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In-plane anisotropic third-harmonic
generation from germanium
arsenide thin flakes

Huseyin Sar, Jie Gao™ & Xiaodong Yang™*

A newly introduced two-dimensional (2D) layered germanium arsenide (GeAs) has attracted growing
interest due to its promising highly in-plane anisotropic crystal structure and electronic properties

for photonic and optoelectronic applications. The potential of 2D layered GeAs for many applications
such as anisotropic photodetection, electronics, superconductivity and thermoelectricity is being
investigated in recent studies. However, the intrinsic nonlinear optical properties of 2D layered GeAs
have not been explored yet. Here, thickness- and incident polarization-dependent in-plane anisotropic
third-harmonic generation (THG) from the mechanically exfoliated thin GeAs flakes is reported.
Furthermore, the effect of the flake thickness on the THG conversion efficiency is shown to find the
optimal thickness range for high conversion efficiency. The polarization state of the emitted THG
signal is also analyzed by measuring the Stokes parameters with different polarization states of the
pump beam to demonstrate the capability of controlling the intensity and polarization of TH emission.
Our results will create new opportunities for advancing anisotropic optical devices used for future
photonic integration, optical communication and optical information processing.

Nonlinear optical materials play a progressively significant role on the development of important photonic
devices, for example, ultrafast lasers!, soliton generators?, optical modulators® and optical multiplexers*, which
are extensively used in many applications of medicine, industry, communication and imaging*®. Although the tra-
ditional bulk nonlinear optical materials such as beta barium borate ($-BaB,0,)® and lithium niobite (LiNbO;)*
have been widely used, these materials are greatly limited by low conversion efficiency, low nonlinear optical
susceptibility and bulky crystal size. It is crucially important to search for nonlinear optical materials with both
high conversion efficiency and compact crystal size, which can be integrated into the future nanoscale photonic
and quantum chips’~°. Within this scope, 2D materials have been the most promising candidates to fulfill these
demands!’. The emerging 2D layered materials are currently at the center of intensive research efforts owing to
their superior physical properties such as high carrier mobility''2, broadband optical response'?, large Young’s
modulus'*'® and high thermal conductivity'®. In addition, the broad optical spectral range covered by 2D mate-
rials make them very promising for photonic and optoelectronic applications'”. Besides the linear optical prop-
erties, 2D materials exhibit strong optical nonlinearities which endows them as promising nonlinear optical
materials'®'®!® which have been used for saturable absorption (SA)*, second-harmonic generation (SHG)?,
THG?*>?, self-phase modulation®*?’, nonlinear Kerr effect’®?” and four-wave mixing (FWM)?. Beyond gra-
phene, 2D transition metal dichalcogenides (TMDs) such as MoS,2"*7! and WSe,?>**, hexagonal boron nitride
(h-BN)?, and other kinds of materials such as ReS,***> and GaSe*® have shown strong SHG and THG responses.

Furthermore, the in-plane anisotropy in 2D materials due to the reduced crystal symmetry is envisioned as
another degree of freedom to manipulate the electrical, optical, thermal or mechanical properties. Several kinds
of 2D materials with highly in-plane anisotropy such as black phosphorus (BP)¥, GeSe’, ReS,* and SnSe,* have
attracted growing attention. The combination of highly in-plane optical anisotropy and other physical properties
coming from the layered nature of 2D materials provides new opportunities for making novel photonic devices
in unique applications such as polarization sensitive photodetectors***}, polarization sensors*, digital inverters*
and anisotropic memorizers*. As a widely studied anisotropic 2D materials, BP exhibits highly anisotropic
nonlinear optical properties in the third-order nonlinear processes of THG*, SA* and FWM!'?, but the lack
of sufficient stability in ambient conditions further limits its potential for practical applications*’. Therefore,
different types of low-symmetry 2D materials with high in-plane anisotropic nonlinear optical properties and
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high ambient stability are being explored. In that context, a layered group-IV monochalcogenide of germanium
selenide (GeSe), which is stable under ambient conditions, has been recently studied to show strong aniso-
tropic nonlinear optical response in THG process with high conversion efficiency due to the low in-plane lattice
symmetry*®. GeSe has an orthorhombic crystal structure belonging to the Pnma space group with the puckered
honeycomb lattice similar to the crystal structure of BP*. It is known that the nonlinear optical properties of
materials are highly sensitive to the crystal structures and lattice symmetries®”!. Within this framework, unlike
BP and GeSe, one layered group IV-V semiconductor of germanium arsenide (GeAs)*?, which exhibits a mono-
clinic crystal structure belonging to the C2/m space group and is ambient stable, can be considered to show high
in-plane anisotropic nonlinear responses. Recently, 2D GeAs has attracted increasing interest with its promising
highly in-plane anisotropic crystal structure® and high carrier mobility** for applications in photodetection,
superconductivity and thermoelectricity®*~’. However, the intrinsic nonlinear optical properties of 2D layered
GeAs have not been investigated yet.

