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Abstract: Harmonic generation in wide bandgap semiconductors and dielectrics has attracted
a surge of interest as a compact solid-state light source and as a method of mapping the band
structure of the material itself. Longer driving wavelengths can support longer electron trajectories
and suppress interband transitions, yielding spectra sensitive to crystal orientation and band
shapes. Here, we combine a long wavelength laser to drive harmonic generation in a wide
band-gap material with applications in photonics and power electronics, beta-gallium oxide
(B-Gay03). We generate harmonics up to the ninth order (H9=3.7 €V) in air, with a = 3.0 um,
100 kHz, 40 fs mid-infrared (MIR) driving laser in (100) and (010) oriented single crystals of
B-GayO3. We observe odd and even harmonics, spectral interference, and the strong anisotropic
response of both odd and even harmonics to the incident laser polarization. Our results are
explained in terms of the electronic structure and macroscopic optical properties of 5-Ga;0Os3.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Non-perturbative high harmonic generation (HHG) has been routinely performed in solids
[1-7] yielding a new perspective for probing the periodic potential of crystals [8], opening up
applications in attosecond science [9] and offering a path to solid-state extreme ultraviolet (XUV)
tabletop light sources [2,3,10]. The physical mechanism of HHG in solids is largely attributed to
two mechanisms: interband transitions (transition between two real energy levels) and intraband
currents (oscillations of the electron within the band) [2]. Studies have shown that the above band-
gap harmonics from mid-infrared laser interaction with solids come predominantly from interband
transitions [11]. In contrast, the intraband transitions [12] lead to harmonics whose energies are
below the bandgap of solids, known as below bandgap harmonics. However, simulation results
showed that the below bandgap harmonics originated from both the interband and intraband
current [13], making it challenging to disentangle the physical mechanism responsible for any
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given harmonic. $-GayOj3 has attracted considerable interest due to its wide bandgap energy
(E, = 4.8 eV) [14], high thermal stability, high breakdown field, and electron mobility [15].
Therefore, it is an attractive candidate for high-power electronic devices [16] and a promising
laser crystal element due to its low phonon energy and good thermal properties [17]. 5-Ga,03 is
transparent in the ultraviolet to visible wavelength range and attracts attention in the design of
optoelectronic devices at shorter wavelengths [18-20]. Thus, the high electron mobility and wide
bandgap, along with strong nonlinear optical properties [21], make the 8-Ga; O3 promising for
high-frequency electronic devices, such as field-effect transistors and high-frequency amplifiers.
Recently, third-harmonic generation (THG) has been characterized quantitatively to disentangle
the surface and bulk contribution in ultra-thin Beta-gallium oxide (8-Ga;O3) crystals, highlighting
its applications in non-linear optics [22].

Low-order harmonics have many applications ranging from the probing of surface properties
[23], non-invasive inspection of interlayer defects [24] to nanoscale light manipulation [25],
and detection and characterization of biomolecular changes [26]. These applications drive the
search for new robust sources, making 3-Ga;O3 an intriguing candidate for solid-state harmonic
generation.

Here, we report the first study of HHG in 5-Ga, O3 in the non-perturbative regime. We use
(100) and (010) oriented B-Ga,Os3 crystals to generate below bandgap harmonics using a driving
wavelength of ~ 3.0 um, a 40 fs pulse duration and at a repetition rate of 100 kHz. We observe
odd and even harmonic orders, spectral fringes, and a highly anisotropic polarisation response.
We explain our measurements in terms of propagation effects and the physics of the generation
process.

