aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Second-harmonic and linear spectroscopy of math
xmins="http://www.w3.0rg/1998/Math/MathML">mrow>mi
>a/mi>mtext>—/mtext>msub>mi>In/mi>mn>2/mn>/ms

ub>msub>mi>Se/mi>mn>3/mn>/msub>/mrow>/math>
Yujin Cho, Sean M. Anderson, Bernardo S. Mendoza, Shun Okano, N. Arzate, Anatoli I.
Shkrebtii, Di Wu, Keji Lai, Ramén Carriles, D. R. T. Zahn, and M. C. Downer
Phys. Rev. Materials 6, 034006 — Published 15 March 2022
DOI: 10.1103/PhysRevMaterials.6.034006


https://dx.doi.org/10.1103/PhysRevMaterials.6.034006

Second-harmonic and linear spectroscopy of a-In,Ses

Yujin Cho,! Sean M. Anderson,? * Bernardo S. Mendoza,? Shun Okano,® N. Arzate,?> Anatoli
I. Shkrebtii,* Di Wu,! Keji Lai,' Ramén Carriles,? D. R. T. Zahn,® and M. C. Downer': f

! Department of Physics, University of Texas at Austin, Austin, Texas 78712, USA
2Centro de Investigaciones en Optica, Leon, Guanajuato 37150, México
3 Semiconductor Physics, Chemnitz University of Technology, 09107, Chemnitz, Germany
4Ontario Tech University, Oshawa, ON, L1G 0C5, Canada
(Dated: February 25, 2022)

We report spectroscopic measurements of optical transmission, ellipsometry, and second-harmonic
generation (SHG) from as-grown vapor-deposited a-InzSes nano-flakes ranging in thickness from a
single quintuple layer (QL) to bulk material. We compare these measurements with ab initio calcu-
lations of structural and optical properties. Linear optical measurements yield thickness-dependent
band gaps and dielectric functions, while SHG diagnoses microscopic film structure and ferroelectric
polarization. The rotational anisotropy of SHG for s-polarized incident photons of energy 1.4eV
reveals crystalline symmetry and orientation of individual QLs. Peak SHG intensity increases from
one to three QLs, then decreases for larger numbers, tracking thickness-dependent trends in the
second-order susceptibility components x**® and x***. Comparison of measured and calculated
SHG spectra for s-polarized photons of energies between 1.2eV to 1.7eV incident upon two-QL
samples discriminates among candidate stacking arrangements, and favors an arrangement with

electric polarization vectors of the two QLs pointing outward in opposite directions.

I. INTRODUCTION

Ultrathin III-VI semiconductors underlie a host of
emerging nano-optoelectronic applications — including
broadband detectors, solar cells, and phototransistors
— because they combine large thickness-dependent band
gaps with high carrier mobility [1, 2]. In addition to bulk
ITI-VI crystals, these materials form two-dimensional
(2D) hexagonal nanofilms only a few atoms thick [3-5].
In particular, indium (In) and selenium (Se) can form
several single-phase and layered In-Se compounds: InSe
[6], InoSes, IngSeyq [7, 8] and IngSes [9-11]. Of these,
a rich variety of applications for InySes; have emerged
[1, 3-5, 12, 13] because of its advantageous optoelec-
tronic properties. First of all, a-InsSes has a thickness-
dependent band gap [14] which enables tuning of its op-
tical properties [15, 16]. Secondly, the crystal structure
is temperature tunable — non-centrosymmetric a-InySes
transforms into centrosymmetric -InsSeg at 475K [17] -
enabling phase-change memory applications [18, 19]. Fi-
nally, thin film InySes is a 2D ferroelectric with switch-
able out-of-plane polarization down to a few layers [20].
In-plane ferroelectricity has been demonstrated in var-
ious 2D materials such as MoSy, SnTe, and phospho-
rene analogues [21-23], but out-of-plane ferroelectricity
is relatively rare. This is because when film thickness
shrinks below some critical value, typically a few nanome-
ters, strong depolarization fields tend to suppress fer-
roelectricity, as observed in e.g. perovskite thin films
[24, 25]. Nevertheless, in some 2D ferroelectrics, misfit
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strain [26, 27] and/or out-of-plane chemical bonding [22]
at the substrate-film interface can counteract depolar-
ization, enabling switchable polarization down to a few
layers. In the case of InpSes, this is desirable for applica-
tions [28] such as miniature, high-speed memory devices
with low power consumption [29-33].

The basic InsSes structural unit consists of five alter-
nating Se and In atoms that form a so-called quintuple
layer (QL), as shown in Figure 1. QLs bond to each
other by the van der Waals (vdW) force. Numerous
QL stacking arrangements [20] with parallel and oppo-
site dipole moments [15, 31, 34] are possible, as Figure
1(b) illustrates for two QLs. The two most energetically
stable layered structures belonging to the o and 3 phases.
Both are semiconducting with energy band gaps in the
optical range. The a phase has the lowest total energy
and belongs to the R3m space group; in contrast, the
0 phase is less energetically stable and belongs to the
R3m space group. a-InaSes possesses room-temperature
out-of-plane ferroelectricity down to a few layers [31, 34—
37], which is expected to persist even down to a single
QL [20]. However, the strong dipole moment favors for-
mation of 2D domains with opposite dipole orientations,
to reduce electrostatic energy. The potential barrier for
changing the dipole orientation is around 0.07eV [20]. A
few volts of applied electric potential in the perpendicular
direction can switch the dipole directions of the QL [31].
Moreover, the magnitude of the spontaneous polarization
does not increase linearly with thickness; it is expected
to peak at three QLs, and to decrease with additional
layers [20]. Knowledge of how spontaneous polarization
changes with thickness and microscopic atomic arrange-
ment is crucial for engineering ultrathin a-InsSes devices
down to single QL dimensions.