In this work, we demonstrate the strong in-plane anisotropic THG in exfoliated GeAs flakes with different
thicknesses. It is shown that the third-order nonlinear optical response is highly anisotropic with respect to the
incident linear polarization of pump beam according to both theoretical and experimental analysis. The effect
of the flake thickness on the THG conversion efficiency is also investigated and an optimal thickness range of
40-120 nm for achieving high conversion efficiency is revealed. In addition, the anisotropy ratio for the GeAs
flakes with different thicknesses is determined from the polarization-dependent THG measurements. Moreover,
the polarization state of the emitted THG signal is also analyzed by measuring the Stokes parameters for linearly
and elliptically polarized incident pump beam. It is shown that the intensity and polarization state of THG signal
can be manipulated by changing the incident polarization of pump beam. Our results will provide new oppor-
tunities for building anisotropic nonlinear optical devices used for future photonic integrated circuits, optical
communication and optical information processing.

Results

Crystal orientation determination of exfoliated GeAs flakes. The top view and side view of the lay-
ered GeAs crystal structure are illustrated in Fig. 1a. GeAs has a monoclinic crystal structure in the space group
of C2/m (No. 12)*. The lattice of GeAs resembles that of GaTe with lattice parameters a=3.833 A, b=8.453 A,
and ¢=9.902 A. The multilayer structure of this monoclinic crystal is formed by the stacked induvial layers along
the c-axis by van der Waals forces, and the in-plane armchair and zigzag directions correspond to the a-axis and
b-axis, respectively. This type of edge termination, corresponding to the formation of two different Ge-Ge bonds
on different lattice directions, indicates the strong in-plane anisotropy nature of GeAs crystal®. The reflection
microscopy image of one exfoliated 2D GeAs flake on quartz substrate is shown in Fig. 1b, where the x and y axes
are assigned as the armchair and zigzag directions, respectively.

The surface flatness and thickness of the exfoliated GeAs flake are evaluated by the atomic force microscopy
(AFM) measurement, and the flake thickness is extracted as approximately 11 nm from the height profile shown
in Fig. 1c. To analyze the lattice structure of GeAs crystal, high-resolution transmission electron microscopy
(HRTEM) and selected-area electron diffraction (SAED) measurements are performed on the transferred GeAs
flake onto the Cu grid. The HRTEM image in Fig. 1d clearly shows the atoms as clear bright dots. The lattice
spacing along [004] planes of 3.335 A and an intersection angle of 87° between [004] and [220] planes are dem-
onstrated in the HRTEM image. Figure le is the corresponding SAED pattern of HRTEM image and indicates
a spot pattern which is consistent with a high-quality monoclinic structured single crystal of GeAs. The typical
optical spectrum of THG signal measured with a spectrometer is plotted in Fig. 1f. As expected, the peak center
of THG signal at 520 nm is exactly one-third of the pump wavelength at 1,560 nm. The THG process is confirmed
by the measured TH emission power depending on the incident pump power, in which the experimental data
is well fitted by the cubic power law with a slope of 2.98 £ 0.10, as shown in Fig. 1g.

