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Abstract: Gallium nitride (GaN) has been established as a promising candidate for integrated
electro-optic and photonic devices, aiming at applications from optical switching to signal
processing. Studies of its optical nonlinearities, however, lack spectral coverage, especially in
the telecommunications range. In this study, we measured the two-photon absorption coefficient
(B) and the nonlinear index of refraction (ny) of GaN from the visible to the near-infrared by using
femtosecond laser pulses. We observed an increase of 3 from (1.0 + 0.2) to (2.9 + 0.6) %1071 m/W as
the photon energy approached the band gap from 1.77 up to 2.25 eV (700-550 nm), while n; varied
from (90 + 30) x10720 up to (265 + 80) %1020 m?/W within a broad spectral range, from 0.80 up to
2.25 eV (1550-550 nm). The results were modeled by applying a theory based on the second-order
perturbation theory and the Kramers-Kronig relationship for direct-gap semiconductors, which are
important for the development of GaN-based nonlinear photonic devices.
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1. Introduction

The wide-bandgap direct-gap semiconductor gallium nitride (GaN) is well-known for its excellent
electronic and linear optical properties [1-3] that have resulted in a large variety of electronic and
optoelectronic applications, such as light-emitting diodes (LEDs) [4], field-effect transistors (FETs) [5,6],
and high-temperature electronic devices [7]. Throughout the years, outstanding expertise in crystal
growth [8,9] and post-processing [10-13] of GaN samples has been developed, enabling the production
of complex integratable structures.

As integrated photonics emerged as an oncoming new technology to manipulate and process
optical signals, GaN’s large second-order nonlinear optical coefficients have been exploited to
produce second-harmonic-generation devices based on, for example, microdisks [14] and slab
waveguides [15-17]. As expected, the design of such devices were supported by several studies
on nonlinear optical characterization of GaN’s second-order susceptibility [18-21]. Furthermore,
GaN-based devices using high-quality resonators [22] and ridge-waveguides [23] were recently
demonstrated to exhibit third-order optical nonlinearities, manifested as four-wave mixing. However,
the third-order susceptibility of GaN has not been thoroughly characterized yet, especially in the
telecommunication spectral range and when excited with femtosecond pulses.
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Therefore, we report here a study on both the real and imaginary parts of the third-order
nonlinear optical properties of GaN over a broad spectral range, from the visible to the infrared
(0.80-2.25 eV; 1550-550 nm), using the femtosecond-laser Z-scan technique. The measured two-photon
absorption coefficients and nonlinear refractive indices were compared to values previously reported
in the literature aiming to narrow down the wide range of values encountered for these nonlinear
optical parameters. In addition, our results were compared with theoretical predictions for direct-gap
semiconductors, particularly with models based on the second-order perturbation theory and the
Kramers-Kronig relation. The data reported in this work, covering a broad spectral range, is a primary
requisite for the proper design and fabrication of nonlinear optical GaN-based devices that rely on its
third-order nonlinear optical properties.

2. Materials and Methods

The GaN sample used in this study was grown epitaxially by MOVPE on a ~400 um,
double-side-polished 4 inch sapphire substrate. The ~10 pm thick GaN layer was unintentionally
n-doped with impurity concentrations < 10! em™ (details have been described elsewhere [24]).
The band gap energy of the MOVPE GaN sample was obtained from its absorption spectrum, which
showed a room-temperature band gap of 3.39 eV (365 nm), which is in agreement with other values
reported in the literature. In addition, the results demonstrate that the sample does not show any
detectable linear absorption at the near infrared excitation wavelengths of the ultrashort pulses used to
conduct the experiments.

The spectra of the nonlinear absorption coefficient and the nonlinear refractive index of the
GaN sample from the visible to the near-infrared were investigated via open- and closed-aperture
Z-scan measurements [25,26], respectively. Both Z-scan techniques were carried out simultaneously by
extracting a fraction of the beam from the closed-aperture Z-scan line with a beam splitter to create an
open-aperture Z-scan line. Due to this dual-arm configuration, it was possible to remove the nonlinear
absorption contribution in the nonlinear refraction measurements and retrieve the pure refractive
(closed-aperture) Z-scan signature. As an excitation source, a regenerative chirped pulse amplified
Ti:Sapphire laser system (Clark: MXR®) was used to pump an Optical Parametric Amplifier (OPA)
(TOPAS®: Light Conversion) that delivered tunable 120 fs pulses from 0.62 up to 2.7 eV (2000-460 nm).
A Gaussian spatial intensity profile was assumed for the laser beam after spatial filtering. Experiments
covering a broad spectral range were performed with pulses centered at photon energies in the
range of 0.80 to 2.25 eV (1550-550 nm) and pulse energies from 30 to 360 nJ. While the sample was
translated along the propagation direction of the laser pulses, its transmission signal was measured
using germanium and silicon photodetectors, according to the wavelength range.