The objective of the current study is to connect sys-
tematic thickness-dependent trends in noninvasive linear
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FIG. 1. Candidate a—InsSes atomic configurations for band
structure and optical calculations. (a) Single-QL variants
based on zincblende (ZB, left) or wurtzite (WZ, center) units
arranged in R3m-symmetry 2D crystal with lattice constant
a = 4.106 A (right). (b) Three possible vertical configu-
rations of electric polarization vectors P in 2-QL samples,
showing horizontal separation a/n [ = v/3(2) for 60° (30°)]
of equivalent energy minima, resulting from translating one
QL along the 60° (orange dashed) or 30° (orange dotted) tra-
jectories shown in the right-hand diagram in panel (a). Here,
n = v/3(2) denotes the factor by which the two energy min-
ima of the top layer differ from a when it is translated along

60° (30°) directions. Thus |a/n| = 2.371 A (2.053 A).

and second-harmonic (SH) optical spectra of a-InsSes
to thickness-dependent changes in microscopic structure.
Linear transmission spectra straightforwardly yield the
imaginary part of the dielectric function; spectroscopic
ellipsometry yields full dielectric functions with high-
sensitivity, and corroborates transmission spectra. To-
gether they characterize thickness-dependent electronic
band structures. Optical second-harmonic generation
(SHG), on the other hand, is sensitive to in plane crys-
talline symmetry of individual QLs, and to built-in po-
larization. SHG characterizes ferroelectric properties be-
cause the net polarization breaks inversion symmetry,
leading to a non-vanishing second-order nonlinear opti-
cal susceptibility x(?. SHG can thus identify promising
ferroelectric behavior in candidate materials that for now
can only be fabricated in device-incompatible form such
as monolayer nano-flakes [34], or for which the chemistry
of contacting electrodes that avoid leakage currents is not
yet developed [33, 38]. For similar reasons, both theoret-
ical [5, 16, 39, 40] and experimental [41-43] SHG studies
have been carried-out on other 2D materials. We present
results of linear and SHG spectroscopic measurements
along with ab initio calculations that relate the spectra
to underlying structural and ferroelectric properties of
few-layer a-InsSes.

The paper is organized as follows. In Section II, we de-
scribe experimental and computational methods. In Sec-
tion III, we present our measured and calculated spec-

tra for both layered and bulk material. In Section IV,
we discuss the relationships between optical properties
and underlying thickness-dependent band structure of
a—InsSes, and between SHG and ferroelectric polariza-
tion. Lastly, we state our conclusions in Section V.

II. METHODS
A. Samples

In,Ses nano-flakes were grown on fluorophlogopite
mica substrates by vapor phase deposition, which pro-
vides highly crystalline samples and well-controlled thick-
ness profiles [15, 34, 44, 45], as confirmed previously
by transmission electron microscopy (TEM) [15]. The
flakes were synthesized by vdW epitaxy in a one inch
diameter horizontal quartz tube furnace (Lindberg Blue
M HTF55667C). Bulk InySes powder (99.99 %, Alfa Ae-
sar) was placed at the center and heated to 740°C. A
steady flow of argon gas (20 Torr, 30-200 standard cubic
centimeters per minute) carried the vapor toward one
end of the tube, and deposited it on mica substrates,
placed 7cm to 12 cm away from the heated center, form-
ing multi-QL InySes flakes with distinct triangular shapes
typically a few tens of microns wide, as well as single-QL
flakes, which instead formed rounded shapes. After 10
minutes, the tube was cooled down to room temperature
at a rate below 5°C/min. We confirmed the thickness
of the layers to be 0.84nm per QL using atomic force
microscopy (see Supplemental Material [46]), consistent
with the reported thickness measured with transmission
electron microscopy [34]. The atomic positions of the
QLs can be identified from TEM studies, although they
cannot distinguish between the zincblende, wurtzite, or
other structure [34, 47, 48].

The crystallinity was confirmed using rotational-
anisotropic SHG (RA-SHG) microscopy, which verified
the presence of the a-phase of InsSez. There are three
mirror lines or axes on the QL plane of the R3m crystal
class structure. Only one of these is unique and is along
the horizontal axis; the other two are generated by in-
plane 120°-rotation along the three-fold z axis. RA-SHG
patterns demonstrate this mirror symmetry with six-
lobe patterns. Similar patterns can also be observed in
transition metal dichalcogenides (TMD) monolayers with
hexagonal symmetry; for instance, strong SHG is ob-
served in non-centrosymmetric single-monolayer MoSs,
that also has three-fold rotational symmetry [49].

B. Optical Measurements

Spectroscopic Ellipsometry (SE) on the bulk material
was performed on a micro-imaging ellipsometer Nanofilm
EP4 (Accurion GmbH), equipped with a Xenon arc
lamp with a wavelength range from 950nm to 250 nm



(photon energy 1.3eV to 4.96eV, respectively). A sin-
gle diffraction grating produced monochromatic incident
light, which impinged on the samples at various oblique
angles to the surface normal. Lack of a reflected signal
from an underlying substrate and of surface oxide layers
simplified analysis of ellipsometric data, enabling us to
use the Fresnel equations [50],

2
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to convert measured ¥ and A directly into refractive in-
dex n and extinction coefficient k. Here, p = tan U-e'® is
the complex ratio of p to s field components after reflec-
tion, A is the phase shift, and 6 is the angle of incidence.
We estimated the optical band gap for the bulk material
from the photon energy at which k vanishes.

