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ABSTRACT: The downscaling of nonlinear optical devices is significantly 10
hindered by the inherently weak nonlinearity in regular materials. Here, we
report a giant third-harmonic generation discovered in epitaxial thin films of
V—VI chalcogenide topological insulators. Using a tailored substrate and
capping layer, a single reflection from a 13 nm film can produce a nonlinear
conversion efficiency of nearly 0.01%, a performance that rivals micron-scale
waveguides made from conventional materials or metasurfaces with far
more complex structures. Such strong nonlinear optical emission, absent
from the topologically trivial member in the same compound family, is
found to be generated by the same bulk band characteristics that are
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responsible for producing the band inversion and the nontrivial topological
ordering. This finding reveals the possibility of obtaining superior optical nonlinearity by examining the large pool of newly
discovered topological materials with similar band characteristics.
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Floquet formalism

flicient nonlinear optical (NLO) materials are critical for

enabling photon interactions in quantum optics and
classical photonic applications.' ™ The NLO susceptibilities of
most materials are very small,> with typical values of y? ~
1072 m/V and )((3) ~ 1072 m?/V? As a result, current NLO
devices made of conventional bulk materials typically have
large footprints in the mm—cm range and require complicated
phase-matching schemes to ensure a sufficient nonlinear
conversion efficiency." ® The urgent need to develop chip-
scale integrated photonics and compact optical modules that
can effectively interface with nanoelectronic devices prompts
researchers to actively search for new materials with larger
NLO responses.

Recently, large optical nonlinearities have been discovered in
various 2D layered compounds.”® With the emergence of
topological materials, there are also increasing interests in
understanding how band topology affects the NLO proper-
ties.””"> While many works focus on even-order NLO
processes that require broken inversion symmetry,"*~"” here
we report a giant third-harmonic generation (THG) in
centrosymmetric V—VI topological insulators (TIs)."® Without
any optical resonances,'””>" broadband third-order suscepti-
bilities () at 1077-107' m?/V? level are found. THG
output from these films exhibits a strong substrate dependence
and an anomalous thickness scaling, revealing important
learning experiences for the NLO research in ultrathin 2D
materials. We also carried out tight-binding calculations to
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identify the electronic states that are responsible for the giant
THG, explaining the close correlation observed between the
THG and the band topology. Since layered TI films can be
flexibly integrated with virtually any substrate or capping layer,
we show that the already strong THG emissions can be further
enhanced by 2 orders of magnitude using tailored hetero-
structures. These works demonstrate a promising pathway for
developing nonlinear nanophotonics using low-dimensional
topological materials.

Results. NLO responses of the TI films are studied using
pulsed telecom lasers (1560 nm). With a 100 mW incidence
(pulse energy density ~3.2 mJ/cm?), a THG output of 100
nW is generated by a single reflection at the surface of a 7 QL
Bi,Se; film (~7 nm), a conversion efficiency almost 10* times
larger than all the benchmark materials tested (Figure 1a).
Distinct from materials that only produce strong nonlinear
emissions near band structure-related resonances, such as Au,*
black phosphorus,”” and graphene,'” The THG signal detected
from TI films is insensitive to the incidence frequency (Figure

1b).
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Figure 1. Giant THG in epitaxial T1 films. (a) THG from 7 QL Bi,Se; grown on an AL O; substrate is almost 4 orders of magnitude stronger than
well-known NLO materials. (b) THG outputs from 13 QL Bi,Se; films grown on an AL, O substrate generated by different pump wavelengths. In
this experiment, the sample is excited by a 100 mW amplified pulsed laser with 30 GW/cm? peak intensity. (c) Complex permittivities of four V—
VI chalcogenide films extracted from ellipsometry measurements. (d) Lattice structures of the four V—VI chalcogenides studied in this work. (e)
THG intensities of four 10 QL films grown on EG/SiC substrates plotted versus their imaginary permittivity at the THG frequency ¢”(3w).
Comparing to the three topological insulators, THG intensity found in the band insulator Sb,Se; is much smaller. Insets show the surface

topography of Bi,Se; and Sb,Se;. Scale bars indicate 500 nm.

