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We report on the nonlinear optical properties of InN measured in a wide near-infrared spectral
range with the femtosecond Z-scan technique. The above-bandgap nonlinear absorption in InN is
found to originate from the saturation of absorption by the band-state-filling and its cross-section
increases drastically near the bandgap energy. With below-bandgap excitation, the nonlinear
absorption undergoes a transition from saturation absorption (SA) to reverse-SA (RSA), attributed
to the competition between SA of band-tail states and two-photon-related RSA. The measured
large nonlinear refractive index of the order of 10~'® cm?/W indicates InN as a potential material
for all-optical switching and related applications. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4878618]

Indium nitride (InN) with a narrow direct bandgap
(Eg ~0.65eV) has superior electronic transport properties to
other group-III nitrides so that InN has become attractive
for various applications such as high-frequency electronic
devices, near-infrared (NIR) optoelectronics,l’5 and
high-efficiency solar cells.® Because of its narrow bandgap,
InN can be easily integrated with an optical fiber laser to
achieve compact optical system. Recent dramatic increase of
information transfer through internet requires switches oper-
ating at high rate for future telecommunication system.
All-optical switching based on nonlinear optics may provide
a solution for faster switches and the bandwidth of optical
switch could reach beyond 1 THz unattainable by electronic
switching techniques. In general, all-optical switching tech-
nology requires a nonlinear material with large nonlinear
refraction (NLR) and small linear absorption. The InN film
photoexcited at wavelength of 1550nm shows the large
optical bleaching and its recovery time can be less than a few
picoseconds,” which makes InN an excellent candidate to
realize all-optical switching for telecommunication systems.

Despite these prospects, studies on nonlinear phenomena
of InN are scarce, and the reported results have been carried
out only at several selected wavelengths, such as 800 nm and
1550nm.*'* Moreover, the wide wavelength dependence
near the bandgap has not been reported for InN. This is
mainly due to the lack of suitable light sources as well as the
detection systems in the NIR spectral range. Several contra-
dictory results on the nonlinear absorption (NLA) referring to
either saturation absorption (SA)Q’](’ or reverse-SA (RSA)&12
for InN have been reported and the reported values of NLA
coefficients vary widely in the range of 10~°-10° cm/W.*'2

Here, we report the third-order nonlinearities of InN
films grown by plasma-assisted molecular beam epitaxy
(PAMBE). The Z-scan measurement'> with femtosecond
pulses in the wavelength range of 700-1600 nm allows the
investigation of the nonlinear properties of InN epilayers
near and below the bandgap energy. The wide spectral
dependence of the nonlinear absorption cross-section (¢) is
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compared with the band-filling model, which is associated
with the saturation of absorption for above-bandgap excita-
tion. The transitional behavior of nonlinear absorption upon
the increase of the wavelength and the intensity of excitation
light demonstrates that there is absorption in the band-tail
states for excitation photon energies below bandgap.

For this work, two a-plane InN epilayers were grown on
r-plane {1102} sapphire substrates by PAMBE. To improve
the structural and electrical properties of InN films, a double
buffer layer consisted of AIN/GaN (300/230 nm) was grown
between the InN film and the substrate. And details of the
growth procedure of g-plane InN films can be found else-
where.'* Since the optical absorption in InN films dramati-
cally increases above the bandgap,'® a thin InN epilayer
with d ~60nm (sample A) was prepared to study the non-
resonant optical nonlinearity properties. We also prepared a
thick sample (sample B) with d~ 1.4 um for comparison.
Figure 1(a) shows the photoluminescence (PL) spectra of
samples A and B at room temperature. Despite being grown
under similar conditions, samples A and B have different PL
peak energies at ~0.76 and 0.65eV, respectively. Table I
shows that the carrier density of sample A measured by
the Hall effect measurement is larger than that of sample B,
indicating that the high PL peak energy in sample A can be
attributed to the Moss-Burstein blue-shift in very thin
films.'® The back side of r-plane sapphire substrates was
coated with a Ti layer for efficient and uniform heating dur-
ing the PAMBE growth and before Z-scan measurement, Ti
layer was removed by using a diluted HCl solution.