Optical transmission spectroscopy was performed on
1 through 12 QL, 25 QL, and 37 QL samples using the
same equipment at normal incidence. The transmitted
light was collected and imaged with ~1 pm spatial reso-
lution to a detector array with a Nikon 50x long working
distance microscope objective (N.A. = 0.45), enabling
signals from within the boundaries of a single tens-of-
micron-sized flake to be analyzed. Reflection from these
samples was negligible, facilitating conversion of trans-
mission to absorption spectra using the Beer-Lambert
law. We obtained band gaps by creating Tauc plots
[51, 52] from the absorption spectra, and linearly extrap-
olating the absorption edge [14]. See the Supplementary
Material for more procedural details [46].

For SHG, 140 fs pulses at 80 MHz repetition rate from
a Ti:Sapphire laser (Coherent Chameleon Vision II) were
focused onto samples at 45° from the surface normal to
spot size (FWHM) 3pm. A \/2-waveplate controlled
incident beam polarization, which we label with lower-
case s (or p) to denote electric field perpendicular (or
parallel) to the plane of incidence. Here we report re-
sults obtained entirely with s-polarized incident light. A
photon-counting photomultiplier tube detected reflected
second-harmonic (SH) light through a bandpass filter and
polarization analyzer, which selected S or P, which we
denote by capital letters when referring to SH light. We
optimized focal plane position by dithering sample po-
sition along the surface normal during data acquisition
until SHG intensity was optimized. For extended mea-
surements involving sample translation/rotation or laser
tuning, we kept average laser power below 2mW (i.e.
251 /pulse) to avoid laser-induced charging [53] or sam-
ple damage. However, power could be increased momen-
tarily to enhance weak SHG signals, e.g. from single QLs.

To probe crystal symmetry, we measured normalized,
rotational-anisotropic (RA) S- or P-polarized SHG in-
tensity as a function of azimuth ¢ at fixed reference pho-
ton energy (wavelength) 1.59eV (780 nm), with the laser
pulse focus fixed within a region of known thickness. To
identify such regions, we obtained SHG micrographs of
individual nano-flakes by rastering the sample in 2 pm

steps along its surface plane over a 300 pm x 300 pm area
bracketing the nano-flake under study, while monitoring
SHG at an RA-SHG peak in a fixed polarization configu-
ration. Regions ranging in thickness from 1 to 5 QLs were
easily identified in such micrographs via their character-
istic triangular shapes and abrupt increments in SHG
intensity at their boundaries.

For spectroscopic SHG, we fixed ¢ at an RA-SHG peak
for each polarization configuration (sS and sP), and the
laser focus within a uniformly thick region, then tuned
photon energy (wavelength) from 1.19eV (1040 nm) to
1.70eV (730nm). All measurements were checked for
consistency by collecting data from several regions on
the same sample, as well as from different flakes with the
same number of QLs. In addition, all spectroscopic SHG
data were normalized to reference SHG that a split-off,
equivalently-focused portion of the incident beam pro-
duced in a spectrally flat z-cut quartz wedge, to cor-
rect for variations in intensity and pulse structure dur-
ing laser tuning. Measurements using a single reference
wavelength with the incident plane at an RA-SHG peak
were used to determine relative SHG intensity between
different sample thicknesses and polarization configura-
tions.

C. Computational Methods

The QLs for our calculations were based on either
zincblende (ZB) or wurtzite (WZ) structural units with
atomic layers sequenced vertically in the order Se-In-Se-
In-Se (see Figure 1(a), left and center), but with top-
layer Se atoms shifted laterally from pure ZB or WZ lat-
tice positions to form energetically stable ground state
structures [20]. Atoms in each atomic layer of a QL
form a triangular lattice with in-plane lattice constant
a = 4.106 A (Figure 1(a), right) and R3m space group
symmetry, the same symmetry as bulk a—InsSes, in
agreement with previous calculations [20]. ZB- and WZ-
based QLs are stable at room temperature and are nearly
energetically degenerate, with a total energy difference
below 0.005eV/QL [20]. Each Se atom in the central
layer bonds vertically to a single In atom in one neigh-
boring layer, but obliquely to three In atoms in the oppo-
site neighboring layer, resulting in dissimilar Se-In inter-
layer spacings 2.55 and 1.68 A, respectively (Figure 1(a),
left). This broken centrosymmetry underlies both spon-
taneous out-of-plane electric polarization P and second-
order nonlinear optical susceptibility x® in both vari-
ants of the single QL.

To determine candidate structures for 2 QLs, we cal-
culated total energy while translating one QL over the
other along each of two horizontal basis vectors, labeled
“60°” and “30°” in Figure 1(a), right. Each translation
yielded two equivalent energy minima separated by a/7,
where 1 = v/3(2) for 60° (30°). The 2-QL structure at
the 60° energy minima retained overall R3m symmetry,
for which only four components of the second-order non-



linear susceptibility tensor x(® are non-zero and inde-
pendent:

=X = XY = XYY, X=X,
X=X, X

The corresponding structure at the 30° energy minima,
on the other hand, possessed lower symmetry, resulting
in additional non-zero X(Z) components (xzz, Txy, YT,
yyy, yzz, zyx, zxz). Single-wavelength RA-SHG mea-
surements can distinguish these symmetries, and thus
narrow the allowable range of 2-QL stacking arrange-
ments significantly. Associated with the 60° and 30°
horizontal energy minima were 3 possible vertical con-
figurations of the two single-QL P vectors, shown in Fig-
ure 1(b): down-up (DU), up-down (UD) and down-down
(DD). Energy minimization calculations [54] with respect
to the vertical translation yielded an inter-QL separation
of ~ 2.95A for both ZB and WZ, independent of hori-
zontal translation or dipole stacking, with energy differ-
ence less than 0.014 eV throughout this range, and consis-
tent with prior quantum molecular dynamics calculations
[19]. We therefore fixed the inter-QL separation at 2.95 A
throughout this work. Thus, after energy minimization,
we are left with two horizontal and three vertical (P)
configurations for both ZB and WZ, for a total of twelve
candidate 2-QL structures.