Measurements were also performed on three other V—VI
chalcogenides: Bi,Te;, Sb,Se;, and Sb,Te;. Among them,
Bi,Te; and Sb,Te; are also TIs'® and iso-structural to Bi,Ses,
while Sb,Se; is a topologically trivial semiconductor™> with a
different chain-type lattice structure (Figure 1d). As shown in
Figure 1c, the linear optical responses of the four compounds
are heavily determined by the chalcogen elements. The two
selenides have similar complex permittivity spectra that are
distinct from those of the two tellurides (Figure 1b). In stark
contrast, the THG generated by the four materials follows an
entirely different trend: THG emissions from all three TIs are
comparably strong (Figure le), while the signal from the only
regular semiconductor Sb,Se; is 2 orders of magnitude weaker.

Interestingly, the THG generated by TI films is highly
sensitive to the substrate material (Figure 2a). Films grown on
AlO; can generate 10X stronger THG emissions than films
grown on epitaxial graphene (EG)/SiC. On both substrates,
the THG signal drops by more than 2 orders of magnitude
when the film thickness (d) increases from 7 QL to 40 QL. We
note that, when d is well below the nonlinear coherence length
(~200 nm in Bi,Se;), many literature works assumed that the
nonlinear emission should be proportion to y¥d2**~** Our
observations clearly defy such assumption and require a better
understanding.

Other than the regular bulk electronic states, the NLO
properties of V—VI TIs may also be affected by the Dirac
topological surface states (TSSs)* and the band-bending
induced topologically trivial two-dimensional electron gas
(2DEG) states that are localized near the surface and
interface.”® In addition, it is well-known that TIs exposed to
the air are subject to surface oxidation.’’ Direct character-
izations of these effects are needed before the THG
characteristics observed can be fully interpreted. To accom-
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plish this task, in situ angle-resolved photoemission spectros-
copy (ARPES) and ex situ terahertz time-domain spectroscopy
(THz-TDS) measurements were performed on films of various
thicknesses (Figure 2b,c). It can be seen from the ARPES data
that the samples in an ultrahigh vacuum are n-type doped and
has a ~0.3 eV downward band bending near the film—
substrate interface (Figure 2b). The gapless TSSs can be
clearly resolved when d > S QL. In thinner films, TSSs at the
two surfaces start to couple and lead to a gap opening. THz
spectra measured in the atmosphere (Figure 2c) are dominated
by a Drude-type carrier behavior and a phonon resonance near
2 THz*>** The phonon peak scales linearly with d (Figure
2e), demonstrating a structural uniformity throughout the film.
In contrast, the Drude conductance saturates when d exceeds
10 QL (Figure 2d), likely indicating that the electrical
transport is dominated by the surface states.’”’® The
extrapolations of the phonon signal and the zero-frequency
conductance both reach zero at 2 QL, which we use as a
quantification of surface oxidation layer thickness.

On the basis of these results, we now have the necessary
inputs for modeling the THG behavior. First, we analytically
evaluate how different optical quantities vary as d changes
(Supporting Information). As shown in Figure 2g, due to the
large refractive index of Bi,Se; and its mismatch with the
substrate (ng g, (@) = 72 + 12i, nyo, (@) = 1.7), the
fundamental field strength E, decreases as the film becomes
thicker. In ultrathin films, the weak surface reflectance, largely
determined by the substrate, allows more light into the film
and thus produces a larger E,. At a larger d, the reflectance
increases due to the more significant contribution from Bi,Se;,
leading to a suppressed E,. The variation of E, critically
impacts THG because of the hexic scaling of the third-order
NLO process (I, ~ (E,)). This effect also explains the
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Figure 2. Anomalous thickness dependence of THG. (a) Film thickness dependence of the THG intensity in Bi,Se; films. (b) In situ ARPES
spectra of Bi,Se, films with different thicknesses. (c) Terahertz conductance of Bi,Se; films. (d) The extracted zero-frequency Drude conductance
plotted versus the film thickness. Error bars represent data variances when the measurement was repeated at different sample positions. (e) Phonon
peak area at around 2 THz plotted versus the film thickness. (f) Relative 7 (normalized by the Bi,Se; value) of different materials obtained by
processing the experimental data using the FDTD method. (g) Fundamental light field distribution inside the Bi,Se; film for three different film
thicknesses. The field strength is normalized by the incidence value. (h) The percentage of THG light generated at different depths inside the
Bi,Se; film that can be detected from the top sample surface. (i, j) FDTD and analytical models of the thickness-dependent THG intensity
considering three different P spatial distributions: a constant y 3) throughout the film (blue dashed lines, orange solid lines); % in the surface
and interface layers is 1.2 times larger than the bulk value (green dashed lines), and 7% in the surface and interface layers is 2 times larger than the
bulk (purple dashed lines). Experimental data are plotted in black square dots.

