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ABSTRACT: Solid-state high harmonic generation (sHHG) spec-
troscopy is an emerging ultrafast technique for studying key material
properties such as electronic structure at and away from equilibrium.
sHHG anisotropy measurements, where sHHG spectra are recorded
depending on the driving electric field relative to the crystal lattice,
have become a powerful tool for studying crystal symmetries. Previous
works on two-dimensional materials and other quantum materials have
often used substrate-supported samples, assuming that all sHHG
signals originate from the sample due to the relatively large bandgap of
the substrate. While this assumption is generally reasonable, we show
that some sHHG emissions from commonly used substrates can occur
at moderate intensities of the sHHG driving field. In addition, we show
that it is essential to consider not only the sHHG yield from a substrate
but also its angular dependence relative to the material of interest. Specifically, in this work, the power-dependent and polarization
angle-resolved sHHG emissions of fused silica, calcium fluoride, diamond, and sapphire of two different crystalline qualities and
orientations are compared using a mid-infrared (MIR) driving field. This empirical characterization aims to guide the substrate
selection for sHHG studies of novel materials to minimize the misattribution and interference of substrate-related sHHG emissions,
which opens the possibility to study a wider array of materials.

■ INTRODUCTION
Solid-state high harmonic generation (sHHG) spectroscopy is
an emerging technique which is capable of extracting
information related to the electronic structure of a material
as a purely photon-based method.1−5 sHHG spectroscopy has
rapidly evolved, enabling the study of electronic and structural
phase transitions, charge-spin couplings, and electronic band
structures in various materials including metal oxides,6−9 two-
dimensional materials like graphene and transition metal
dichalcogenides (TMDCs),10−13 and exotic quantum materials
such as Weyl semimetals and topological insulators.14−17 In
contrast to typical perturbative nonlinear optics wherein a
multiphoton interaction results in harmonic generation, sHHG
often follows a nonperturbative mechanism. The mechanism of
nonperturbative sHHG in a material irradiated with a strong
field can be understood in three steps; tunnel ionization of an
electron from the valence band to the conduction band,
intraband harmonic generation caused by the acceleration of
carriers in the valence and conduction band generating a
nonlinear current, and interband harmonic generation when
the electron and hole recombine. The nontrivial interplay
between perturbative and nonperturbative nonlinear processes
is captured by the Keldysh parameter, which takes into account
the material bandgap, driving field intensity, and driving field

wavelength.18 This technique provides critical insights into
material properties, symmetry, and phase transitions by
analyzing the harmonic spectra and their dependence on
experimental parameters such as driving field intensity and
polarization.5,19 Critical differences of sHHG as a character-
ization technique for electronic structure against other more
widely used photoelectron-based techniques like angle-
resolved photoemission spectroscopy (ARPES) are that
pristine single-crystalline samples and clean surfaces are not
required for harmonic generation and measurements can be
done in ambient conditions or even within complex layered
systems, greatly widening its range of uses. An aspect of
complementarity to techniques based on photoemission is that
sHHG can probe bulk properties.
Many prior sHHG studies, particularly those focusing on

two-dimensional and other quantum materials, utilize samples
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deposited or grown on substrates that are assumed to
contribute negligibly to the observed signals.8−13,19−27 This
is generally a reasonable assumption because the materials
being studied, which are often small-gap materials, are
mounted on large-gap insulators such as sapphire or fused
silica. When the bandgap of a material of interest is much
smaller than that of the insulating substrate, the tunneling rate
with a mid-infrared (MIR) driving field will be higher in the
material of interest and thus the sHHG efficiency will be
higher, often leading to selective sHHG in the material of
interest.19 However, in larger bandgap materials of interest,
higher driving field strengths are often employed to observe
appreciable sHHG yield, potentially allowing sHHG to
simultaneously occur in a supporting substrate material. This
challenge is exacerbated when measuring sHHG anisotropies,
as certain polarization angles of the driver relative to the
sample crystal lattice typically result in no or very weak sHHG
emission. In such cases, even weak emissions from substrates
and their potentially anisotropic nature can complicate data
interpretation. For example, substrates are often chosen for
appropriate lattice matching with the sample. In this situation,
the substrate may show the same or similar symmetry to that
expected from the sample, obfuscating the desired anisotropy
signal from the sample. Thus, as sHHG becomes a more
widely used technique, it is necessary to understand and
carefully consider substrate contributions as a factor in
experimental design. Some specific aspects of sHHG
interference due to propagation through bulk materials have
been considered previously28; here we expand to focus on
several common substrates and characterize their emissions as