2. Experimental setup

The schematic of the experimental setup to generate below bandgap harmonics in (100) and (010)
oriented single crystals of 8-Ga;O3 at mid-infrared (MIR) is shown in Fig. 1(a). The spatial and
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Fig. 1. (a) Schematic illustration of the experimental setup to generate harmonics in (100)
and (010) oriented single crystals 8-Ga,Os3 at a driving wavelength of ~ 3.0 um. (b) Spatial
profile of the MIR pulses recorded after the wedge by CCD camera. (c) Spectrum of the
MIR laser, spectral ranging from 2.6 um to 3.3 pum with Fourier transform limited of 35 fs.
Here, IR: infrared, W: wedge M: mirror, C: crystal, L1 and L2: lenses.
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spectral profile of the MIR laser are shown in Fig. 1 (b) and Fig. 1 (c), respectively. The spectrum
of the MIR laser extends from roughly 2.6 um to 3.3 um. The pulse duration is 4-optical cycles.
The MIR pulses of = 3.0 um, 40 fs and operating at 100 kHz are focused with a 7.5 cm focal
length lens (L.1) (Calcium fluoride, CaF,) to a beam waist radius of ~ 18.0 um at the surface of
the 8-Ga,0; crystals. An estimated peak intensity of ~ 1 x 10!*> Wem™2 was used to measure
harmonics up to ninth-order (H9).

Two commercial, undoped single crystalline 8-Ga, O3 samples with thicknesses of 650 um
and 500 um, and with (010) and (100) surface orientations, respectively, were grown using the
floating zone technique [27] and supplied by the Tamura company. The dispersion of an ultrafast
prism separates the generated harmonics which are then collimated to a UV-VIS spectrometer
with a 5.0 cm focal length lens (L2), see Fig. 1(a). The beam dumper blocks the transmitted MIR
pulses and the corresponding second harmonic pulses.

3. Results and discussions
3.1.  Spectral measurement of harmonics

The spectral measurements of below bandgap harmonics in (100) and (010) oriented single
crystals 8-Ga, O3 at MIR driving wavelength are shown in Figs. 2(a) and 2(b), respectively.
Surprisingly, both even and odd harmonics are observed in the spectra. §-Ga;O3 belongs to
the family of the monoclinic space group C,/,, [28], possesses mirror and inversion symmetry
[29,30] which supports only the bulk generation of odd-order harmonics. Thus, the observed
even-order harmonics are generated from the surface where symmetry is broken [31]. Due to the
prism and lens arrangement used to measure the spectrum, the relative intensities of the harmonic
spectra are not comparable, but an overall diminishing signal with higher-order harmonics was
found.

Spectral measurement of harmonics in (100) crystal Spectral measurement of harmonics in (010) crystal
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Fig. 2. Spectral measurements of below bandgap harmonics in (100) and (010) oriented
single crystals S-GayO3 at ~ 3.0 um driving wavelength at an estimated peak intensity of ~
1 x 1013 W em™2. (a) (100) B-Gay O3 crystal, acquisition time for H3 is 20 ms, H4 & H5 is
40 ms, H6 & H7 it is 100 ms, while for H8 & H9 it is 200 ms (b) (010) 8-Ga; O3 crystal,
acquisition time for H3, H4, H6 and H7 is 100 ms, while for HS it is 30 ms and for H§ & H9
is 200 ms.

3.2. Spectral fringes in harmonics

We have observed spectral fringes only in the spectrum of the 3,4 (H3), 4, (H4) and 54 (HS)
harmonics in both (100) and (010) single crystal f-Ga;O3 at = 3.0 um driving wavelength.
As H4 can only originate from the surfaces of the crystal due to the symmetry of crystals, we
attributed the spectral fringes of H4 to the interference of H4 signal generated from the front and



Research Article Vol. 32, No. 26/16 Dec 2024 / Optics Express 47299 |

Optics EXPRESS N

back surfaces of the crystals. The spectral fringes of H5 in (100) single crystal are broader with a
fringe spacing of ~ 8 nm, whereas the fringe spacing in the HS spectrum of (010) single crystal
B-Gay O3 crystal is ~ 6 nm, as shown in Fig. 3(a).
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Fig. 3. (a) The spectral fringe measurements of H5 in (100) and (010) oriented single
crystals 8-GayOs at driving wavelengths of ~ 3.0 um. (b) Variation of fringe spacing
with the order of the harmonics (H3-HS) generated in single crystals of 8-Ga,O3. The
continuous lines correspond to theoretical values calculated from Eq. (1), while the data
points correspond to the experimental spacing.