substrate dependence observed. Since the refractive index of
SiC (ngc (w) = 2.6) is larger than Al,Os the stronger
reflectance leads to a weaker THG emission. Another factor to
consider is how much THG light generated inside the film can
be detected from the surface (Figure 2h), which also decreases
in thicker films, further contributing to the quick drop of the
THG signal observed between 7 QL and 40 QL.

Once the fundamental field strength and the THG output
ratio inside the film are mapped out, the overall THG signal
can be calculated for any given 2% distribution. For example,
near the surface and the interface, surface states may introduce
a local variation of y®. Figure 2i,j compares how the d-
dependence of THG is expected to change at different surface
to bulk )((3) ratios. Below 40 QL, when this ratio is larger, the
THG signal drops quicker as a function of d. The experimental
data is most consistent with the curves calculated, assuming
similar y® values in the bulk and surface layers (Figure 2i).
While ¥ near the surface might be slightly larger than in the
bulk, the difference should be less than 50%. When d increases
turther, the THG intensity oscillates with a period around 100
nm (~ A,/2np5., (w)) (Figure 2j). The initially huge
oscillation amplitude is gradually damped due to the finite
optical penetration depth. When d exceeds 500 nm, the THG
intensity converges toward a constant that is ~500 times
smaller than the output from a 7 QL film, which is highly
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consistent with what is measured in commercial Bi,Se; bulk
samples.

As shown in Figure 2i, the d-dependence of THG strongly
deviates from the quadratic curve (y**’d?) even when d is only
a few QLs, forbidding the calibration of P using such
oversimplified relation. Instead, we use the more rigorous
finite-difference time-domain method (FDTD) calculations to
extract the ¥ values from all four V—VI layered chacogenides
using a 30 nm amorphous silicone nitride (a-SiN) membrane
as the reference (Supporting Information). Such a reference
sample is chosen due to its simple geometry, chemical stability,
and lack of optical resonances in relevant frequency ranges. Pl
of Bi,Se; is found to be 2737 times larger than a-SiN (Figure
2f). Using the reported value® yy = 1.9 X 1072° m?/V?,
)(1(3312)&3 can be estimated to be 5.2 X 1077 m?/V2. 4 of the

other two TIs are 2—3 times larger: )(SBTeg 1.3 X 1071 m?/V?,

)(g%zTez 1.5 X 107 m?/V2 In contrast, y® of the regular

semiconductor Sb,Se; is much smaller: ;(g%,st} 1.4 X 107*¥ m?%/
V2.

Next, we explore the electronic origin of the giant 7% found
in V=VI TIs using a tight-binding approach that captures the
key features of the relevant energy spectrum but, unlike ab
initio techniques, does not involve a prohibitively expensive
computational cost when modeling quasi 2D structures (i.e.,
thin films). The energy spectra corresponding to a 15 QL film,
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model. (d) Band-specific contributions to 7% summing all three Floquet processes. (e—g) Relative contributions from specific (¢, nv) band pairs

to 7% through each Floquet process.

obtained based on a slab-geometry calculation, and a bulk
system, calculated using a 3D geometry, are shown in Figure
3a,b, respectively.

Considering the experimentally obtained doping level and
band bending, the NLO properties are calculated using the
Keldysh Green’s function method in combination with the
Floquet formalism (Supporting Information).”*>™>” Figure 3c
shows the spatially averaged thrid-order NLO susceptibility
7% calculated for thin films of different thicknesses (red dots)
and for a bulk system (black dashed line). Large 7' values
near 6 X 107" m*/V? are found, highly consistent with the
value extracted from experimental data. Comparing films with
different thicknesses, 7'> rises first as the thickness increases
from 1 QL to 3 QL and then converges to the bulk value. The
almost constant 7® values found in thicker films suggest that
the bulk states are likely the main contributors. When the film
thickness drops below 3 QL, the number of confinement-
induced subbands approaches zero, leading to a significant
reduction in7®. The attribution of the large 7% to bulk states
raises the questions of why is the THG effect particularly
strong in V-VI TIs (Bi,Se; Bi,Te;, Sb,Te;) and what
distinguishes the topologically trivial Sb,Se; from them?