well as suggest strategies for mitigating their influence on
sHHG measurements.
While the sHHG spectra of some common substrate

materials have been reported, they are frequently measured
using shorter near-infrared (NIR) wavelengths (∼0.8−2.0 μm)
with the goal of developing vacuum ultraviolet (VUV) and
extreme ultraviolet (XUV) light sources, making the magnitude
of the produced signal less applicable to MIR-driven sHHG
(>3 μm) performed in the context of materials character-
ization.29−32 Here we address the challenge of substrate
emissions by thoroughly characterizing the sHHG signal
emitted by common large bandgap insulators often used as
substrates under MIR driving fields. A schematic diagram of a
typical sHHG spectrometer such as the one used in this work
is shown in Figure 1.
We also measured MIR to UV−visible transmission of

common substrates which can inform substrate choices for
experiments that require sweeping the driver wavelength or
measurements of harmonic emission in the deep-UV. This
work seeks to provide an empirical investigation of the sHHG
signal magnitude and anisotropy generated by diamond, fused
silica, calcium fluoride, and sapphire (A- and C-plane) with an
emphasis on informing substrate choice for future sHHG
studies of supported thin films and other emerging materials.

■ EXPERIMENTAL METHODS
Substrate Materials and Characterization. All substrate

materials were used as received without further cleaning. The
dimensions of the substrates used for C-plane sapphire
(AdValue Technology and MTI Corporation), A-plane

Figure 1. Schematic of optical layout used to perform solid-state high harmonic generation (sHHG) spectroscopy and anisotropy measurements.
Insets: (a) Exemplary sHHG emission spectrum of a ZnO thin-film on sapphire taken with MIR intensity of ∼1.5 TW cm−2 under ambient
conditions, (b) exemplary spectrum of the MIR driving field used for sHHG spectroscopy reported in this work, and (c) schematic of the MIR
polarization (red double arrow) relative to the sample crystal axis in sHHG anisotropy measurements. Optical Components: P1−P2, MIR
polarizers used for controlling the MIR intensity (ΔI); λ/2, achromatic MIR half waveplate; L1-L2, CaF2 lenses ( f1 = 50 mm, f 2 = 25.4 mm); P3,
UV−visible wire-grid polarizer for sHHG emission; θ, polarization angle.
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sapphire (MTI Corporation), (100) CaF2 (MTI Corporation),
and Corning 7980 amorphous fused silica (MTI Corporation)
were 10 × 10 × 0.5 mm3. Substrate transmission spectra were
collected using UV−visible spectroscopy (Shimadzu UV-2600)
and Fourier transform infrared spectroscopy (Thermo
Scientific Nicolet iS10).
Solid-State High Harmonic Generation Spectroscopy.

The sHHG spectrometer was built around a Ti:sapphire
chirped pulse amplifier (Coherent Legend Elite Duo) which
produces ∼35 fs pulses with an 800 nm center wavelength, a 1
kHz repetition rate, and 13 mJ pulse energy. Approximately 5
mJ were utilized for generation of the MIR light. The pointing
of the 800 nm light was corrected using an active beam
stabilization system (MRC systems GmbH) before pumping
an optical parametric amplifier (OPA, Light Conversion
TOPAS). The signal and idler from the OPA then traveled
through a noncolinear difference frequency generation stage
(Light Conversion NDFG) which produced tunable MIR
pulses used to perform the sHHG spectroscopy. The MIR
spectrum was measured before each measurement and had a
center wavelength of ∼3.1 μm (see Figure 1b).
In the sHHG apparatus (Figure 1), the MIR pulse passes

through two polarizers (Thorlabs WP25M-IRA) to control the
intensity and a MIR achromatic half-wave plate (B.Halle
Nachfl. GmbH, Achromatic 3−6 μm) mounted in a motorized
rotation stage (Thorlabs K10CR1) to control the MIR
polarization prior to reaching the sample. After the sample,
an analyzer polarizer (Thorlabs WP25M-UB) mounted on a
motorized rotation stage (Thorlabs K10CR1) was used to
perform the polarization angle-resolved sHHG measurements
in both parallel and perpendicular configurations. The spectra
were recorded using a spectrometer (Andor Kymera 328i) with
a high-sensitivity, Peltier-cooled camera (Andor iDus
DU420A-BU2).
The sHHG spectra of fused silica, sapphire, CaF2, and

