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Abstract — We characterize the third order nonlinear optical
response of the interband transition of bulk InN and the
intraband transition of GaN/AIN quantum dots, both of them in
the spectral region around 1.5 pm. The results show that these
materials can be very suitable for optical signal processing
applications in the spectral region of wavelength-division
multiplexed (WDM) transmission. Considering the temporal
behavior of the nonlinear response, InN seems particularly
useful in all-optical control of light speed (slow-light generation),
whereas GaN/AIN quantum dots are promising for switching
and wavelength conversion applications.
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I. INTRODUCTION

Semiconductor third-order nonlinear optical phenomena
—like nonlinear absorption, self- and cross-phase modulation,
self- and gross-gain modulation, and four-wave mixing
(FWM)— have direct applications in all-optical control of data
streams in fiber-optic networks [1,2]. These effects are the
basis of all-optical switches and wavelength converters, to be
applied in the next generation of optical networks. Recently,
it has been shown that these devices can also be used for all-
optical light speed control (the so-called slow and fast light
phenomena) [3,4]. From the material viewpoint, the
parameter responsible of these nonlinear properties is the

optical third-order susceptibility, x(3). Therefore, materials
with large ¥ are required for the fabrication of optically-
controlled devices

There is a particular interest in the development of devices
for the C band of optical fibers, around 1.5 pm, where
erbium-doped fiber amplifiers (EDFAs) are widely available.
Highly nonlinear fibers and waveguides have been used for
nonlinear interactions in this spectral region. However, due to
the low values of their nonlinear coefficient, these solutions
often require very long interaction distances (even kilometers
in the case of nonlinear fibers) or very high power levels
[2,3], which makes them cumbersome for a real system
implementation. An interesting alternative comes through the
use of semiconductors. Working in resonance conditions, the
nonlinear coefficient can be extremely enhanced, requiring
interaction distances of less than 1 mm for mW-level signals.
Besides, the semiconductor resonance wavelength can be
tuned by band-gap engineering. These properties have made
semiconductor-based devices the most interesting alternative
for all-optical signal processing applications [5]. In particular,
an important effort on the development of InGaAs and
InGaAsP-based nonlinear optical devices at 1.5 um has been
performed in the last years.

Nonlinear interactions in nitride-based materials (specially
GaN, InGaN and AlGaN) have also been studied. Most of
these studies focus on valence to conduction band (interband)
optical transitions in the visible and ultraviolet regions of the
electromagnetic spectrum. The recent progress in the



synthesis of InN —semiconductor with a direct bandgap
around 0.65-0.7 eV (close to 1.5 pm)— has opened new
perspectives for nitride materials in the near-infrared (NIR)
wavelength range. However, there is little information about
the nonlinear third-order susceptibility of this material.

Another approach to extend nitride optoelectronics
towards the NIR consist in using intraband transitions in
quantum wells or quantum dots [6,7], profiting from the large
conduction band offset (~1.8 ¢V) in the GaN/AIN system.
Intraband transitions have found direct application in
quantum cascade lasers [8] and quantum well infrared
photodetectors (QWIPs) [9]. Rosencher er al. developed
novel nonlinear optical materials based on intraband
transitions in semiconductor quantum structures, using the
second-order nonlinearitiecs in asymmetric quantum wells
[10]. The quantum confinement 1in semiconductor
nanostructures enhances the nonlinear effects, hence enabling
nonlinear interactions at low power levels. Additionally, these
intraband transitions are generally faster than interband
transitions, which means that they can be applied to the
development of ultrafast optical devices.

In this work we have determined the third order
susceptibility % at 1.5 um of the interband transition in bulk
InN samples grown under different conditions, and showing
different optical band-gap. Additionally, we have also
determined the third order susceptibility at 1.5 pm of the
intraband transition in GaN/AIN quantum dots. The technique
used in both cases has been the forward degenerate four-wave
mixing (DFWM) technique in boxcars configuration. For the
InN samples, the excitation was done at energies around the
band gap (1500 nm). For the GaN/AIN quantum dots, the
excitation was resonant with the s-pz intraband transition. By
introducing a delay line in one of the arms of the
experimental setup, we have also been able to determine the
relaxation time of the excited carrier population grating (Tg)
in both kinds of samples. The results prove that these
materials are suitable for optical signal processing
applications in the spectral region of wavelength-division
multiplexed (WDM) transmission. Considering the temporal
behavior of the nonlinear response, InN seems particularly
suitable for all-optical control of light speed (slow light),
whereas GaN/AIN quantum dots are extremely interesting for
switching and wavelength conversion applications.