Since the Rayleigh range of the beam (z() of approximately 1 mm is greater than the sample’s
total length of 430 um, Z-scan measurements were carried out in the thin sample regime and, therefore,
the contribution from the sapphire substrate to the observed nonlinear optical effect had to be removed
from the raw data. In order to do that, the nonlinear optical properties of a sapphire substrate that
was 600 pm thick were measured for each excitation wavelength prior to measuring the sample with
the GaN film. Within the studied energy range from 0.80 to 2.25 eV (1550-550 nm), the sapphire
only presented refractive third-order nonlinearities—that is, no nonlinear two-photon absorption
was observed [27]. It is also worth mentioning that since optical nonlinearities of fused silica have
been extensively characterized [28], the refractive index of fused silica was measured throughout our
experiments and compared to reported values to verify its accuracy.

3. Results and Discussion

Absorptive and refractive nonlinear optical properties of GaN were measured via the Z-scan
technique within the interval of 0.80 to 2.25 eV (1550-550 nm). Representative transmittance curves of
open- (left column) and closed-aperture (right column) Z-scan are displayed in Figure 1, specifically
for the cases of an excitation energy of 1.77 eV (700 nm) (top row) and 0.88 eV (1400 nm) (bottom
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row). Since Z-scan measurements were performed using non-resonant excitation energies in the
femtosecond regime, we attributed changes in the transmittance to the manifestation of instantaneous
nonlinear absorptive or refractive phenomena. In Figure 1a, the decrease in the measured normalized
transmittance (solid circles) of the GaN sample implies the presence of two-photon absorption (2PA).
By applying the model proposed by Sheik-Bahae et al. [25] to our experimental data and obtaining the
best-fitting curve (solid line), it is possible to determine the material’s two-photon absorption coefficient
(). In our measurements, two-photon absorption was only observed for excitation energies > 1.77 eV
(A £700 nm). For cases in which the photon energy used was such that 2PA was appreciable, nonlinear
refractive measurements (closed-aperture) revealed an asymmetric Z-scan signature with a larger
valley amplitude compared to its peak. However, this asymmetry can be removed by calculating
the ratio between the raw data from the closed- and open-aperture Z-scan arms, resulting in a
symmetrical refractive Z-scan curve, as shown in Figure 1b. For excitation energies lower than 1.77 eV
(A > 700 nm), no nonlinear absorption was detected and symmetrical refractive Z-scan curves were
obtained, as illustrated in Figure 1c,d for the excitation at 0.88 eV (1400 nm). Analogously to the
absorptive case, the nonlinear refractive index of the sample was obtained by finding the best-fitting
curve (solid line) also according to the model from the References [25,26].
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Figure 1. Open- and closed-aperture Z-scan signatures and their corresponding fitting curves at 1.77 eV
(700 nm) (a,b, respectively) and at 0.88 eV (1400 nm) (c,d, respectively).

The dispersion of the nonlinear coefficients—f3 and ny—of GaN over a broad spectral range were
obtained by scanning the excitation energies in Z-scan measurements. Throughout our experiments, 2PA
was only observed when using photon energies (fiw) from 1.77 to 2.25 eV (700-550 nm), which satisfies
the condition Eg > iw > Eg/2 (with the experimentally determined band-gap energy Eg = 3.39 eV).
Figure 2 reveals an increase of the measured values for 3 from (1.0 £ 0.2) up to (2.9 + 0.6) X 1071 m/W
as the excitation photon energy approaches the linear absorption edge.

A theoretical model for two-photon absorption in the second-order perturbation approach,
developed by Sheik-Bahae et al. [29,30], was successfully applied to model the dispersion of optical
nonlinearities in wide-gap dielectrics and direct-gap semiconductors. This theory predicts that the
value of (3 as a function of the excitation energy E = fiw is given by
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where F5(x) = (2x—1)*2/(2x)°, ng is the linear refractive index [31], and E}, is the nearly material
independent which has a value of approximately 21 eV. The material-independent constant K was
theoretically calculated to be 1940 (x10~11 m/W)(eV??) in units where Ep and Eg were in electronvolts
and 2 x107%° in mks units. For materials reported so far, however, the best-fitting of the experimental
data was obtained using K around 3100 (x10~ ! m/W )(eV°2) or, as an alternative, 3.2 X107 in mks
units [29,30,32-36]. The solid line in Figure 2 represents the best fit of this model that was applied
to our experimental data, from which we obtained K = (3.0 + 0.2) x103 (x10~'1 m/W)(eV>?) or
(3.2 £ 0.1)x107%% mks. The good agreement between measurements and theoretical prediction suggests
that two-photon absorption is the most dominant effect for nonlinear absorption.
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Figure 2. Experimental (solid circles) and theoretical (line) dispersion of the two-photon absorption
coefficient () of GaN with respect to its band gap energy of 3.39 eV. Literature data are plotted as a
hollow circle [37], star [38], pentagons [39], asterisks [40], up-triangle [41], and down-triangle [42].