To answer the first question, we consider the bulk model,
which has far fewer states (20 double degenerate energy
bands) and thus allows us to more easily map out the THG
contributions from individual conduction-valence band pairs
through different Floquet processes (Figure 3e—g). In Figure
3b, conduction and valence bands are indexed by two integer
numbers (nc and nv) based on their energies relative to the
Fermi level. It can be seen that )_((3) in Bi,Se; is dominantly
generated by the 7iw and 37w Floquet processes (Figure 3e,g).
THG via the Aiw process is almost entirely produced by the
interaction between the top valence band (nv = 1, 2) and the

8875

bottom conduction band (nc = 1, 2), and THG via the 37w
Floquet process (Figure 3g) is produced by the coupling
between nv = 1, 2 valence band and nc = 3, 4 conduction band.
That is to say, while there are many bands involved in the
THG process due to the large energy span ~3Aw = 2.4 eV,
only the top valence band and the two bottom conduction
bands are responsible for the large 7%,

These low-energy bands are also the ones that generate the
nontrivial topological properties in V—VI TIs. In Bi,Se;, the
coupling between the alternating planes of Bi and Se (Figure
1d) causes the Bi 6p orbitals to strongly hybridize with Se 4p
orbitals. The covalent bonding between neighboring Bi—Se
atoms dominates the conduction and valence band states near
the Fermi level. Without spin—orbit coupling, the nv = 1, 2
states are formed from antisymmetric Bi—Se p, bonding
orbitals, and the nc = 1, 2, 3, 4 states are formed from the
symmetric Bi—Se antibonding orbitals. Under the influence of
spin—orbit coupling, in-plane orbitals are strongly mixed with
the out-of-plane p, orbitals, and the nv = 1, 2 and nc = 1, 2
bands with opposite parities are inverted at the I' point,38
leading to the nontrivial topological order, which is not only
critical for the formation of the nontrivial band topology but
also such band characteristics are also important enablers for a
large ). First, the opposite parities allow the k-space integral
of the third-order nonlinear current related velocity matrix
elements to be nonzero. Second, the similar atomic orbital
origin of the nv, nc states allows maximized wave function
overlapping. And third, the spin—orbit coupling effectively
mixes the p, and p, orbitals into the states near the Fermi level,
allowing them to more strongly couple to the in-plane
polarized light. Similar band structures are also present in
Bi,Te; and Sb,Te;, both exhibiting comparably strong THG
performances. In contrast, the lattice of Sb,Se; is composed of
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Figure 4. THG enhancement through substrate and capping layer engineering. (a) Experimental data (scattered dots) and FDTD results (solid
lines) comparing the THG intensities obtained in Bi,Se; films grown on different substrates (AL,O5, EG/SiC, transferred graphene/glass slide). For
the same 13 QL film grown on the graphene/glass slide substrate, measurements performed with the fundamental light incident from the film side
and the substrate side yield drastically different THG intensities. The inset microscopy images compare the reflected THG emission patterns
measured using the two incidence geometries. Scale bars indicate 1 ym. (b) Experimental data (scattered dots) and FDTD results (solid and
dashed curves) of the THG emission detected in three different geometries as illustrated. By coating the TI film with amorphous LaAlO; and Au
and detecting from the Al,O; substrate side (Figure 3), a THG enhancement approaching 100 times can be generated. (c) Surface reflectance of
the fundamental light, absorptance by the TI film, and transmittance into the substrate plotted versus the film thickness. (d) THG conversion
efficiencies that can be achieved by different film stacks. Experimental data were obtained using an amplified femtosecond laser with a peak intensity
of 30 GW/cm? As a reference, the dashed line plots the calculated results considering a planewave propagating in continuous media.

decoupled 1D chains (Figure 1d), causing the top valence
band to be dominated by antibonding states formed from Se p
orbitals,* leading to a distinct band topology and a greatly
reduced 4.