Concerning slow and fast light applications, this paper
will also address estimations of achievable slow-down factor
in the different InN samples studied, using realistic values of
pump powers and the measured nonlinear properties.

This paper is structured as follows: in Section II we
described the growth conditions of the investigated samples
and their linear and nonlinear optical characterization. Slow-
down factor estimations for the InN samples are shown in
Section III. Finally, Section IV will expound the conclusions
of this study.

II. EXPERIMENTAL RESULTS

A. Growth conditions

The InN samples investigated in this work were grown on
Si(111) and on 10-um-thick non-intentionally-doped (nid)
GaN-on-sapphire templates by plasma-assisted molecular
beam epitaxy (PAMBE). In-situ growth monitoring was
performed by Reflection High Energy Electron Diffraction
(RHEED).

For InN samples grown on Si(111), the substrates were
heated in the growth chamber at 800 °C for 30 minutes to
remove the native oxide. Upon temperature decrease to 760°C
a clear 7x7 surface reconstruction, typical of Si(111)
orientation, showed up indicating a full desorption of the
native oxide. Growth on HT-AIN-buffered Si(111) was
preceded by depositing a few monolayers (ML) of metallic Al
at high temperature. Afterwards, the AIN buffer layer was
grown at 780°C at a rate as low as 200 nm/hour to minimize
surface roughness according to the established optimal
process [11]. Once the buffer layer is grown, the growth is
stopped to decrease the temperature down to 475 °C, the
optimal one for InN [12]. InN layers were grown under
slightly indium rich conditions at a rate of 0.8 pm/hour. A
streaky 1x1 RHEED pattern observed during all the growth
indicates a 2D growth mode.

In the case of the InN grown on GaN-on-sapphire
templates, prior to the growth of the InN layer, a 10-nm-thick
nid GaN buffer layer was deposited at 720 °C. InN growth
was then carried out at a substrate temperature of 450 °C,
with a N flux corresponding to a growth rate of 0.3 ML/s and
with an In/N ratio of 1.2. Periodic growth interruptions under
N are performed to consume the In excess and prevent the
accumulation of In droplets on the surface. The growth period
(InN growth time / growth interruption time) for the sample
analyzed was 5 min / 1 min [13].

The GaN/AIN QD samples under study was grown by
PAMBE on a l-um-thick AIN-on-sapphire template. The
samples consist on 20 periods of GaN QDs with 3 nm thick
AIN barriers. The QD height, diameter and density was
characterized by atomic force microscopy, obtaining values of
1.2+0.6 nm, 1743 nm, and (6.4£0.7)x10"" cm™, respectively.
Further details about growth conditions can be found
elsewhere [14].

B. Optical characterization conditions

Linear optical properties of InN samples in the
wavelength range of 1100-2550 nm were studied at room
temperature transmission measurements at normal incidence
using a Perkin-Elmer Lambda 9 scanning spectrophotometer.

The nonlinear optical characterization was performed by
the DFWM technique in the forward configuration (boxcars)
[15] using as excitation source an optical parametric amplifier
(OPA) providing 100 fs pulses, tunable in the 300-3000 nm
interval, at a repetition rate of 1 kHz. In the DFWM



measurements the conjugated beam intensity /. is plotted
versus the pump intensity 7, to obtain the coefficient ¢ of the
relationship Ic:clp3. The third order susceptibility of the
samples, \x(3)\, is then obtained using Eq. (1), which relates
the nonlinear susceptibility of a given sample and that of a
reference material with their corresponding optical parameters
and conjugated signals:
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where 1y, L, and a are the ordinary linear refractive index, the
interaction length, and absorption coefficient, respectively,
while superscripts » and s indicate parameters concerning the
reference and the sample. The reference is a fused silica
(Si0,) plate with |%®'|=1.28 x 10 esu and n,~1.45 [16].