The angle-resolved polarized Raman spectroscopy is a powerful technique commonly used to determine
the crystal orientations®>**-!. Here, the angle-resolved polarized Raman spectroscopy in both parallel and per-
pendicular configurations is performed on the exfoliated GeAs flakes to label the crystal’s armchair and zigzag
directions with the aid of HRTEM and SEAD measurements.

In the parallel and perpendicular configurations, the direction of linear polarization analyzer is set to be
parallel and perpendicular to the excitation linear polarization direction, respectively. The GeAs flakes are fixed
along x and y axes as shown in Fig. 1b. The linear polarization angle of the excitation beam from a 632.8 nm
He-Ne laser is clockwise rotated around the z-axis from 0° (x-axis shown in Fig. 1b) to 360° with a step of 10°
by using a half-wave plate. Figure 2a,b depicts the Raman spectra and the corresponding contour maps of the
129 nm-thick GeAs flake as a function of the linear polarization angle of the excitation beam under the parallel
and perpendicular configurations. It is shown that some Raman active modes are observable in both configura-
tions, but some others are available in only one configuration. Nine Raman active modes of the 2D GeAs flake
are observed 1nclud1ng eight A, modes and one B; mode®. The A, modes are at 94, 105, 147, 174, 271, 276, 283
and 308 cm™! which are assigned as A! to A8 respectlvely, while the B mode is at 257 cm™ which is assigned as
B! It is evident that the Raman mode intensities vary in a specific perlod with respect to the linear polarization
angle of the excitation beam, with the Raman mode frequencies are almost unchanged. In order to further resolve
of the Raman mode variation for the 129 nm-thick GeAs flake in detail, the polar plots of the four strongest
Raman modes measured under parallel conﬁguratlon (Fig. 2c—f for A2, A4 A6 and Bg) and perpendicular con-
figuration (Fig. 2g—j for A2 o A3 A6 and B} ) are depicted. The Raman intensities of Ag modes show high anisotropy
with a period of 180°. For the parallel conﬁguratlon the A3 and AS modes reach the maximum intensities at 0°
and 180°. In addition, the Ag mode has a secondary maximum at 90° and 270°. On the other hand, the Ag mode
shows a relatively weaker anisotropy with the maximum intensity at 90° and 270°. Unlike the A, modes, the B, !
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Figure 1. (a) Schematic representation of the top view and side view of the crystal structure of 2D layered
GeAs. (b) Reflection microscopy image of the exfoliated GeAs flake. x- and y-axis in the inset mark the
reference axes. (c) AFM image of the GeAs flake with the line profile showing the flake thickness of about

11 nm and the atomic smoothness. (d) HRTEM image of the GeAs flake. (e) Corresponding SAED pattern. (f)
Optical spectrum of THG signal with a central wavelength of 520 nm, which is exactly one-third of the pump
wavelength at 1,560 nm. (g) TH emission power as a function of the incident pump power.

mode exhibits a four-fold anisotropy with a period of 90°, having the maximum intensities along 45° and 135°.
The scenario for the perpendicular configuration is slightly different, where the A2, A3 and AS modes have the
maximum intensities at 45° and 225° with a secondary maximum at 135° and 315°. The maximum intensity for
the B! mode occurs with a four-fold anisotropy along 0° and 90°. Furthermore, to reveal the effect of the flake
thickness on the anisotropy or crystal orientation, the Raman intensity variation of a 11 nm-thick GeAs flake
under parallel configuration is also characterized (Fig. 2k-n for Ag, A4, Ag and B). Tt is found that the anisotropy
pattern of the same Raman mode is almost unchanged for this realfy thin GeAs flake. Next, the experimental
data is correlated with the theoretical Raman intensity functions for Ag and B, modes. Considering R as the
Raman tensor of Ag and Bg modes and g; and g; as the unit polarization vectors of the incident and scattered

light, the Raman intensity can be defined as I(j) = ‘gi . i(]) gl
intensity of the A, modes in parallel and perpendicular configurations can be expressed as,