We carried out GoWy [55] calculations at the T point
to obtain self-corrected band gap values for 1 QL, 2 QLs
and bulk using the ABINIT code [56-58] using Troullier-
Martins pseudopotentials [59]. These values were then
used to adjust eigenenergies via a rigid scissors shift
for all spectroscopic calculations. We calculated the
dielectric function for bulk a—InsSes within the time-
dependent density functional theory (TDDFT) frame-
work using the DP [60, 61] code, where the independent-
particle response function was constructed using Kohn-
Sham orbitals, within the random phase approximation
including local-field effects.

For 1 QL (ZB and WZ) and each of the 12 candidate
2-QL configurations, we calculated band structure, di-
electric functions €(w) [62] and all components of x(?)
using the TINIBA code [63] within the independent-
particle density functional theory local density approx-
imation (DFT-LDA) framework [64], and normalized to
the supercell vacuum region [65]. Ab initio calcula-
tions for higher QL numbers were prohibitively expen-
sive. The application of the Coulomb cutoff to the elec-
tronic screening, and the large supercell volumes required
to eliminate spurious interactions between adjacent slabs
vastly increases the numerical burden for these types of
materials. For comparison with measured SHG spectra,
we calculated SHG radiation yield, defined by

Ri(w) = I;(2w)/I*(w) [i=sS,sP,pSorpP], (1)
from the x® tensor components and polarization-
dependent Fresnel factors using the SHGYield Python
package [66], taking into account optical properties of all

three layers of the sample (air, InsSes film, and mica sub-
strate) and the thickness of the InsSes films [67, 68]. In
Eq. (1), I(w) and I;(2w) denote fundamental and SH
light intensity, respectively, at the sample, and the sub-
script i denotes the polarization configuration. We lim-
ited this study to sS and sP because they involve a min-
imum number of x(®) components, simplifying theory-
experiment comparison. For example, for R3m symme-
try Rss depends only on x*** eliminating the need to
consider phase differences between different x() compo-
nents; likewise, Rsp depends only on x*** and x***.

Our computational procedure tends to yield spectral
features that are red-shifted from their actual values by
0.1 to 0.2eV. The most important reason for this is our
use of the GoW( gap, which slightly underestimates the
actual gap, for the scissors shift. In addition, our use
of the independent-particle approximation excludes exci-
tonic effects, which can further upshift SHG spectra [39].
Although the assumption of temperature 7' = 0 intro-
duces a slight compensating blue-shift of calculated spec-
tra from spectra measured at room temperature [69, 70],
the red-shift dominates, and must be anticipated when
comparing calculated with experimental SHG spectra.
See Supplementary Material for more details of the cal-
culations and structural analysis [46].

III. RESULTS
A. Linear Optical Results
1. Optical images

Figures 2(a) and 2(b) show white light optical images
of two a-InsSes flakes. More absorptive thicker regions
show the best contrast (e.g. 5 QL center triangle in Fig-
ure 2(b)), while 1 QL regions are barely visible (reflectiv-
ity ~ 6 % above background). For the flake in Figure 2(a)
(hereafter the ® = 0° sample), all QLs are oriented along
the same direction. For the flake in Figure 2(b) (here-
after the ® = 34° sample), the bottom QL is rotated 34°
with respect to overlying QLs.

FIG. 2. White-light microscopic optical images from few-QL
a-InzSes. Image for (a) ® = 0° and (b) 34° samples. Yellow
dotted line in (a) shows approximate edge of 1 QL sample.
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FIG. 3. Measured and calculated linear optical response: (a),
experimental transmission spectra for layered a-InsSes in the
range of 1.5eV to 4eV, for 1 to >37 QLs; (b), theoreti-
cal results for 1-3 QLs, 6 QLs and bulk. Shaded regions
around the experimental (theoretical) results represent mea-
surement uncertainty (stacking variations) for any given num-
ber of QLs. Theoretical results have a Gaussian broadening
of 0 =0.30eV.

2. Optical transmission spectra

Figure 3(a) presents measured transmission spectra for
1-5, 7, 12, 25, and >37-QL samples over an energy range
1.5eV to 3.7eV. At each photon energy, total sample
transmission was divided by that of the bare mica sub-
strate, to isolate the optical response of the nano-flake.
Shaded regions represent the standard deviation of mea-
surements taken from different spots on the same flake.

Figure 3(b) presents calculated transmission spectra
for 1-3 QLs, 6 QLs and bulk. Here, shaded regions rep-
resent the range of values calculated for the candidate
stacking arrangements while solid curves represent the
average value for each QL number. As mentioned above,
we considered 12 arrangements for 2 QLs; we also ran
select arrangements (selected at random) for 3 QLs (8
variations), 6 QLs (2 variations), and bulk (8 variations).
The narrowness of the shaded regions demonstrates the
insensitivity of optical transmission to stacking arrange-
ment. For results without GoW, correction, the discrep-
ancy with experiment is ~ 7%. For the 1 and 2 QL
results with this correction (labeled with “GW” super-
script), agreement is better than 2% and 4%, respec-
tively, across the entire range. Overall, our calculations
correctly represent the decreasing transmission observed
from 1.5eV to 3.7eV, and are consistent with previous
experimental [14] and theoretical [13, 16] results.