Similar fringes in the spectra of THG and H5 were reported in previous works [32,33], where
they were attributed to the interference of two harmonic signals, generated from the front surface
and bulk crystal, that propagate with different group velocities leading to a temporal separation
at the exit of the bulk. In particular, while one of the signals travels freely the other propagates
phase-locked with the pump, thus sharing the same group velocity. As such, the expected fringe
spacing for m” harmonic can be calculated as [34]

A2 A2
AM="-=—"" (1)

cAt 11
C.d' (Vg,u) Vgmw )

where c is the speed of light, At is the temporal separation between the two harmonic pulses
generated at the surface after propagating through the crystal, d is its thickness, v, ., and vg e
are the group velocities of the fundamental and m-th-order harmonic pulses, respectively. The
group velocity is calculated as v, = ¢/(n — /lj—f’l), where the refractive index (n) is described
by Sellmeier equations fitted to data in the 0.407-1.551 um region [35]. For the case of the
observable fringes of H5, we obtain |A1| ~ 9 and 7.5 nm for (100) and (010), respectively, which
is within expectation for the 8 and 6 nm that we obtained from the experiment. Regarding the
lack of fringes for higher harmonics (H7-H9), as |A4| = 0.4-1.7 nm, our spectrometer was unable
to resolve the peaks since |AA4| is below its resolving power.

Figure 3(b) depicts expected and measured values for the fringe spacing in both single crystal
samples from H3 to H5. The measured values are close to those predicted except for H3, where
the measured values are far inferior to the expected value (JA1| ~ 172-204 nm for (100) and
(010), respectively). These distances surpass the bandwidth of the third harmonic and would be
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impossible to observe. However, we do observe higher frequency fringes, corresponding to a
longer-than-predicted temporal separation possible due to the birefringence of the samples, as the
spacing was sensitive to the sample orientation. The fringe spacing in the spectra is consistent
with calculations of the group velocity mismatch of the driving and harmonic pulses, albeit with
a large deviation from predictions for H3, due to fringe spacing being wider than the harmonic
bandwidth and the presence of secondary frequency modulations from the birefringence of the
crystal. By varying material thicknesses and incident laser polarization, the spectral fringes can
be observed in solid materials. This spectral interference of fringes could be used to measure the
refractive index of different materials over a wide frequency range.

3.3. Orientation dependence of below bandgap harmonics

It has been shown elsewhere that the dependence of harmonic yield is intricately related to the
direction of laser polarization relative to the crystal orientation, being particularly sensitive to
band structure and atomic positions [3,36,37]. Here, We rotate the 8-Ga,Oj3 crystal about its
axis while keeping the laser’s linear polarization unchanged to the crystals’ surface plane. Insets
of Fig. 4 show the crystal structure of Ga;O3 with the stick and ball model illustrating the unit
cell of Gap O3 along with the atomic positions in (010) and (100) surface plane orientation. The
gallium (Ga) and oxygen (O) atoms are represented by red and blue balls, respectively.

Surface plane .

(01’03\,3’:

N
3 ‘O’sz ® -

Orientation dependence of harmonics

i Orientation dependence of harmonics
100 tal
—Irl]-IS(—)HCz{yS ° H5 in (010) crystal
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Fig. 4. Orientation dependence of below bandgap harmonics at ~ 3.0 um driving wavelength
in single crystals 8-Ga, O3 with different orientations, (a) (100) oriented crystal, (b) (010)
oriented crystal. Insets showed the crystal structure of GapyOs3: Stick and ball model
illustrating the unit cell of Gay O3 along with the atomic positions in (010) and (100) plane.
The gallium (Ga) and oxygen (O) atoms are represented by red and blue balls, respectively,
with the laser beam propagation through the surface plane of the crystals.