@D

C. Indium Nitride (InN).

Fig. 1 shows measured transmission data, for the
investigated InN samples. Maximum transmittance is limited
by the substrate at 0.86 and 0.53 for sapphire and silicon,
respectively. Short period Fabry-Perot oscillations for the
InN/GaN template sample arises from the resonant cavity
formed by the structure GaN template+InN layer (~10,6 pm).
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Fig. 1. Transmission spectra of the InN analyzed samples

Experimental transmission spectra were compared with
theoretical calculations wusing a three layer model
(substrate/buffer layer/InN) [17] to obtain values of thickness,
ordinary refractive index ny(4), and absorption coefficient
ofA) of the InN layer. First order Sellmeier dispersion
formulas were considered for index refraction in the
transparency region [18]. Further, a sigmoidal approximation
was used for of4) for both samples [19]. The absorption band
edge of the samples is estimated at 1550 nm (InN/GaN-
template) and 1650 nm (InN/Si(111)). These values make the
samples suitable for third order optical nonlinear
susceptibility measurements around 1500 nm. Table I
summarizes the linear optical estimations performed for 1500
nm applied to the later X(3) calculation. Refractive index of
GaN and AIN was estimated about 2.23 and 1.75 at 1500 nm,

respectively, and considering the absorption of these layers
negligible.
TABLE L.

SUMMARY OF THE RESULTS OBTAINED FROM LINEAR AND NON-LINEAR
OPTICAL MEASUREMENTS AT 1500 NM.

Sample Thickness o (em™) n oL |X(3)| (esu)
(nm)
InN/Si(111) 950 3x10° 295 [26 | 19x10°
InN/GaN 650 47x10° | 286 |03 | 5.4x10™
template

Fig. 2 shows a representative plot of the conjugate beam
intensity vs pump beam intensity for the InN samples. ||
values of (5.4£0.6)x 10"° and (1.9£0.2)x 10° esu were
measured at 1500 nm for InN samples grown on GaN-
templates and Si(111), respectively. The obtained value
increases with the linear absorption of the samples, being
higher for the sample with the lowest bandgap (InN/Si(111)).

The resonant character of the involved mechanism for InN
leads to values of [ close to two orders of magnitude
above the measured for GaN (4.4+0.4)x10"* [3] and Si
2.8x10™" esu [20] at 1500 nm. Furthermore, contribution of
substrate to the measured |x(3)| was neglected performing the
DFWM experiments with a pump power below the limit to
obtain a measurable nonlinear response for the substrate [13].
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Fig. 2. I.-1, plot of the InN samples

Fig. 3 shows the DFWM signal intensity as a function of
the induced delay time for the analyzed samples. The lifetime
estimated from these decay curves is of 0.8 ps for the InN
sample grown on Si(111), which shows a lower bandgap
energy. This lifetime is attributed to relaxation of hot carriers
from higher energy states to lower energy states [21].
Lifetime estimated for InN sample grown on GaN-template,
with a band gap closer to excitation wavelength is of 4.8 ps.
This value is comparable to the value of 12 ps, obtained by Su
et al. in an AsGa quantum dot based semiconductor optical
amplifier, used to obtain room temperature slow and fast light
[22]. In this case, the obtained lifetime is attributed to a non-
radiative recombination mechanism, related to the defects
responsible of the free carrier concentration of the layers, in
the range of ~10' cm™ [23].
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Fig. 3. DFWM signal intensity obtained as a function of delay time
between one of the pumps and the others for the InN samples analyzed

D. GaN/AIN QODs characterization

In this section we show the experimental results for the
nonlinear third order susceptibility ¥**’ and the relaxation time
7 for the GaN/AIN QDs sample, using the DFWM method.

In order to measure the NIR absorption spectrum, the
sample was mechanically polished to form a 45° multipass
waveguide with five total internal reflections. The NIR
absorption for p- and s-polarized light was measured at room
temperature using a Fourier transform infrared (FTIR)
spectrometer and a deuterated triglycine sulfate (DGTS)
photodetector. For p-polarized light, we observe a Gaussian
absorption peak at 0.855 eV (=1.4 um), with a full width at
half maximum FWHM = 0.155 e¢V. The peak absorbance per
pass 18 1.7%. This absorption 1s ascribed to the transition from
the s-shell ground state of the QD to the p: excited state with
one node of the envelope function along the growth axis. No
absorption of s-polarized light is observed. For more details,
see the reference [14].

Fig. 4 shows a representative plot of /. vs /, from the
GaN/AIN QDs sample at the wavelength of 1.5um. A clear
cubic dependence between the pump intensity of the laser
beam and the conjugated intensity generated by the DFWM
can be observed. An ordinary refractive index of n,=2.2, and
an effective length of 7,=24 nm were considered for the
nonlinear susceptibility estimation. The measured absorbance
at 1.5 um was 1.58 leading to an effective optical sample
length of al;~ 0.023. The obtained value of x(3) is ~ 1.28 x
107 esu, two order of magnitude higher than the obtained by
Hamazaki [24], for intraband transitions in GaN/AIN
quantum wells (QWs), of ~1.6 x 10® esu, as expected from
the dimension reduction from QW to QD.