where j is the mode number*. The Raman
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Figure 2. Angle-resolved polarized Raman spectra and the corresponding contour maps of the 129-nm

thick GeAs flake acquired in (a) parallel and (b) perpendicular configurations. (c-f) Polar plots of the Raman
intensities of A2 (147 cm™!), Ag (174 cm™?), Ag (276 cm™!)and B} 5257 cm™!) modes in parallel conﬁguratlon
for the 129-nm thick GeAs flake. (g-j) Polar plots for AZ (105 cmfg), A?(147 cm™'), A%(276 cm™!)and

B! (257 cm™!) modes in perpendicular configuration for the 129-nm thick GeAs flake. fk—n) Polar plots for A3,
A‘gl AS and B! modes in parallel configuration for the 11 nm-thick GeAs flake. Blue dots are the experlmental
data and red solid curves are the fitted data with Eq. (1)-(4).
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11(4g) o (cos(0) + 7 - sin(9) - cos (<z>,,b))2 + sin*(0) - cos? (dap) (1)
I*(4g) o {(cosz(e) - %)2 + sin? (¢ah)} - sin2(9) - cos? (bup) @)

The Raman intensity of the B, modes in parallel and perpendicular configurations are,

1! (Bg) o |e|? - sin?(0) - cos*(6) (3)

I*(By) o €* - cos*(20) (4)

where a, b, and e are the constants of the Raman tensor, 0 the linear polarization angle with respect to the crystal
axis, and ¢, represents the phase difference between a and b. It shows a good agreement between the experimen-
tal data (blue dots) and the fitted Raman intensity curves (red solid curves). Moreover, the anisotropy patterns of
all Raman modes in both parallel and perpendicular configurations are consistent with the literature®462. Hence,
it is verified that x-axis (0°) and y-axis (90°) are identified as the armchair and zigzag orientations, respectively.

Thickness-dependent in-plane anisotropic THG in exfoliated GeAs flakes.  The strong anisotropic
linear optical response of 2D GeAs foreshadows a similar anisotropic nonlinear response®**®. The expected ani-
sotropic nonlinear responses of the GeAs flakes with various thicknesses are characterized by THG measure-
ments. The linearly polarized pump beam at 1,560 nm with a spot size of 2.5 um is used to excite the GeAs
flake. A half-wave plate is placed before the sample and a linear polarization analyzer is placed in front of the
spectrometer to extract the polarization dependence of the TH emission. The analyzer is fixed at either 0° or 90°
for measuring the x and y components of TH emission while a half-wave plate is rotated in 5° steps to change
the linear polarization angle of the pump beam. The analytic expression of the emitted THG signal is derived
by using the third-order nonlinear susceptibility tensor of the monoclinic GeAs crystal. The linearly polarized
pump beam with the fundamental frequency w can be defined as E = |E|f where 7 = X cos 6 + J sin 6, where 6
is the polarization angle relative to the armchair (x-axis) direction of the crystal.

Knowing the monoclinic crystal structure of GeAs crystal with the space group of C2/m, the third-order
nonlinear susceptibility tensor x;,, can be written as follows®:

@ xit 0 x13 0 x5 x16 X17 x18 0 O
Xim = | 0 X2 0 x24 0 0 0 0 x29 X20 (5)
x31 0 x33 0 x35 x36 x37 x38 0 O

where i equals to 1, 2, 3 which refers to x, y, z, respectively, and m implies a combination of the three components
as follows:

jkl  xxx yyy zzz yzz yyz X2z XXZ XYY XXy XYZ ©6)
m 1 2 3 4 5 6 7 8 9 0

Since, the excitation plane is the x — y plane, the components with z term can be set to zero. Hence, there will
be only four non-zero terms left which results in the following TH electric field components:

2 (X11 cos® 6 + 315 cos O sin? 0)
EG®) — Ey(3w) x goE (X22 sin3 @ + 3x29 sin @ cos? 9) )
ES 0