The Z-scan measurements were performed using a
Ti:sapphire laser tunable in the range of 700-1080 nm and an
optical parametric oscillator (OPO), providing tunability
from 1100nm to 1600nm. Approximately, 120 fs-long
pulses were focused at the sample surface, resulting in peak
fluences in the range of 0.05-2 GW/cm?. During the Z-scan
measurements, samples are moved along the optical axis
(z-direction) of the focused laser beam, while the transmit-
tance of the sample is recorded as a function of the
z-position. The estimated refractive index change of InN due
to the cumulative thermal effect'” is negligibly small
(107471075) for our experiment. The Z-scan measurement

© 2014 AIP Publishing LLC
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FIG. 1. (a) PL spectra from the InN films excited by femtosecond laser
pulses at 800 nm. Sample A with a higher carrier density has a clearly blue
shifted bandgap energy compared to sample B. (b) The OA and CA Z-scan
signals measured at A =800nm for the GaN/AIN buffer layer grown on a
sapphire substrate.

from a sapphire substrate with a GaN/AIN buffer layer
[Fig. 1(b)] shows no noticeable responses under the same
excitation conditions adopted for the InN films. Similar
responses are observed for other wavelengths used.

Figures 2(a) and 2(c) show the wavelength dependence
of open-aperture (OA) Z-scan signals for samples A and B,
respectively. The Z-scan signals from the thin InN layer in
sample A are much smaller than those from the thick InN
layer in sample B. The transmittance for the sample position
far from the beam waist, where nonlinear effects are negligi-
ble, is normalized to unity. In Fig. 2(c), the transmitted
Z-scan signal (AT) of sample B increases as the sample
moves towards the focus and it reaches the maximum at the
focus, exhibiting saturation of absorption. For sample B, the
SA behavior is observed across the entire measured wave-
length range and the peak value of AT (AT,,.x) continuously
increases as the wavelength increases. The increase of AT,
is also observed when the irradiance power is increased. In
the case of sample A, SA-dominated Z-scan signals increase
as the wavelength increases from 900nm to 1200 nm.
However, at ~1300nm, a small valley within the peak
appears near z=0 and becomes deeper with the further
increase of wavelength. The negative Z-scan signals attrib-
uted to RSA can also get significant as the pump fluence is

TABLE 1. Sample parameters of InN films measured by Hall effect
measurement.

Sample d (nm) n(x10"”cm ™) I (cm?/V s)
Sample A 60 7.4 65.9
Sample B 1400 1.4 145.2
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increased, as shown in Fig. 2(b). In particular, the Z-scan sig-
nal measured at 0.5 GW/cm? in Fig. 2(b) shows the coexis-
tence of SA and RSA.

To fit the Z-scan data, we employ the standard Z-scan
theory'? with assumption of (/) = oo + BI, where o, o, and
f are the total, linear, and nonlinear absorption coefficients,
respectively. The saturated absorption, especially near the
bandgap energy, can be understood as the band-state filling
by the photogenerated carriers, which relax rapidly to ther-
mal distribution near the bottom of the conduction band.
Therefore, large values of ATy, at longer wavelengths in
Fig. 2(c) are due to the smaller available states near the band
edge. The change of the absorption coefficient due to photo-
generated carriers is given by Aa = —gAN, where ¢ is the
nonlinear optical absorption cross-section and the density of
photogenerated carriers AN (: ool,t/ hw) is proportional to
the absorbed light intensity. Here, 7 is the temporal pulse-
width of laser beam, and I, is the peak irradiance of the inci-
dent pulse. In the Z-scan measurement, the normalized
transmittance is related to the sample position z by'?