diamond were measured as a function of intensity and
incoming MIR polarization. The sHHG spectra were recorded
at intensities between 0.055 ± 0.002 TW cm−2 to 3.58 ± 0.03
TW cm−2. To characterize the power-dependent behavior of
the sHHG spectra each harmonic peak was integrated using a
trapezoidal sum, plotted logarithmically, and fit with a least-
squares linear regression. The peak power density was
estimated using the measured pulse energy, a spot size
diameter of ∼50 μm, and a pulse duration of ∼100 fs. For
the diamond, due to the significantly lower damage threshold,
the pulse energy was measured before an OD 1.0 neutral
density filter (Thorlabs NDIR10A) and then subsequently
divided by a factor of 10 to enable more accurate measurement
of the incident intensities at low fluence.
The MIR beam was focused on the back side (second

surface the MIR beam passed through) of each substrate for
consistency with how other samples are typically measured.
This was accomplished by imaging the second surface of the
substrate using a home-built inline white light microscope.
Subsequently, the sHHG emission from the back surface was
imaged to confirm that the emission spot was minimized in
area and maximized in brightness. However, for the described
experimental conditions the Rayleigh length of the MIR beam
was ∼633 μm, which exceeds the substrate thickness.
Therefore, we expect little deviation in the resulting sHHG
emission for small errors in the focal plane in the sample.
Polarization-dependent measurements of each substrate

were performed with spectra collected every 4°. The parallel

polarization was measured such that the analyzer polarizer is
rotated such that it is “parallel” to the incoming polarization.
Similarly, the perpendicularly polarized measurements were
performed with the analyzer polarizer oriented “perpendicular”
to the incoming polarization. The signal was extracted from the
spectra recorded at each polarization by integrating each
harmonic peak using a trapezoidal sum.

■ RESULTS AND DISCUSSION
Substrate Transmission. A basic first consideration in

choice of substrate material is transmission for both the MIR
driving field used in an experiment and UV−visible harmonic
emission. Figure 2 shows the transmission spectra of sapphire,

fused silica, CaF2, and diamond in both the MIR and UV−
visible region. Because all three varieties of sapphire studied in
this work exhibit nearly identical transmission spectra, only the
C-plane substrate from MTI is shown in Figure 2. The
transmission spectra for other sapphire substrates are shown in
Figure S1 in the Supporting Information for completeness. In
addition, an enlarged MIR transmission spectrum is plotted in
Figure S2 to aid in the identification of resonance features. In
the MIR spectral region, some absorption from atmospheric
CO2 and water vapor is visible which are not inherent to the
substrates but to the environment in which we recorded
transmission spectra. In addition, there is a small discontinuity
at 3.8 eV (0.33 μm) in the UV−visible spectra that is due to a
change in the used light source.
The main differences between substrate transmission spectra

in the MIR region pertain to the long wavelength cutoff and
the presence of resonance features, while the main differences
in the UV−visible region pertain to the short wavelength
cutoff. The transmission ranges of these substrates are critical
in considering which substrate is best for a given sHHG
measurement, potentially choosing a better MIR wavelength,
or measurement geometry in order to minimize attenuation of
the MIR and harmonics. The general wavelength ranges for
optimal transmission of the substrates have been catalogued in
Table 1.
CaF2 exhibits the widest usable bandwidth with high

transmission. Fused silica offers a similarly high transmission
but is limited by a shorter wavelength cutoff (∼4.8 μm) in the

Figure 2. Measured transmission spectra of sapphire (black lines),
fused silica (blue lines), (c) CaF2 (red lines), and polycrystalline
diamond (purple lines). MIR spectra are on the left and UV−visible
spectra are on the right. All substrates measured were 0.5 mm thick.
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MIR and a resonance at ∼2.7 μm. Care should be taken to
avoid this resonance as it can have deleterious effects on pulse
dispersion that can affect sHHG efficiency. Sapphire exhibits
an intermediate bandwidth with no resonance features, but
lower overall transmission compared to CaF2 and fused silica
due to higher reflection losses. Diamond exhibits the lowest
overall transmission and lowest high photon energy cutoff in
the UV. In addition, the broad absorption centered at ∼5 μm
limits the efficacy of diamond at commonly used MIR
wavelengths (e.g., ∼ 3−6 μm). However, for wavelengths
longer than 10 μm, diamond exhibits high transmission that
would be desirable for sHHG measurements in the longer
wavelength MIR and terahertz regimes.
In choosing a substrate based solely on transmission, one