8. Spectroscopic ellipsometry

Figure 4 compares experimental (1.5 to 5eV) com-
plex refractive index spectra from SE with theoreti-
cal (0 to 10eV) spectra from TDDFT calculations for
bulk a-InsSes. Since calculated results for wurtzite and
zincblende bulk structures were nearly identical, Figure 4
presents an average of the two. The latter spectra include
a quasiparticle correction of 0.66 eV, obtained from an ab
initio GoW,y calculation, placing the bulk optical band
gap (at the T" point) at 1.11eV. This value is 7.5 % be-
low the measured value (1.2eV), and slightly below pre-
viously reported GoWy-corrected optical band gap val-
ues [14]. The measured n (k) differ by less than 15%
(30 %) from calculated values throughout the measured
photon energy range. The yellow region in the calculated
band structure (Figure 4, inset) highlights optical tran-
sitions around the I' point, which comprise the optical
band gap at the I point. Darkening shades of green rep-
resent transitions from increasingly separated band-pairs.
The greatest density of transitions occurs above 3.0eV.
Transitions originating on the highest, second-highest,
and third-highest valence bands and terminating on the
two lowest conduction bands are enough to describe the
important features of the optical spectra.

4. Optical band gaps

The middle column of Table I and black circles in Fig-
ure 5 present optical band gaps for 1-5 QLs and for bulk
a-IngSes. Error bars represent the standard deviation
of an ensemble of Tauc plot fittings allowed by the un-
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FIG. 4. Real (n) and imaginary (k) parts of the complex
index of refraction for bulk a-In2Ses, calculated over photon
energy range 0 to 10eV (red and dashed blue curves) and
measured from 1.5 to 5eV (black +’s and x’s). Theoretical
curves use GoWy quasiparticle correction for the band gap of
1.11eV. Inset: band structure along K - M — I' — K points
in the Brillouin zone. Theoretical results have a Gaussian
broadening of ¢ = 0.30eV.



TABLE I. Measured and calculated optical band gaps for lay-
ered and bulk a-InsSes. Measured values were obtained from
Tauc plots based on transmission data (Figure 3), theoretical
values from ab initio GoWy calculations at the I point.

Sample Experiment (eV) GoWy (eV)
1 QL 2.344 £0.232 2.241

2 QLs 2.123 £0.075 1.820

3 QLs 1.987 £ 0.014 -

4 QLs 1.960 £ 0.010 -

5 QLs 1.963 £ 0.013 -
Bulk 1.167 1.110
3 | F T
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25 é GoWo O
— o
2 e} © ®
5 o @ (]
W15
1 A8
0.5 : : : : : ro :
1 2 3 4 5 Bulk
Number of QLs

FIG. 5. Band gap values obtained from optical transmission
measurements (black circles), and from GoW, calculations
(red squares). All theoretical values were calculated at the
I' point.

certainty of near-band-edge transmission. The right col-
umn in Table I and red squares in Figure 5 show calcu-
lated gaps at the I' point for 1-2 QLs and bulk. Band
gaps decrease steadily from ~2.3eV for 1 QL down to
1.17eV for bulk. The bulk value is consistent with re-
ported experimental [5, 14, 19, 47, 48, 71-79] and theo-
retical [5, 16, 20, 72] band gaps for a-InySes. Our GoWy
bulk gap (1.11eV) is within 5% of our measured bulk
gap, while our GoWy 1 QL (2 QL) gap is within 5%
(15%) of the measured gap. The calculated band gap
for 2 QLs varied by less than 2% among the 12 candi-
date stacking configurations, and thus provided no basis
for distinguishing among them. A simple 1D quantum
confinement model, in which band gap varies inversely
with squared film thickness [14], accounts for the band
gap variations shown in Table I and Figure 5. Gap nar-
rowing with increasing thickness also emerges from our
first principle calculations [80].

B. SHG results
1. SHG micrographs

Figures 6(a) and 6(b) show scanning SHG micrographs
taken with sS polarization at photon energy (wave-
length) 1.59e¢V (780nm) for the ® = 0° and & = 34°
samples in Figures 2(a) and 2(b), respectively. Since

the mica substrate is centrosymmetric, strong SHG oc-
curs only within the non-centrosymmetric a-In,Ses nano-
flakes, resulting in strong contrast between sample and
substrate. SHG signals ~ 15x above background SHG
signals were obtained from 1 QL, far exceeding the con-
trast achievable with linear optical imaging.
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Number of QLs

FIG. 6. SHG images and data at 1.59eV (780 nm) from few-
QL a-InzSes. (a, b) Scanning SHG micrographs with sS po-
larization of ® = 0° (a) and 34° (b) samples. Yellow dotted
line in (a) shows approximate edge of 1 QL sample. Number
of QLs is labeled in each region. Angle ®: crystallographic
rotation of second from first QL; white bars: 50 pm. (c—f)
RA-SHG patterns for 1 (black +’s), 2 (red x’s) or 3 (blue
circles) QLs; (c) sS polarization for ® = 0° and (d) 34°; (e)
Rss and (i) Rsp for @ = 0°; units for theoretical curves (e,
i) are 107%? cm?/W. (g) SHG intensity (normalized to SHG
from a-quartz) vs. number of QLs for sP (black filled circles)
and sS (open red circles) polarization configurations, ® = 0°.