—od OLeff

AT —
(2) 1+22/23°

ey

where [, is the on-axis peak intensity at the focus, L
= [1 — exp(—agL)]/a is the effective interaction length, L
is the sample length, and the profile of the pulse has been
assumed to be Gaussian. The Rayleigh diffraction length
zo ~ w}/2 is determined from the beam waist w, measured
by the knife-edge method. Then, with the values of sepa-
rately measured wavelength-dependent o,'> the nonlinear
optical absorption cross-sections are estimated from the best
fitting curves shown in Fig. 2.

Figure 3 depicts the wavelength-dependent nonlinear
optical absorption cross-sections measured from SA-induced
Z-scan signals shown in Fig. 2. In the wavelength range
between 1100nm and 1300nm, the measured absorption
cross-sections are nearly identical for sample A and B, indi-
cating that the SA behavior of InN films above the bandgap
energy is not influenced by the film thickness. Here, the error
bar is calculated from the laser intensity dependence of ¢ at
a fixed wavelength. A drastic increase of ¢ with the increase
of wavelength indicates the strong nonlinear absorption near
the bandgap energy. This behavior can be understood by the
band-filling model proposed by Miller et al., in which the
change of o near the bandgap energy is given by'®

1/2
Au~A (ﬁ) 32 1 (hw - EG) / e—,u(hw—E(;)/mLkBTe
me n()(kBTg)3/2 how

2

where y is the reduced effective mass, u = mcm, /(m, + m,),
and m, and m, are the conduction- and valence-band effec-
tive masses, respectively. The solid curve in Fig. 3 is
obtained from Eq. (2) with the bandgap energy of sample B,
E;~0.65¢eV, the temperature of electrons 7, ~ 1100 K, the
effective mass ratio p/m. ~ 0.84, and the proportional con-
stant A is calculated by using the relevant parameters of
InN.? The agreement between theory and experiment in
Fig. 3 is good in overall magnitude near the bandgap. The
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FIG. 2. (a) The excitation wavelength-dependent OA Z-scan curves of sam-
ple A measured at / = 1.1 GW/cm?. (b) The OA Z-scan signals of sample A
near the bandgap energy, excited at different intensities. While the one
measured at 1.1 GW/cm2 only shows the RSA behavior, the signal measured
at 0.5GW/cm? exhibits the transition from SA to RSA. (c) The excitation
wavelength-dependent OA Z-scan curves of sample B measured at
1=0.13GW/cm”.

slight discrepancy at short wavelengths may be due to the
restrictions of the band-filling model; |hiw — Eg| < E and
kT < Eg.'® The values of ¢ measured by Tsai et al. (dia-
mond symbols in Fig. 3) also show a good agreement with
our results.

Meanwhile, the nonlinear absorption of sample A in
Figs. 2(a) and 2(b) illustrates the evolution of nonlinear
absorption from SA into RSA with the increase of 1 and I,
respectively. Similar SA-to-RSA switching near the bandgap
has been reported for other materials,'® ' and for GaN and
nanocrystalline silicon, the origin of this transitional behav-
ior is proposed to be the nonlinear absorption in exponential
band-tail states below the conduction band.*'? Upon
absorption of a photon with the energy just below the
bandgap, the band-tail states may be saturated first and as the
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3.0
i m Sample A
\ e Sample B
N B & Tsaietal®
£ 20f
o
n .“
o \
- AY
X 10t .
o hd
LA .
~- [ |
00F  TTreeee---- O-ax0 M

0.8 1j0 1j2 14 1.6 1.8
Photon Energy (eV)

FIG. 3. The nonlinear absorption cross-section ¢ calculated from the OA Z-
scan curves in Fig. 2. The results of Tsai ef al.® (diamond symbols) are
shown for comparison. The solid curve is obtained from Eq. (2), which is
based on the band-filling effect.

sample approaches z =0, the RSA due to either free-carrier
absorption (FCA) or two-photon absorption (TPA) gradually
dominates over SA. This intermediate absorption process is
clearly observed in the Z-scan curve measured at
0.5GW/cm? [Fig. 2(b)]. With the absorption of photons fur-
ther below the bandgap energy or the absorption at higher
irradiance intensity, RSA becomes dominant. Since the
SA-to-RSA transition is observed within the 1300 nm—1500-
nm wavelength range, we can estimate the width of band-tail
in sample A to be as large as 100 meV. This result is consist-
ent with the previous reports on significant change of con-
duction band structure due to bandgap renormalization'®?
and more significant near-band-edge shift due to the in-plane
strain in a-plane InN film.**