should consider the orientation of the sample relative to the
incoming laser beam. While most of the materials above have
adequate transmission in the UV−visible region, there are
significant differences in the MIR transmission. For example, if
the MIR driving field interacts with the sample first, the UV−
visible transmission is most important because the harmonics
must pass through the substrate. In contrast, if the MIR driving
field passes through the substrate first, the transmission in the
wavelength range of the MIR driving field should be as high as
possible and resonances should be avoided.
sHHG Power Dependence of Substrate Materials. To

consider how sHHG from a substrate might interfere with
measurements of a material of interest, it is critical to
characterize which harmonics are emitted from common
substrates at what driving field strengths. Exemplary sHHG
spectra measured for sapphire, fused silica, CaF2, and diamond
are shown in Figure 3. For brevity, only C-plane sapphire
sourced from MTI Corporation is shown. The sHHG spectra
for other suppliers and crystal orientations of sapphire are
plotted in Figure S3 for completeness. Oscillations can be seen
in the sHHG spectra of diamond (Figure 3a) which we
qualitatively attribute to interference caused by internal
reflections. There is also a minor disparity in energy of the
seventh harmonic for fused silica and CaF2 (Figure 3b) which
is due to a ∼ 0.2 μm shift in the center wavelength of the MIR
driving field which is within a reasonable range of fluctuation
over the course of separate experiments measured over
multiple days.
The power dependencies of the fifth and seventh harmonics

were measured for fused silica and CaF2 while only the power
dependence of the fifth harmonic could be measured in
diamond and both crystal orientations of sapphire. The ninth
harmonic in fused silica and the seventh harmonic in A-plane

sapphire were observed at higher power densities, but sample
damage precluded a full power-dependent measurement.
Figure 4 shows the power dependencies for fused silica,
CaF2, and polycrystalline diamond.
Figure 5 shows the power dependencies for the three

sapphire substrates measured, comparing different suppliers
(MTI Corporation and AdValue Technology) and crystal
orientations (C-plane and A-plane). For sapphire (and
polycrystalline diamond shown previously in Figure 4), only
the fifth harmonic power laws were able to be measured.
The power dependencies for sapphire show clearly different

regions with different power laws, deviating from the single
power law expected from perturbative harmonic generation.
This indicates that the harmonic emissions produced are
nonperturbative as is characteristic of strong-field sHHG.
Diamond had a much lower damage threshold and produced

substantial sHHG signals at lower intensities (0.105 ± 0.002
TW/cm2) than the other measured substrates (Figure 4-5),
well within the range of MIR field strengths used to study
semiconductors of interest like ZnO.9 This is consistent with
diamond’s bandgap being significantly smaller (5.5 eV)33 than
that of CaF2 (12.1 eV)34 or sapphire (8.5 eV).35 On the other
hand, fused silica had the lowest sHHG efficiency, which can
be understood because the amorphous structure lacks
periodicity and therefore a true band structure, limiting
coherence and electron trajectories in the sHHG process.

Table 1. Summary of Materials Measured in this Work Showing Relevant Information to Aid in Substrate Choice

Substrate Crystallinity
Observed Harmonic

Ordersa
5H Onset
(TW/cm2) Anisotropyb

Literature Bandgap
(eV)

Transmission
Rangec Resonancesd

Sapphire C-plane 5th 0.75 ± 0.02 6-folde 8.535 0.2−6.2 μm -
Sapphire A-plane 5th, (7th) 0.77 ± 0.02 4-fold 8.535 0.2−6.2 μm -
Fused Silica Amorphous 5th, 7th, (9th) 0.54 ± 0.02 None - 0.2−4.8 μm ∼2.7 μm
CaF2 (100) 5th, 7th 0.15 ± 0.02 4-fold 12.134 0.2−11.9 μm -
Diamond Polycrystalline 5th 0.105 ± 0.002 4-fold 5.533 0.3−20.0+ μm ∼5.0 μm
aUsing the MIR spectrum shown in Figure 1b as the driver (∼3.1 μm center wavelength, 0.8 μm fwhm bandwidth). Harmonic orders that were
observed but were too weak to perform a power dependent measurement are indicated in parentheses. It should be noted that observed harmonic
orders are subject to change depending on specific experiment conditions. bAnisotropy refers to the nominal anisotropy expected in sHHG driven
by a linearly polarized field based on the crystal symmetry. Splitting of symmetry features is also possible. cTransmission range is defined as the
wavelength at which transmission drops to ∼50% before reaching zero (i.e., ignoring resonances within the bandwidth) for a 0.5 mm thick
substrate. dSignificant resonances are defined as resonances that have <50% transmission within their respective transmission range. eObserved only
in the C-plane sapphire from MTI Corporation.