Then the generated TH intensity can be written as:

189 = (B2 o (x11 cos® 0 + 315 cos @ sin’ 9)2
(8)
Iy(3“’> = (Ef“’))2 I (X22 sin® 6 + 329 sin 6 cos? 9)2

According to Eq. (7), the TH emission is also linearly polarized and the polarization angle is calculated as:

X22 sin® @ + 329 sin 6 cos? 6 ) ©)

(% = tan"!
e (Xu cos3 0 + 315 cos O sin? 0

Figure 3a-g displays the angular dependence of the TH intensity on the incident linear polarization angle rela-
tive to the x-axis (armchair direction) for seven GeAs flakes with the thicknesses of 11 nm, 28 nm, 49 nm, 71 nm,
119 nm, 129 nm and 155 nm, showing the expected strong anisotropic nonlinear optical responses. The black

. P 3} Bw .
squares and red circles represent the measured x and y components of TH emission I,™ and I;”, respectively,
while the blue triangles correspond to the measured total TH emission 3¢, The maximum TH emission occurs
as the incident linear polarization aligns to the x-axis (armchair direction) and the minimum TH emission is
observed along the y-axis (zigzag direction). Furthermore, the solid curves in Fig. 3a-g are the fitted curves to
the experimental data using Eq. (8), which indicates the good consistency between the theoretical fitting and
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Figure 3. (a-g) Angular dependence of the THG intensity on the incident linear polarization for seven GeAs
flakes with the thicknesses of 11 nm, 28 nm, 49 nm, 71 nm, 119 nm, 129 nm and 155 nm. Black squares, red
circles and blue triangles refer to the measured x-component, y-component and total intensity of THG signal,
respectively. Solid curves represent the corresponding theoretical fittings. (h) Evolution of the measured
anisotropy ratio and THG conversion efficiency as a function of the flake thickness under the pump irradiance
of 8.4 GW/cm?.

the measured data. The observed anisotropy pattern is valid for the TH emission from all the GeAs flakes with
different thicknesses. The I and I)(,3w) components of TH emission exhibit a two-fold polarization-dependent
pattern for all the GeAs flakes. The TH anisotropy ratio is quantized as the ratio of the maximum TH intensity
to the minimum one as |13 |0, /18| pin. Figure 3h plots the measured TH anisotropy ratio and THG con-
version efficiency as a function of the flake thickness, and the corresponding values are also listed in Table 1.

The anisotropy ratio of the THG in GeAs flakes varies from 3.35 to 4.30 for most flakes except for the 28 nm-
thick flake with a higher ratio of 5.93. Such variations in nonlinear optical properties can be addressed to the
introduced deformation or defects in the crystal lattice during the mechanical exfoliation process, which have
also been observed previously for different kinds of nonlinear optical materials*”**. The relative magnitudes of
the xi(n? tensor components are estimated from the fitted curves using Eq. (8) and listed in Table 1. As expected,
the estimated anisotropy between the components of Xi:; tensor is consistent with the measured anisotropy ratio
of TH emission. The THG conversion efficiency is measured with an average pump power of 1.5mW, which
corresponds to an irradiance of 8.4 GW/cm? The THG conversion efficiency increases from 6.25 x 1071 to
11.02 x 10~ '%as the flake thickness changes from 11 to 119 nm and then slightly decreases for thicker flakes. The
optimal flake thickness range in terms of high THG conversion efficiency lies between 40 and 120 nm.
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GeAs flake | Thickness (nm) | x11 | X18 | X22 | X209 | TH anisotropy ratio | Conversion efficiency (x 107'%)
#1 11 1.00 |0.17 |0.49 |0.20 |3.96 6.25
#2 29 1.00 |0.16 |0.39 |0.18 |593 8.35
#3 49 1.00 |0.26 |0.49 |0.18 |3.99 10.40
#4 71 1.00 | 0.17 |0.49 |0.20 |3.84 10.70
#5 119 1.00 |0.24 |0.50 |0.20 |3.93 11.02
#6 129 1.00 |0.22 |0.47 |0.18 |4.30 10.53
#7 156 1.00 |0.22 |0.54 |0.20 |3.35 9.64

Table 1. Comparison of the estimated relative magnitudes of the xi(n? tensor components, the measured
TH anisotropy ratio, and the measured THG conversion efficiency between the GeAs flakes with different
thicknesses.