2. Rotational-anisotropic single-wavelength SHG

Figures 6(c) and 6(d) show polar plots of SHG intensity
vs. sample azimuthal rotation angle ¢, using sS polar-
ization with incident photons of energy 1.59eV (780 nm)
focused on 1 QL (black crosses), 2 QL (red x’s) or 3 QL
(blue circles) regions indicated by colored circles in Pan-
els 6(a) and 6(b). In Figure 6(c), SHG maxima from all 3
regions are aligned in the same direction, indicating three
commonly aligned QLs. The same was observed for most
of the 15 other nano-flakes studied. Figure 6(d) shows a
rare exception, where the maxima from the 1 QL region
are rotated ® = 34° from the maxima of the 2 QL and
3 QL regions, indicating a corresponding rotation of the
bottom QL with respect to the top two.

The commonly-oriented polar patterns in Figure 6(c)
provide evidence that most 1, 2 and 3 QL samples share
a common R3m symmetry. For this symmetry, the SHG
yield for sS polarization takes the simple form [67, 68],

Res(2w, ¢) = |A(w) sin 3¢|2, (2)

where A(w) = F(w)F(2w)x™™*, F(w) and F(2w) are
Fresnel factors. ¢ is the azimuthal angle with respect
to the x axis; ¢ = 0 corresponds to the plane of incidence
along the horizontal direction in Figure 1(a). A lower 2
QL symmetry — e.g. due to a 30° translation of layer 2
with respect to layer 1 as shown in Figure 1(a) (right) —
would have led to a more complicated polar pattern for 2
QLs. Observation of simple 6-lobed patterns enables us
to rule out the 30° translation option, thereby reducing
the number of candidate structures for 2 QL spectro-
scopic SHG calculations from 12 to 6. Figures 6(e) and
6(f) compare results between experiment and theory for
1 QL and 2 QLs for sS and sP polarizations. The the-
oretical QL structures used here were wurtzite, with 2
QLs in an outward facing dipole orientation. Rsg shows
close agreement between experiment and theory, with an
overall lobe intensity ratio difference of 15% across the
entire range of angles. On the other hand, some of the
lobes of Rsp from 1 QL are disproportionate in size, and
do not maintain the correct intensity ratio between 1 QL
and 2 QLs. There is a 45 % difference between the ex-
perimental and calculated intensity ratio of the smaller
lobes, and an 80 % difference for the larger lobes.

Lastly, Figure 6(g) shows the scaling of SHG signal
strength with thickness. SHG intensity increases nearly
10-fold from 1 to 2 QLs, then an additional 25 % from 2
to 3 QLs. SHG from 5 QLs (Figures 2(b) and 6(b), small
center triangle) is 40 % weaker than from the surrounding
3 QL region.

8. SHG spectra

Figure 7 presents spectra of SHG intensity normalized
to SHG from a-quartz for sP (Panels a and c¢) and sS
(Panels b and d) polarization configurations for ® = 0°

Norm. SHG Intensity Norm. SHG Intensity

0.0 bt I |

12 13 14 15 16 1.2 13 14 15 16

Photon Energy (eV) Photon Energy (eV)
FIG. 7. SHG spectral intensity for 1-4 QL samples of ® = 0°
(top row: (a) sP, (b) sS polarization), and ® = 34° (bot-
tom row: (c) sP, (d) sS) a—In,Ses, normalized to near-
spectrally-flat SHG intensity from a-quartz. Data for 1 QL
(black) for ® = 0° [top panels (a) and (b)] has been multi-
plied x8 for visibility.

(top row) and 34° (bottom row) samples of 1 to 4 QL
thickness. Data for 1 QL for & = 0° [top panels (a) and
(b)] has been multiplied x8 for ease of visualization. All
2-4 QL spectra exhibit a broad resonance centered near
1.4eV, but SHG is several times stronger from & = 0°
than from ® = 34° samples. For ® = 0°, sP SHG is
~ 50 % stronger than for sS polarization.

Figure 8 plots calculated SHG radiation yield spec-
tra Rsp (top row) and Rss (bottom row) for the six
candidate 2 QL configurations (® = 0°) that are consis-
tent with R3m symmetry: wurtzite (left column) and
zincblende (right column) structural units; DU (solid
red), UD (dashed blue) and DD (dot-dashed green) stack-
ing configurations, along with the calculated 1 QL spec-
tra (black solid curves) for both wurtzite and zincblende
units. Measured Rsp (top row) and Rss (bottom row)
for 1 (black + with error bars) and 2 QLs (red x with er-
ror bars), identical to curves in Figures 7(a) and 7(b) are
shown for comparison. In contrast to calculated linear
optical spectra for 2 QLs, the calculated Rsp 5 shown
in Figure 8 vary widely in spectral shape, amplitude and
polarization-dependence among the candidate structures.
Comparison of calculated with measured SHG spectra
thus provide a basis for choosing among them.

The wurtzite DU configuration (Figures 8(a) and 8(c),
solid red curves) yields the best agreement with data, in
3 respects. First, the spectral shape of the calculated
Rspss curves in the 1.0 < fiw < 1.55eV window match
corresponding data in the 1.15 < hw < 1.7eV window
well, and are red-shifted by ~ 0.2eV from them, as an-
ticipated from our use of GoWj band gaps with a rigid
scissors shift approach for the components of x(? (see
Section IIC). Secondly, this calculation correctly repro-
duces the unaltered spectral shape and modest ~ 50 %
amplitude decrease from sP to sS polarization that is
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FIG. 8. Calculated SHG radiation yield spectra Rsp (a, b) and Rss (c, d) for wurtzite (left column) and zincblende (right
column) structural units for 2 QLs with DU (solid red), UD (dashed blue) and DD (dot-dashed green) configurations. Calculated
spectra for 1 QL (solid black), and measured spectra for 1 and 2 QLs (black + and red X) are shown for comparison. Each
calculated component of x(2w) that is included in the SHG yield has a Gaussian broadening of ¢ = 0.05eV.

observed. Thirdly, the several-fold stronger calculated
SHG response from 2 QLs compared to 1 QL (Figures
8(a) and 8(b), solid black curves) matches the observed
experimental contrast.

