2 . This saturation

pump value is agreed with [16]. Because of the screening effect,
the highest THz energy that can be generated in a single pulse
is limited by the total static energy originally stored in the In-
GaN/GaN QWs. According to the simple capacitor model [13],
the total energy stored in our InGaN QWs is estimated to be
at least 100 nJ/cm2 . Experimentally, the saturation value for
the THz energy density generated on each well is only about
0.02 nJ/cm2 , see Fig. 4(b), which is a factor of 5000 lower than
the theoretical value. Thus, the screening effect is not the only
mechanism to limit the THz output. A large amount THz output
may not be collected in our experimental setup since a large
fraction of the THz beam undergoes total internal reflection at
the sample surface. Indeed, since the built-in field is always
perpendicular to the sample surface, the most efficient radiation
direction is along the surface, which can be hardly coupled out
of the sample. In addition, we believe that free carriers inside
the GaN template or photogenerated carriers inside the QWs
also absorb a significant amount of the THz output power. Our
simplified calculation indicates that the collected output power
of 360 nW obtained on the 16-period QWs corresponds to the
total output power of about 60 μW generated by the QWs. Pre-
viously, the increase in the absorption of the THz wave by the
photogenerated carriers was investigated and evidenced in GaTe
and InN materials [22], [23]. Such a mechanism can also ex-
plain the reduction of the THz output power when the pump
fluence is higher than 0.6 mJ/cm2 , as shown in Fig. 4(b). Under
the condition that the maximum degree of the screening effect is
achieved, if increasing the pump fluence, more carriers are gen-
erated but there is no further increase in the THz output power.
Since the more carriers only increase the absorption, the THz
output power is reduced.

IV. CONCLUSION

In conclusion, we have simultaneously investigated the PL
and THz output from a set of the InGaN/GaN QWs with dif-
ferent periods. Since it is only generated during the absorption
process, the THz output power continuously scales up with the
number of the QWs. Thus, we can further increase the THz out-
put power by adding up more periods of the QWs or increasing
the indium composition in the well region. In contrast, the photo-
luminescence intensity may not increase. By measuring the THz
spectra, we have concluded that for the pump fluence as low as
85 μJ/cm2 , the screening effect induced by the photo-generated
carriers is negligible.
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