The fitting result in Fig. 2(b) displays that the NLA coef-
ficient upon RSA, f is 4.75x 10 °cm/W at 1500 nm.
Similarly large value of f§ (=3.65 x 10~®cm/W) was reported
for InN/InggGap,N multiple-quantum-well at 1550 nm."’
Recently, two-photon absorption coefficient of 1.67
x 107" cm/W was reported for InN layers (Eg~ 1.74eV) de-
posited by RF sputtering.12 The discrepancy, in comparison
with our result, may be due to the difference in the growth
condition and the crystalline quality of the samples, on which
the nonlinear properties of materials depend sensitively.

High intensity irradiance also induces a change in
refractive index, which can be described by n = ng + nol
with the nonlinear refractive index n,. The measurement of
n, is achieved by using the close-aperture (CA) Z-scan mea-
surement.'? The OA Z-scan measurement is sensitive to non-
linear absorption, whereas the CA Z-scan measurement
exhibits features due to both nonlinear absorption and non-
linear refraction. Therefore, the information of nonlinear
refraction alone is extracted by dividing the OA Z-scan sig-
nals by the CA Z-scan ones. Figure 4(a) illustrates the typical
CA Z-scan profiles of samples A and B measured at
A=1300nm. Both samples show the valley followed by
peak in the normalized transmittance data, suggesting that
the samples possess self-focusing behavior with a positive
n,. The similar self-focusing behavior is observed for each
sample over the whole tuning spectral range. With the
assumption of a Gaussian profile for the laser beam, the
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FIG. 4. (a) The CA Z-scan signals of samples A and B measured at
1300 nm, which exhibit the valley-peak dependence on the variation of z.
(b) The spectral dependence of the nonlinear index of refraction calculated
from the CA Z-scan signal at each wavelength. Green symbol corresponds
to the nonlinear index of refraction measured by a femtosecond fiber laser.

variation of the on-axis sample transmittance in the far field
is proportional to the phase shift

2n
Ad) = 7Leffn210. (3)

In a Kerr-like media, the refractive index n(r) has the same
radial profile as the laser /(r) and then the difference between
the normalized peak and valley transmittance, AT,,_, and the
peak-to-valley separation in z are given by

AT,_, = 0.406A¢, Az,_, = 1.7z. “)
The values of 1, can be extracted from the fittings of the CA
Z-scan curves by using Egs. (3) and (4). Figure 4(b) shows
the calculated wavelength-dependent 7n,, which increases
from 4.9 x 107" to 1.9 x 107" cm*/W as the wavelength
increases from 700nm to 1500nm. Another value of n,
measured by using a femtosecond fiber laser (4= 1550 nm)
is also plotted for comparison.

In summary, comprehensive nonlinear optical properties
of InN epilayers were measured by the femtosecond Z-scan
technique. For resonant excitation near the bandgap energy,
the nonlinear absorption in InN can be described by the satu-
rated absorption based on the band-filling effect and the cor-
responding nonlinear optical absorption cross-sections were
estimated in a wavelength range of 700-1500 nm. From the
spectral dependence of OA Z-scan signals near the bandgap
energy, the SA-to-RSA transition due to the competition
between SA in band-tail states and two-photon-related RSA

Appl. Phys. Lett. 104, 201904 (2014)

is observed. When excited With below bandgap excitation,
the RSA process becomes dominant and the estimated RSA
coefficient is 4.75 x 10~°cm/W. From the CA Z-scan mea-
surement, the nonlinear refraction indices are estimated of
the order of 107'° cm2/W . Our results identify InN as a
promising yet unexplored material for ultrafast nonlinear
optical devices and its large nonlinearity can enable such
applications as all-optical switching, logic, and wavelength
conversion.
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