Remaining calculated Rsp s curves match the data
more poorly in one or more of these respects. The cal-
culated R4p,ss for the zincblende DU configuration (Fig-
ures 8(b) and 8(d), solid red curves), though also con-
sistent with the observed peak position and polariza-
tion dependence, yield a narrower spectral peak than ob-
served. Calculations for the UD configuration (dashed
blue curves) yield a spectral peak that is blue-, rather
than red-shifted, from the observed peak. Finally, cal-
culations for the DD configuration (dot-dashed green)
predict a much stronger polarization-dependence in both
spectral shape and amplitude than observed. Thus anal-
ysis of SHG spectra strongly supports the DU stacking
configuration for 2 QLs, with preference for the wurtzite
structural unit.

IV. DISCUSSION

The calculated “best choice” SHG radiation yield spec-
tra Rsp and Rsg in Figures 8(a) and 8(c) (solid red
curves) are related to the underlying band structure, lin-
ear dielectric function €(w) and second-order suscepti-
bility components x***, x*** of the 2 QL layer with
wurtzite DU structure. Figure 9(a) presents the band
structure for this 2 QL configuration along the high sym-

metry K - M — I' — K points in the Brillouin zone.
Vertical red and blue arrows show concentrations of di-
rect two-photon transitions at energies 2.3 and 2.7eV,
respectively, between the two highest (strongly-split) va-
lence bands and the two lowest (nearly-degenerate) con-
duction bands. The highest projected density of states
(PDOS) within the two-photon energy range probed by
our SHG measurements occurs at these two energies, as
can be seen in Figure 9(b). Moreover, the inner Selenium
atoms, Se(A2), Se(A3), Se(B1), and Se(B2) dominate the
two-photon transitions, with a smaller contribution from
the inner Indium atoms, In(A2) and In(B1). The PDOS
for all of the atoms is dominated by p states with a less
than 5 % contribution from d states, and negligible contri-
bution from f states. Consequently, two peaks in |x3%7|,
plotted as a solid red curve in Figure 9(c), and high-
lighted by red and blue regions beneath it, appear at
these two-photon transition energies. They mirror peaks
at the same energies in the calculated Rsp and Rgg in
Figures 8(a) and 8(c) (solid red curves). On the other
hand, no peaks occur at the corresponding one-photon
transitions (1.15 and 1.35eV), as the featureless plot of
[xZ**| (dashed red curve, Figure 9(c)) shows. Thus the
main peak observed in the SHG spectra (Figures 7(a),
7(b), 8(a), and 8(c)) consists of two neighboring peaks,
each comprised purely of two-photon transitions.

Black curves in Figure 9(c) show the imaginary part
of the in-plane component Im[e**] of the dielectric func-
tion evaluated at w (dashed) and 2w (solid). Im[e**(w)]
enters into Fresnel factors which, together with x*** and
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contributions, and Im[e®®] spectra (black), evaluated at w (dashed) and 2w (solid). All spectra are broadened with Gaussian

width o = 0.05¢eV.

% determine SHG radiation yields Rsp and Rgg.
Im[e**(w)] begins to rise, signifying onset of absorption,
at hw =~ 1.8eV, i.e. at the GoW) optical band gap at
T for 2 QLs (see Table I). Peaks in Im[e®*(w/2)] (solid
black curve) due to one-photon inter-band transitions at
2.3 and 2.7eV are evident, but much less prominent,
than the corresponding two-photon peaks at these en-
ergies in |x52*|. Moreover, a band-edge peak at 0.9eV
with no counterpart in the [X32%| spectrum appears.
These differences in oscillator strength are attributable
to dipole selection rules near high-symmetry points such
as I' that favor either odd-parity one-photon or even-
parity two-photon transitions while suppressing the other
[81]. Thus, although Im[e*®(w/2)] and x3%* share some
common spectral features, they differ markedly in overall
spectral shape.

An important motivation behind SHG studies of thin-
film ferroelectrics, stated in the Introduction, is to probe
the net built-in polarization P, which breaks inversion
symmetry, and contributes to x(?. Yet the intuitive re-
lationship between P and x(?) is not transparent from re-
sults presented so far. Specifically, our calculations show
that 1 QL has a nonzero out-of-plane polarization com-
ponent P,, whereas the P,’s of the two QLs comprising
the wurtzite DU structure point in opposite directions,
and thus tend to cancel. Nevertheless, Rsp and Rsg are
nearly 10x stronger for 2 QLs than for 1 QL (see Fig-
ure 7). Moreover, the macroscopic electric polarization
that takes place on the medium under incidence of the
optical field is directly related to the nonlinear suscep-
tibility x(?), whose electronic origin in turn comes from
interband two- and one-photon transitions, as shown in
Figure 9. For instance, in Panel 9(c), we show x&=*
and xZ " spectra corresponding to two- and one-photon
contributions, respectively. Overall, we see that x55* is
larger than x**. The orange and blue regions are shown

to indicate that peak structures at 1.15eV and 1.35eV
have contributions coming mainly from two-photon tran-
sitions. As shown in Panel 9(a), in the former case, such
transitions take place around the I' point; while, in the
latter case, most of the transitions occur along the M-IT"
wave vector path with a few of them taking place closer
to the M and I" points along the K—M and the I'-K paths.