Figure 3. Exemplary sHHG spectra of the various substrates
measured in this work showing (a) the 5th harmonic (H5) and (b)
the 7th harmonic (H7). The spectra were normalized and offset for
clarity.
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The low sHHG efficiency of fused silica makes it potentially an
optimal substrate option for sHHG if not constrained by
sample prep considerations. CaF2 and sapphire, despite their
large bandgaps, also produced significant sHHG signal at
powers analogous to those at which semiconducting samples
are often measured.9

The power dependencies observed strongly indicate that
wide bandgap substrates can produce appreciable sHHG signal
at MIR field strengths (0.055 ± 0.002 TW cm−2 to 3.58 ± 0.03
TW cm−2) which are comparable to those used to measure
semiconductors such as MoS2 (1.5 TW cm−2)12 and ZnO (0.6
TW cm−2).9 Therefore, it is critical to understand and
characterize the sHHG emissions from common substrate
materials to deconvolute their emissions from those of samples
of interest. Based on the sHHG power dependencies of the
substrates, one could simply be careful not to exceed the MIR
powers at which a substrate emits. However, this is not feasible
for all samples of interest, especially those with larger
bandgaps. Another strategy based the observation of substrate
sHHG emissions is to focus on the seventh harmonic and
above in the sample of interest, which are easily emitted in
semiconductors like ZnO (Figure 1a) but are often very weak
or nonexistent in large bandgap substrates. In addition,
substrate materials tend to be centrosymmetric, which means
that any emission of even harmonics is disallowed in the
substrate and should only be emitted from a noncentrosym-
metric material of interest such as many 2D semiconductors
like monolayer MoS2. In employing these strategies to
deconvolute substrate and sample sHHG, it is always critical
to take a background sHHG spectrum of the substrate alone
with the same MIR driver conditions to make sure that any
assumptions about substrate sHHG are correct and to consider
any angular dependence of sHHG emissions, which we will
address in the next section.
sHHG Anisotropy of Substrate Materials. A wealth of

information is contained in the sHHG anisotropy measure-
ments of materials of interest, including symmetry and features
related to the energy landscape of multiple conduction
bands.12 However, substrate materials are often single-
crystalline and sometimes need to be lattice matched to a
sample grown on them, meaning that anisotropic sHHG from
the substrate can greatly interfere with measurements of the
sample of interest. In order to deconvolute the sample and
substrate sHHG anisotropy and to understand which
substrates will interfere the least, we have measured the
sHHG anisotropy of CaF2 and fused silica (Figure 6) as well as
C- and A-plane sapphire (Figure 7) and diamond (Figure 8) as
a function of MIR driving field polarization angle. For the
CaF2, the anisotropy has 4-fold symmetry in the parallel
configuration as expected based on the crystal structure; this
anisotropy signal splits in the perpendicular configuration
(Figure 6a). The fused silica, as expected, shows no distinct
anisotropy due to its amorphous structure (Figure 6b).
The anisotropy of the A-plane sapphire also showed 4-fold

symmetry which split in the perpendicular configuration
(Figure 7a). In the C-plane sapphire sourced from MTI
Corporation, we observe weak 6-fold symmetry in the
perpendicular configuration (Figure 7b). However, the C-
plane sapphire sourced from AdValue Technology does not
show any discernible anisotropy (Figure 7c). This likely
indicates a high dependence of the signal on the crystallinity of
the substrate and indicates that not all sapphire substrates are

Figure 4. Power dependencies of (a) the 5th harmonic for fused silica,
CaF2 (100), and polycrystalline diamond (poly-Diamond) and (b)
the 7th harmonic for fused silica and CaF2 (100). The power laws are
indicated on the plots with the error bars corresponding to the
uncertainty in the fit.

Figure 5. Power dependencies of the 5th harmonic from (a) C-plane
sapphire from the MTI Corporation, (b) C-plane sapphire from
AdValue Technology, and (c) A-plane sapphire from the MTI
Corporation to compare different suppliers and crystal orientations.
The power laws are indicated on the plots with the error bars
corresponding to the uncertainty in the fit.