Furthermore, the observed THG properties from the monoclinic GeAs flakes are compared with those meas-
ured from the orthorhombic GeSe flakes*. The anisotropy ratios of THG in the orthorhombic GeSe flakes with
the thicknesses of 93 nm and 163 nm are 2.77 and 4.37, respectively. That indicates the monoclinic GeAs flake
with a similar thickness generally has a higher anisotropy ratio in the THG process. In addition, the THG con-
version efficiency of the orthorhombic GeSe flake is in the range of 0.30 — 2.70 x 10~? for the thickness from
10 to 100 nm at 1 mW average pump power, but the monoclinic GeAs flake exhibits a lower THG conversion
efficiency in the range of 0.20 — 0.35 x 10~ for the thickness from 11 to 120 nm at the same pump power. It is
shown that the different crystal structures and lattice symmetries of 2D GeAs and GeSe have strong effects on
the in-plane anisotropic nonlinear optical responses.

Polarization state analysis of TH emission from the exfoliated GeAs flake. The polarization state
of the emitted THG signal gives information on various aspects such as the spatial anisotropy of the crystal.
Here, the polarization ellipticity errH¢ and polarization orientation 67rg of TH emission with respect to the
pump polarization orientation 6 for the 129 nm-thick GeAs flake is analyzed by measuring the Stokes parameters
of TH emission as:

2 2
S0 =109 (0%) + 109 (90°) = [EC|" + || (10)
(Bw) (no (Bw) o (Bw) 2 (Bw) 2
S1=109(0°) =109 (90%) = |E”|" - B (11)
§ = 109 (45°) — 199 (135°) = 2Re{ EC” B } (12)
8 = Iy + 1587 = —2im{ BV B } (13)

where RCP and LCP refer to right- and left-handed circularly polarized light. Then the polarization ellipticity
% -1 g—f])and OrrG = %tan’1 %, respectively.
The dependence of the polarization orientation 67y of TH emission on the pump polarization orientation
rotated from 0° to 90° is shown in Fig. 4a. The measured 07y (black squares) is consistent with the theoretical
prediction (red solid curve) from Eq. (9). Furthermore, the ellipticity e7rG of TH emission with respect to the
polarization orientation of pump beam is presented in Fig. 4b, which is almost zero for any incident linear
polarization indicating the linearly polarized TH emission. In addition, the evolution of the output TH intensity
and ellipticity is also investigated under the elliptically polarized pump beam. The analytic expression for the
TH emission is derived in a similar way as the case of linearly polarized pump beam.

The elliptically polarized electric field of the pump beam with the major axis of the polarization ellipse ori-
ented along the x-axis (armchair direction) can be defined as E = |E|p4. where p+ = X cos ¢ = i sin ¢ with ¢
being the ellipticity angle and the ellipticity calculated as & = tan ¢. Then the TH electric field can be written as,

and polarization orientation can be expressed as e7gg = tan ( 5 sin

EG® (Xll cos® ¢ — 315 cos ¢ sin® go)fc + i(—xzz sin® ¢ + 329 sin ¢ cos? go)j/ (14)
The TH intensity is then written as,
189 o¢ (311 cos® ¢ — 315 cos ¢ sin® <p)2 + (=x22sin’ ¢ + 3329 sin ¢ cos’ <p)2 (15)

Equation (14) indicates that the TH emission is elliptically polarized and the polarization ellipse has the
same orientation as the pump beam. The ellipticity ety of TH emission is associated with the ellipticity & of
pump beam by,
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function of the pump ellipticity. (d) Variation of the TH ellipticity as a function of the pump ellipticity.