Previous measurements of GaN’s 2PA coefficient carried out by different methods reported in the
literature, at sparse excitation energies or over a shorter spectral range than the one presented here,
were incorporated in Figure 2. The values of 3 are represented as hollow symbols and crosses for
better contrast with our experimental data (solid circles). As can be seen in Figure 2, data from Refs. 37
(hollow circle), 38 (star), 39 (pentagons), and 42 (down triangle) agree with our results, as well as with
the theoretical prediction. However, values for (3 reported in Ref. 40 (asterisks) and 41 (up-triangle)
differ from the values obtained here. For both cases, the material-independent constant K is about
23 x10% (x1071! m/W)(eV°2) or (2.4)x10723 mks, which is approximately seven times higher than the
value observed for GaN and other direct-gap semiconductors. Such higher K values, for measurements
carried out near the one-photon absorption edge (fiw/Eg ~1), can be related to excited-state effects that
also contribute to nonlinear absorption processes which are different to 2PA.

The nonlinear refractive index dispersion for GaN is displayed in Figure 3 (solid circles).
The obtained values for n, measured with closed-aperture Z-scan experiments varied from
(60 + 16) x1072° up to (280 + 70) x1072° m?/W, within the energy range of 0.80 and 2.25 eV (\:
1550-550 nm; hiw/Eg: 0.24-0.66). Additionally, Figure 3 shows results previously reported on the
nonlinear refractive index of GaN measured by picosecond and femtosecond Z-scan techniques,
represented as hollow symbols, which are in good agreement with the ones measured in this
work. Similarly to the two-photon absorption case, there is a theoretical model developed by
Sheik-Bahae et al. [29,30] that predicts the dispersion of the real part of the third-order susceptibility
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(x®) for semiconductors. This model, represented by the solid line in Figure 3, is based on the
Kramers-Kronig relation,
B(w,w’)
- [T @

Considering the dispersion function of the contribution of two-photon absorption (Gypa),
Raman (Gram) and quadratic Stark effects (Ggsg), which are explicitly presented in Table 1 for
the nondegenerated case [29,30] in Equation (2), and applying the degenerated condition, the final
expression for the nonlinear index of refraction in the degenerated case used to model the experimental
data is given by

®)

ny(w) =

ol

2
2E4 Eg
in which K’ is a material-independent constant and G, is the sum of Gypa, Gram, and Ggsg.

Table 1. Contribution from different effects to the nondegenerate dispersion function G, (x1,x;) of the
nonlinear refractive index [29,30].

Contribution G (effect) (X1,X2)
Two-photon absorption (2PA) H(xq,x2) + H(=xq,%2)
Raman (RAM) H(x1, —x2) +H(—x1, —x)
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As one can see in Figure 3, n, values from both our experimental data and the literature [39,41,43]
are well-fitted by the applied theoretical model, in which the material-independent constant K’ was
found to be (8.7 + 0.5) x 10° (x 1072 m/W)(eV”/?) in units where Ep and Eg are in electronvolts.
Alternatively, in mks, such a constant will be given by ((1.4 + 0.1) %1077 mks).
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Figure 3. Experimental (solid circles) and theoretical (line) dispersion of the nonlinear refractive index
(n2) of GaN with respect to its band gap energy of 3.39 eV. Literature data are plotted as pentagons [39],
up-triangles [41], and hollow squares [43].

Even though Figure 3 illustrates good agreement between several experimental data sets and the
theoretical prediction, a few studies have reported n, for GaN orders of magnitude higher than the
ones presented here (not shown in Figure 3), for both positive and negative values [23,44,45]. For some
of them (340 x 1072 m%/W at 0.80 eV [23] and ~1 x 10716 m2/W at 2.33 eV [44]), the difference may be
related to the highly indirect experimental method that was used to measure the nonlinear refractive
index, such as four-wave mixing experiments, which are susceptible to larger error. For literature
reports that, similar to our work, used the closed-aperture Z-scan technique (=2.9 x 1071® m?/W at
3.37 eV [45]), significant discrepancies may arise from the fact that pulses with a high repetition rate
(82 MHz) which were centered at energies too close to the one-photon absorption edge have been
used. Extreme caution must be taken when measuring refractive nonlinearities at such experimental
conditions, mainly because at these energies, linear absorption could be taking place, leading to thermal
lensing due to accumulative effects caused by the high repetition rate.

4. Conclusions

In this work, we studied both the real and imaginary parts of the third-order optical nonlinear
properties of GaN by using the Z-scan technique at the femtosecond regime over a broad energy range
from 0.80 to 2.25 eV (1550-550 nm). The two-photon absorption coefficient ([3) increased from (1.0 + 0.2)
up to (2.9 + 0.6) x 10! m/W for increasing photon energies, and good agreement with the theoretical
model based on the second-order perturbation theory indicates 2PA as the main contribution of the
nonlinear absorption. Regarding the nonlinear refractive index dispersion of GaN, our results extended
previous data over to the near infrared region, especially at the telecommunication range, measuring
(90 + 30) x 10720 m?/W at 0.80 eV (1550 nm). Besides that, we observed the decrease of the n, values
for energies larger than iw/Eg ~0.55, an important feature of n, dispersion predicted by theory. Thus,
information reported here on the third-order nonlinear spectrum of GaN from the visible to the near
infrared is important for the development of integrated optoelectronic devices that take advantages
from the high optical nonlinearities of GaN.
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