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://doi.org/10.1021/acs.jpca.4c04991
J. Phys. Chem. A 2024, 128, 9337−9344

9341

https://pubs.acs.org/doi/10.1021/acs.jpca.4c04991?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.4c04991?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.4c04991?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.4c04991?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.4c04991?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.4c04991?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.4c04991?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.4c04991?fig=fig5&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.4c04991?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


equivalent, rather sHHG anisotropy signal from the substrate
can be impacted by the supplier.
The diamond substrate follows a similar trend in the

observed symmetry to CaF2 and A-plane sapphire (Figure 8a)
based on its unit cell crystal structure. However, because the
diamond is polycrystalline, the symmetry is less pronounced
than that seen in the single crystalline CaF2. Based on the
white light microscope observation of the domains in the
polycrystalline diamond substrate, the size of the crystal
domains (∼40 μm) was comparable to the MIR spot size
leading to some anisotropy still being observed when the
focused MIR spot was placed carefully on a single domain
(Figure 8b).
For sHHG anisotropy measurements of samples, it is critical

to consider any possible signal originating from the substrate.
Based on our investigation of the sHHG anisotropies of
common substrate materials, it is ideal to use an amorphous
substrate like fused silica in cases where lattice matching is not
a significant concern. This is because, regardless of whether the
substrate generates harmonics at the employed field strength,
its sHHG anisotropy would not alter the symmetry of the

sHHG anisotropy measurement for the sample. Additionally,
from the observed power dependence, fused silica has a
moderately low harmonic efficiency in comparison to the other
substrates characterized in this work which would lead to an
overall reduction in the effect of the substrate’s signal that is
likely correctable by background subtraction. In cases where
other substrates are needed for sample or driving field
considerations, care can be taken to avoid harmonics emitted
by substrates such as sapphire, diamond, and CaF2 in the range
of field strengths needed. In addition, polycrystalline substrates
can be used to avoid contributions to anisotropy and
background measurements of the substrate can be used to
check and analyze contributions of the substrate to total sHHG
emissions.
Table 1 summarizes the critical material characteristics for

common substrate materials employed in sHHG measure-
ments. This includes both a summary of harmonics observed
and their anisotropic symmetries, as well as transmission
ranges in the MIR and UV−visible regions and other
important parameters.

■ CONCLUSIONS
In this work we have characterized the sHHG signal generated
by common substrate materials. From this characterization,
amorphous materials, such as fused silica, are ideal substrates
to minimize impact on the measured signal, particularly in the
context of polarization angle-resolved sHHG. On the other
hand, fused silica specifically lacks transmission at wavelengths
longer than 5 μm which renders it less ideal for experiments
requiring longer driver wavelengths where the MIR passes

Figure 6. Parallel (blue) and perpendicular (red) anisotropy
measurements for the 5th and 7th harmonics (H5 and H7) of (a)
calcium fluoride and (b) amorphous fused silica. Shaded regions
represent the standard deviation.

Figure 7. Parallel (blue) and perpendicular (red) anisotropy measurements of the 5th harmonic emission from (a) A-plane sapphire, (b) C-plane
sapphire sourced from MTI Corporation, and (c) C-plane sapphire sourced from AdValue Technology. Shaded regions represent the standard
deviation.

Figure 8. (a) Parallel (blue) and perpendicular (red) 5th harmonic
(H5) anisotropy measurements of polycrystalline diamond. Shaded
regions represent the standard deviation. (b) White light microscope
image of measured diamond crystal domain. White arrows are
included to indicate the positions of domain walls as a guide to the
eye.
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through the substrate before hitting the sample. In cases when
using an amorphous material is not possible for the purposes of
sample preparation or insufficient MIR transmission, further
thought must be given to reducing the impact of the substrate.
In this case, selecting the material that produces the least
sHHG signal overall or possesses different crystal symmetry
than the material that can be corrected by background
subtraction is ideal. Another potential option would be to use
methods such as confocal imaging to remove the harmonics
emitted outside of a specific focal plane, focusing studies on
higher-order harmonics that are only emitted by the sample
material of interest, or even harmonics which are only emitted
when the sample material lacks centrosymmetry. Furthermore,
one could configure these experiments in a reflection geometry
which, provided that the sample thickness matches or exceeds
the penetration depth of the driving field, would also remove
any potential obfuscations from substrate emission. For
additional technical details on reflection sHHG measurements,
we refer the interested reader to prior work on this topic.36−38

Considering substrate effects is essential to improve the
reproducibility and veracity of sHHG as a technique to
interrogate material properties.
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