— X226 + 3208

(16)
X11 — 3x18€2

ETHG =

The elliptical polarization of pump beam is specified by a rotating quarter-wave plate (QWP) placed before
the sample while setting the incident linear polarization along the x-axis (armchair direction). The ellipticity &
of the input pump beam is gradually tuned from — 1 (RCP) to+ 1 (LCP) by rotating the angle of the QWP fast
axis (¢) with respect to the x-axis. Figure 4c plots the variation of TH intensity as a function of the ellipticity of
pump beam. The TH intensity is maximum for ¢ = 0 which refers to the linearly polarized pump beam along
the armchair direction of GeAs crystal. Moreover, the TH intensity decreases to almost zero as the pump beam
polarization is changed from linear to circular polarization with ¢ tuned from 0 to 1 or — 1. Figure 4d plots the
ellipticity et of TH emission obtained from the measured Stoke parameters as a function of the pump ellipticity
&, which is consistent with the theoretical prediction from Eq. (16).

Discussion

In summary, we have observed strong in-plane anisotropic THG in exfoliated GeAs flakes with different thick-
nesses. The angle-resolved polarized Raman spectroscopy and HRTEM measurements are used to determine
the armchair and zigzag orientations of the GeAs crystal. Highly anisotropic third-order nonlinear optical
response with respect to the incident linear polarization of pump beam has been demonstrated by correlating
the experimental data with the theoretical prediction. The dependence of THG conversion efficiency on the flake
thickness is explored to reveal the optimal thickness range for high conversion efficiency. The TH anisotropy
ratio for the GeAs flakes is also measured and the averaged anisotropy ratio around 4 is obtained. In addition, the
components of anisotropic third-order nonlinear susceptibility tensor of the GeAs flakes are also estimated from
the experimental data. Furthermore, the polarization state analysis of TH emission is performed for linearly and
elliptically polarized incident pump beam, showing that the intensity and polarization state of TH emission can
be manipulated by the incident polarization of pump beam. These first results on the nonlinear optical proper-
ties of the newly introduced layered group IV-V compound GeAs will shed light on future nonlinear photonic
applications in photonic and quantum chips, optical communication and optical information processing.

Methods

Sample preparation. 2D GeAs flakes are mechanically exfoliated from a bulk GeAs single crystal (2D
Semiconductors) using typical scotch tape method onto the pre-cleaned quartz substrate. Before the transfer
of the exfoliated GeAs flakes, the quartz substrate is sonicated in acetone, isopropanol alcohol and deionized
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water, respectively. For the HRTEM measurement, thin GeAs flakes are transferred on the Cu grid with a poly-
dimethylsiloxane (PDMS) film.

Optical setup. Thelinearly polarized laser beam at 1560 nm (Calmer fiber laser, pulse width 90 fs, repetition
rate 80 MHz) is prepared by a linear polarizer and a half-wave plate, and then focused on the GeAs flake by a
20 x objective lens with NA =0.40. The TH emission is collected by a 50 x objective with NA =0.42, transmitted
through a shortpass filter to block the pump beam, and coupled into a spectrometer (Horiba, iHR520). For pre-
paring the elliptically-polarized pump beam, instead of the half-wave plate, a quarter-wave plate is rotated before
the GeAs flake. For measuring the Stokes parameters of the TH emission, another set of a quarter-wave plate
and a linear polarizer was mounted before the spectrometer. For the angle-resolved polarized Raman spectrum
measurements, a 632.8 nm He-Ne laser beam is transmitted through a linear polarizer and a half-wave plate,
then focused on the GeAs flake by a 60 x objective lens with NA = 0.85. The back-reflected Raman signal is passed
through a Rayleigh rejection filter (Semrock, LP02-633RE-25) and collected into the spectrometer. The parallel
and perpendicular polarization components of the Raman spectrum are measured by using linear polarization
analyzer just before the spectrometer.