A two-fold anisotropic polarization of harmonics H3 and H4 has been observed in both
(100) and (010) B-GayO3 at lower intensities, and attributed to Kerr-type harmonics and a
photoluminescence signal, respectively. The two-fold polarization response of H3 is linked to
the twofold crystal structure of 5-Ga; O3 [22]. Interestingly, a four-fold anisotropic polarization
response of higher harmonics (H5 to H9) has been observed in (100) and (010) 5-Ga; O3 crystal.
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The even and odd-order harmonics observed from the -Ga;O3 crystals are qualitatively
similar, indicating a similar generation mechanism within the surface and bulk. Despite the
overall similarity, some notable differences exist between the responses for different harmonics
discernible from noise. Namely, in Fig. 4(a) the signal along the 0° to 180° direction for the (100)
crystal appears for all harmonics, whereas along the 90° to 270° direction the signal has a strong
dependence on harmonic order and is absent for H4 and generally increases for higher orders. For
the (010) crystal in Fig. 4(b) the pattern is in general shifted 45° relative to the (100) crystal as
shown in Fig. 4(a), and only a very small signal apparent for H4 along the 45° to 225° direction.
The dependence tends towards a nearly four-fold symmetrical pattern for H7-H9. Studies on
multiphoton absorption in 8-Ga; O3 have shown a distinct two-lobe intensity structure in the polar
plots [38]. Other works have shown similar patterns for second harmonic generation in 8-Ga, 03,
and attributed it to symmetry breaking from the surface or local defects [39]. Furthermore, the
polar response in HHG in solids has been shown to follow closely the multiphoton absorption
probability as a function of angle [40]. Owing to similar responses for both the even and odd
harmonics and the similar multiphoton absorption patterns for f-Ga,; O3 and their link to the
HHG polar response, we attribute this pattern to an angular sensitivity to multiphoton absorption
which then gives rise to perturbative harmonics from the surfaces (even harmonics) and bulk
(odd harmonics). Considering the low photon energy of the driving laser and the below band gap
photon energies, the dominant HHG mechanism is most likely to be intraband oscillations.

3.4. TDDFT calculations of below bandgap harmonics in B-Ga, O;

We modeled below bandgap harmonic generation in bulk 5-Ga, O3 with an ab initio TDDFT,
using the open-source Octopus package [41-43] to support the experimental findings. The
approach is completely from first principles, requiring only a few intuitive approximations to
make the calculations tractable, having also shown promising results for modelling solid-state
HHG [44-46].

We solve the time-dependent Kohn-Sham (KS) in a real-space grid, with an added driving laser
pulse described by its vector potential A(z), in the velocity gauge, within the dipole approximation
(in atomic units):

2
—i%(r, 1) = (l (—iV + &) + Vgs[n](r, t)) wi(r, 1), 2)
ot 2 c

where the ¢; are the time-dependent KS orbitals, and Vkg[n] is the effective KS potential, a
functional of the electron density n(r, ). The potential includes an external Coulomb (ionic)
term, the mean-field Hartree electrostatic potential, and the exchange-correlation term. After the
calculation, the harmonic spectrum can be recovered from the time-dependent electronic current
density j(r, ), integrated over the volume of the crystal’s modelled unit cell Q:

2

HHG(w):‘FT ( / 2j(r,t)d%») , (3)
o Ot

where FT denotes the Fourier Transform.

The adiabatic local density approximation (LDA) was employed, and norm-conserving
Hartwigsen-Godecker-Hutter pseudopotentials were used for the calculation.

We used a 4x16x8 k-grid for the higher intensity, and a 3x13x7 k-grid for the lower intensity.
This was chosen based on its efficacy in suitably representing the Brillouin Zone (BZ) of 5-Ga,0Os,
while capturing the essential electron dynamics induced by the laser field intensity at a reduced
computational cost. We used a real-space grid spacing and a time step of 0.3 and 0.2 atomic
units, respectively.
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The laser pulse parameters were set to match those of the experiment: a 3.0 um central
wavelength, FWHM duration of 40 fs, and we opted for a sin? temporal envelope for numerical
convenience. The peak intensity in the simulations must be compensated to account for 1)
the reflective losses at the surface; 2) the peak electric field decrease due to the material’s
refractive index; and 3) the underestimation of the bandgap energy that is characteristic of the
LDA exchange-correlation functional. This final step equates to conserving the experimental
effective Keldysh parameter [47].