We have also determined the lifetime t of the conjugated
signal (associated to the dynamic grating induced at 1.5 pum)
for sample GaN/AIN QDs by varying the delay between one
of the three pumps and the others using an optical delay line.
Inset of Fig. 4 shows the conjugated-signal intensity as a
function of the induced delay time [25]. The measured
lifetime is similar to the laser pulse width (100 fs), thus, the
lifetime of the optically induced population grating in the

sample should be below this value. This result is consistent
with the subpicosecond intersubband recombination times
measured in GaN quantum well structures [26,27,28].
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Fig. 4. I, vs I, plot for GaN/AIN QDs sample at 1.5 um. Inset shows DWFM
signal intensity obtained from the sample at 1.5 um as a function of
delay time between one of the pumps and the others

II1. SLOW-LIGHT IN INDIUM NITRIDE: ESTIMATION OF
SLOW-DOWN FACTORS

The nonlinear absorption coefficient was obtained for the
InN samples using the following equation [28]:

30, Im(z”)
a, = n )
£,1,C

2)
where, v and n, are the resonance frequency and the lincar
refractive index at this frequency, respectively. The imaginary
part of ¥ was considered to be of the same order of
magnitude of . Values of @, of 79 cm/GW and 24 cm/GW
were obtained for InN/Si(111) and InN/GaN template,
respectively .

The change in refractive index and absorption from ¢ and
the measured recombination time [29] was calculated
considering a Lorentzian-type line shape. This line shape
leads to a phase-change of the wave travelling across the

sample of [30]:
e (" oun)

C 1+(v—v0 (AU/Z)I o

p=L

where Av is the Full Width at Half Maximum (FWHM)
bandwidth. This bandwidth was calculated as the inverse of
the measured population grating lifetime, obtaining a value of
398 GHz and 66 GHz, for InN/Si(111) and InN/GaN
template, respectively, while v is the resonance frequency, of
200 THz. L. is calculated using L.z— (1-¢*)- ¢/ and accounts
for the effective length of the sample. This factor takes into
account the linear absorption of the sample. The slow-down
factor of the sample, is then obtained through
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eading to a maximum values of 0,5 and 3,6
for InN/Si(111) and InN/GaN template, respectively, for a
typical pump intensity of 3 GW/cm” and a sample thickness
of 2 um. Sample with lower bandgap energy (InN/Si(111))
shows a lower slow-down factor, as expected from its higher
linear absorption at the analyzed wavelength of 1500 nm (see
Table I). Fig. 5a and 5b show respectively the absorption
change and slow-down factor calculated considering the
above described conditions. Absorption saturation has been
observed in InN thick layers [23], pointing out a negative sign
of o in this material, as it is shown in fig. 5a.
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Fig. 5. Calculated nonlinear absorption (a) and slow-down factor (b) of
analyzed InN samples at 1500 nm as a function of detuning, considering
excitation pump power of 3 GW/cm?

Simulations performed show that this slow-down factor
could be increased three or more orders of magnitude by
using quantum well structures since in these structures the
values of % and 7 are two or three orders of magnitude
larger than in the bulk material [31,32]. This would open the
possibility of using InN-based heterostructures for slow-light
applications.

1V. CONCLUSIONS

In this work we have measured the third order
susceptibility, x>, of InN films grown by PAMBE with
different optical bandgap energy, by using DFWM technique
at 1.5 pm. "> and population grating life time, 7 of 1.9 x10?

esu and 0.8 ps, respectively, were measured for samples with
optical bandgap corresponding to 1650 nm, grown on Si(111).
At the same time, 7* and 7 of 0.54 x10” esu and 4.7 ps,
respectively, were measured for samples grown on GaN
template, which shows an optical bandgap of 1550 nm. Linear
absorption at the analyzed wavelength together with the
relaxation mechanism involved in the nonlinear response are
responsible of the different values of % and population
grating life time obtained depending on the optical band gap
of the samples. A maximum slow-down factor of 3.6 was
obtained for InN sample with the optical band gap closer to
the excitation wavelength for a pump intensity of 3 GW/cm?,
and taking into account the linear absorption of the layer.
Simulations performed show that this slow-down factor could
be increased three or more orders of magnitude by using
quantum well structures since in these structures the values of
¥ and 7 are two or three orders of magnitude larger than in
the bulk material [31,32]. This would open the possibility of
using InN-based heterostructures for slow-light applications.

The results on GaN/AIN QDs show that these structures
are promising for switching and wavelength conversion
applications, for the spectral region of WDM.
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