We then discuss how to further enhance the THG
conversion efficiency. A common strategy would be to increase
the length of the nonlinear medium. However, due to the
strong reflection and absorption (Figure 4c), this approach is
not feasible in Bi,Se;. It can be shown® that, in a greatly
simplified setup where a planewave is traveling in a continuous
medium of Bi,Se;, the THG conversion no longer increases
once d exceeds 30 nm (Figure 4d).

Alternatively, we seek to enhance THG through substrate
and capping layer engineering. A simple demonstration is
shown in Figure 4a. A 13 QL Bi,Se; film is grown on a
monolayer graphene sheet mechanically transferred on a glass
slide. When the incidence and detection are carried out from
the substrate side, the glass layer (ng,(@) = 1.5) between air
and Bi,Se; reduces the spatial gradient of n(w), allowing more
fundamental light into the film. As a result, the THG output is
enhanced 8 times, compared to the maximum value observed
in Bi,Se;/Al, 0.

More significant enhancement can be achieved using the
film stacks illustrated in Figure 4b. Starting from a 13 QL
Bi,Se; film grown on Al,Os, amorphous LaAlO; (LAO) and
Au are sequentially deposited on top. By tuning the LAO layer
thickness, E, inside the TI film and the THG out-coupling
ratio can be effectively tuned, producing an orders-of-
magnitude larger THG conversion efficiency. To accurately
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control the LAO layer thickness, the deposition is performed in
incremental steps. After each step, the THG intensity is
experimentally checked (diamond dots) and compared to the
simulation result (black dashed line). Once the consistency
between the two sets of data is confirmed, and the optimized
thickness (60 nm) is reached, the top Au layer is deposited.
The THG output from the final sample (red square dot) is 75
times stronger than the as-grown film, while our simulation
predicts an enhancement twice as large (red solid curve). Such
difference is likely caused by the nonideal surface quality of the
Au film, which is known to produce degraded optical responses
as compared to the bulk.*”*' Figure 4d summarizes the THG
conversion efliciencies obtained using different substrate/
capping layer designs. Using a simple film stack with an only 13
nm thick NLO medium, an efficiency of nearly 0.01% is
achieved in a single reflection, rivaling the performance of
nonlinear metasurface structures’”~* that involve far more
complex device fabrications. Once the Au film quality can be
improved, it is possible that the single-reflection conversion
efficiency can be pushed toward 0.1%.

In conclusion, we have discovered a giant THG in epitaxial V—
VI chalcogenide TI films, which exhibit 1077—1071¢ m?/Vv?
level ) in a broad frequency range. In comparison, 2 of the
topologically trivial member (Sb,Se;) in the same compound
family is 2 orders of magnitude smaller, indicating an
interesting correlation between the THG efficiency and the
band topology. We found that the strong THG is not directly
produced by specific topological quantities or the Dirac surface
states. Instead, the large ¥ is a product of the same bulk band
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characteristics that enable the band inversion and the
nontrivial topological ordering in 3D TIs. While topological
quantities such as Berry curvature and Berry connection are
most prominent in $enerating NLO effects in THz and mid-
infrared frequencies, '”**~* our studies demonstrate that the
related bulk band characteristics in topological materials offer
another venue for producing strong NLO responses in the
near-infrared to visible frequency window.

The NLO susceptibility of 2D materials reported in the
literature is often highly controversial,” showing discrepancies
up to several orders of magnitude. In this work, we showed
that the NLO emissions generated by thin films are highly
sensitive to small variations in the heterostructure dimensions
and the substrate choices. Therefore, researchers should be
very cautious in applying the rudimentary relation of I, ~
7" when calibrating y ", especially when treating ultrathin
2D materials. Instead, systematic modeling and measurements
covering an adequately large parameter space are needed.

We also explored the tuning of the THG output through
substrate/capping layer engineering. A single-reflection THG
conversion efficiency of around 0.01% was achieved exper-
imentally on a 13 QL Bi,Se; film capped by LAO and Au.
Layered TIs have the unique advantage that their thin films can
be readily grown by van der Waals epitaxy or mechanically
transferred onto almost any substrates without precise lattice
matching, allowing them to be flexibly integrated with many
existing designs of metasurface structures. Via such integra-
tions, the THG conversion efficiency of TI-based structures
can be further enhanced, producing a tantalizing venue for the
development of novel flat optics”**~>* and nano-optical
devices.>>*
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