Using estimated and averaged (due to the material’s birefringence) values of the refractive
index and the Fresnel reflection coefficient [48], and considering the DFT and measured bandgap
energies of 2.28 eV and 4.85 eV [49], respectively, the resulting peak intensity starting from the
experimental ~ 1.0 X 10'3> W cm™2 drops to around ~ 1.7 x 10'> W cm™2. This scaling is an
approximate compensation between experimental intensity and that used in TD-DFT, therefore
we present a spectrum with the corrected intensity and also with a higher driving intensity of =
5.2 x 10'> W cm™? in Fig. 5. The resulting harmonic spectra are shown in Fig. 5. A significant
amount of spectral noise observed, especially in the short wavelength part of the spectrum, is
common in TDDFT simulations of solid-state HHG, arising from the exclusion of decoherence
effects from scattering events in the standard implementation of Octopus [50,51]. This effect
makes the harmonic peaks of orders higher than the fifth difficult to identify. However, the third
and fifth harmonic peaks are between one to two orders of magnitude greater than the intensity in
the region where the fourth harmonic would be present, consistent with odd harmonic generation
supported in a centrosymmetric crystal such as 8-Ga;0s3.
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Fig. 5. Bulk 8-Ga;O3 harmonic spectra from TDDFT simulations. The driving laser
polarization was aligned with the crystallographic b-axis, establishing an equivalence with
experimental normal incidences to the (100)-cut single crystal. g, is the wavelength
corresponding to the DFT-calculated bandgap energy.
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In Fig. 6 we present the normalised harmonic intensity for various angles of linear polarisation
of the driving field relative to the crystal for the intensity of ~ 5.2 x 10'> W cm™2. For H3 a
relatively homogeneous response is observed compared to the higher harmonics. The higher
orders (HS5, H7 and H9) present sharp lobes at 0° and 180°, with various levels of emission at
90° and 270°. These higher harmonics follow the general trend seen in the experiment (Fig. 4).
The exception is H3 which presents a broader response which is typical of Kerr-like harmonics.
This difference can be due to many factors in the model, such as the ground state bandstructure,
incorrect bandgap, or incorrect intensity scaling. However, the agreement with the higher orders
is encouraging and shows the model capturing the general behaviour observed in the experiment.

90°

270°

Fig. 6. Orientation dependence of the (normalized) harmonic yield in bulk 8-Ga; O3 from
TDDFT simulations, with a driving field peak intensity of 5.2 x 10'2 W cm™2. The yields
mapped onto the 0° and 90° directions correspond to driving laser polarizations aligned
with the ¢ and b crystal axes, respectively, with all remaining angles lying in the (100)
crystallographic plane (cf. Figure 4 (a)).

4. Conclusion

We have generated even and odd harmonics up to H9 using a laser with = 3.0 ym driving
wavelength in 8-Ga, O3 crystals. Spectral fringes were observed and attributed to the spectral
interference of two temporally shifted pulses generated from the front surface and within the
bulk of the crystals for both even and odd harmonics. Analysis of the measured fringe spacing
and those predicted from available data on the refractive index support this claim. Upon rotation
of the crystal relative to the laser linear polarization, an anisotropic orientation dependence of
harmonic intensity was observed in (100) and (010) oriented 8-Ga; O3 crystals for all harmonics.
The anisotropic harmonics pattern rotates 45° when changing from the (100) to (010) crystal,
highlighting the sensitivity of the high harmonics process on the crystallographic properties and
band structure. We attribute the angular response to the changing probability of multiphoton
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absorption of the driving laser as the sample is rotated. This is supported both by the available
literature and our data, which shows an overall similar angular response for odd and even
harmonics which can only come from a process common to both mechanisms, multiphoton
absorption. This work has shown that §-Ga;0Oj3 is a robust crystal for below bandgap odd and
even harmonic generation at a ~3.0 um up to the 9" harmonic in air and could be a potential
candidate for ultraviolet sources and optical probing of the crystal or band structures.
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