To see the connection between P and x(® transpar-
ently, we must consider calculated spectra of all four
independent, nonzero x? tensor components for both
1 QL and the wurtzite DU 2-QL structure, plotted in
Figures 10(a)-10(d). Of these, x*** is most directly
connected, and thus most sensitive, to centrosymmetry
breaking along the z-axis, e.g. from P,, and also has
the largest amplitude [5, 16]. We see from Figure 10(d)
that the amplitude |x***| for 1 QL is approximately 2x
larger than for 2 QLs through most of the spectral range
shown. This mirrors the intuitive picture of uncompen-
sated P, for 1 QL and canceling P,’s for 2 QLs. x?*??,
however, contributes only to R,p, and thus does not im-
press this simple relationship to P, on SHG intensity in
the Rsp and Rsg configurations considered here. This
does not necessarily imply that R,p will mirror the in-
tuitive dependence on P, as clearly as x*??. This will
depend on the Fresnel factors and relative phases of x**#
[Figure 10(b)] and x*** [Figure 10(c)], which also con-
tribute to Rpp. For the latter two components, the 1
QL/2 QL amplitude ratio is smaller and more frequency-
dependent than for y**#*. This example illustrates that
observation of stronger SHG intensity does not automat-
ically signify stronger net ferroelectric polarization when
probing thin ferroelectric films. Rather, the relationship
between R; and net P depends on polarization configu-
ration and wavelength of the SHG probe, and the direc-
tion of P. When multiple x(?) tensor components con-
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FIG. 10. Calculated spectra of the four independent com-
ponents of x(2w) for 1 QL (black) and 2 QLs (red) (a)—(d).
Each includes a rigid scissors correction of 1.24eV (1 QL) or
1.01eV (2 QLs), yielding GoWy band gaps (at the I' point)
of 2.24eV for 1 QL and 1.82eV for 2 QLs. All curves shown
in (a)—(d) are broadened with a Gaussian of o = 0.05eV.

tribute to R;, their relative phases, Fresnel factors, and
spectra must also be taken into account. RA-SHG mea-
surements for all four polarization configurations show
similar intensities (see Supplementary Material [46]), in-
dicating that the relative phases between components are
non-zero. These phase differences could be extracted via
an interference-based SHG measurement between the SH
field generated from the a-InySes films and a reference
source at the same wavelength. Quantitative understand-
ing of the relationship between ferroelectric P and SHG
intensity thus requires the full spectroscopic analysis pre-
sented here.

V. CONCLUSION

We carried out a comprehensive suite of spectroscopic
measurements of the linear and second-order nonlinear
optical properties of vapor-deposited a-InsSes films as
thin as 1 QL and as thick as bulk material. We then car-
ried out ab initio calculations to link thickness-dependent
optical properties quantitatively to crystalline and elec-
tronic structure. Energy minimization alone identified
2 energetically degenerate single-QL structures based on
zincblende (ZB) or wurtzite (WZ) units, and 6 nearly de-
generate 2-QL stacking configurations, for a total of 12
candidate 2-QL structures. We then carried out GoWj
calculations of the self-corrected band gap values, cou-
pled with DFT-LDA calculations of the dielectric func-
tion €(w) for 1 QL to bulk, and of all components of x ()
for 1 QL and for each of the 12 candidate 2-QL structures.
After scissors corrections, calculated band gaps and lin-
ear dielectric functions for 1 QL to bulk agreed well with
both present and past measurements, but did not dis-
criminate among the 12 candidate 2-QL configurations,
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all of which yielded similar calculated linear optical prop-
erties. Comparison of calculated and measured SHG, on
the other hand, effectively discriminated among them.
Single-wavelength, rotational-anisotropic (RA) SHG, by
confirming R3m symmetry of 2 QL layers, ruled out half
of the candidate stacking configurations. SHG spectra
then strongly supported the “down-up (DU)” stacking
configuration, i.e. 2 QLs of WZ structure with opposing,
outward-pointing electric polarizations.

This work has also demonstrated three important ways
in which SHG complements conventional linear spec-
troscopy in characterizing thin ferroelectric films. First,
SHG proved uniquely sensitive to relative rotations of in-
dividual QLs away from their minimum energy orienta-
tions, a feature that can be useful in characterizing Moiré
superlattices [82]. Second, SHG scanning microscopy
yielded much higher-contrast images of single QLs than
conventional white light microscopy, by taking advantage
of the contrast between the film’s non-centrosymmetry
and the mica substrate’s centrosymmetry. Third, SHG
is uniquely sensitive to ferroelectric polarization P in lay-
ers as thin as 1 QL. This relationship is not, however, a
simple proportionality between SHG intensity and net
P, but rather a subtle relationship that depends on the
polarization and wavelength of the SHG probe, and the
orientation and internal structure of the polarization.

Lastly, the present experimental/theoretical study of
the optical spectra of a-InsSes could also be applied
to many other ultrathin 2D materials; it has numerous
applications and advantages: (1) SHG spectroscopy is
a non-invasive optical probe capable of elucidating im-
portant structural features of ferroelectric materials [33]
without having to add electrodes, disturbing the mate-
rial, or needing to design and fabricate complex opto-
electronic testing devices. (2) The theoretical SHG spec-
tra provides insight into electronic and atomic structure
that are not available from other methods (for exam-
ple, TEM), and can predict which structural variation
or polytype is predominant in the synthesized samples.
(3) The application of well-established ab-initio theoreti-
cal methods such as DET-LDA, TDDFT, and GoWj can
have considerable synergy with experiment, particularly
when both intrinsic (e(w), x(2w)) and extrinsic (trans-
mission, SHG radiation) properties can be calculated.
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