Received: 4 July 2020; Accepted: 29 July 2020
Published online: 31 August 2020

References
1. Keller, U. Recent developments in compact ultrafast lasers. Nature 424, 831-838 (2003).
2. Garmire, E. Nonlinear optics in daily life. Opt. Express 21, 30532-30544 (2013).
3. Wooten, E. L. et al. A review of lithium niobate modulators for fiber-optic communications systems. IEEE J. Sel. Top. Quant. 6,
69-82 (2000).
4. Bussiéres, F. et al. Prospective applications of optical quantum memories. J. Mod. Opt. 60, 1519-1537 (2013).
. Zipfel, W. R., Williams, R. M. & Webb, W. W. Nonlinear magic: multiphoton microscopy in the biosciences. Nat. Biotechnol. 21,
1369-1377 (2003).
. Nikogosyan, D. N. Beta barium borate (BBO). Appl. Phys. A 52, 359-368 (1991).
. Witzens, J., Baehr-Jones, T. & Hochberg, M. On-chip OPOs. Nat. Photon. 4, 10-12 (2010).
. O’Brien, J. L., Furusawa, A. & Vuckovi¢, J. Photonic quantum technologies. Nat. Photon. 3, 687-695 (2009).
. O’Brien, M., Scheuschner, N., Maultzsch, J., Duesberg, G. S. & McEvoy, N. Raman spectroscopy of suspended MoS,. Phys. Status
Solidi B 254, 1700218 (2017).
10. Autere, A. et al. Nonlinear optics with 2D layered materials. Adv. Mater. 30, 1705963 (2018).
11. Song, X. et al. Progress of large-scale synthesis and electronic device application of two-dimensional transition metal dichalcoge-
nides. Small 13, 1700098 (2017).
12. Sar, H. et al. A comparative device performance assesment of CVD grown MoS, and WS, monolayers. J. Mater. Sci. Mater. Electron.
29, 8785-8792 (2018).
13. Briggs, N. et al. A roadmap for electronic grade 2D materials. 2D Mater. 6,022001 (2019).
14. Dai, Z., Liu, L. & Zhang, Z. Strain engineering of 2D materials: issues and opportunities at the interface. Adv. Mater. 31, 1805417
(2019).
15. Akbar, F, Kolahdouz, M., Larimian, S., Radfar, B. & Radamson, H. H. Graphene synthesis, characterization and its applications
in nanophotonics, nanoelectronics, and nanosensing. J. Mater. Sci. Mater. Electron. 26, 4347-4379 (2015).
16. Jo, L. et al. Thermal conductivity and phonon transport in suspended few-layer hexagonal boron nitride. Nano Lett. 13, 550-554
(2013).
17. Wang, X. et al. Recent advances in the functional 2D photonic and optoelectronic devices. Adv. Opt. Mater. 7, 1801274 (2019).
18. Yamashita, S. Nonlinear optics in carbon nanotube, graphene, and related 2D materials. APL Photon. 4, 034301 (2019).
19. Liu, W. et al. Recent advances of 2D materials in nonlinear photonics and fiber lasers. Adv. Opt. Mater 8, 1901631 (2020).
20. Sun, Z., Hasan, T. & Ferrari, A. C. Ultrafast lasers mode-locked by nanotubes and graphene. Phys. E Low Dimens. Syst. Nanostruct.
44,1082-1091 (2012).
21. Li, Y. et al. Probing symmetry properties of few-layer MoS, and h-BN by optical second-harmonic generation. Nano Lett. 13,
3329-3333 (2013).
22. Saynatjoki, A. et al. Rapid large-area multiphoton microscopy for characterization of graphene. ACS Nano 7, 8441-8446 (2013).
23. Nasari, H. & Abrishamian, M. S. Electrically tunable, plasmon resonance enhanced, terahertz third harmonic generation via
graphene. RSC Adv. 6, 50190-50200 (2016).
24. Wu, R. et al. Purely coherent nonlinear optical response in solution dispersions of graphene sheets. Nano Lett. 11, 5159-5164
(2011).
25. Vermeulen, N. ef al. Negative Kerr nonlinearity of graphene as seen via chirped-pulse-pumped self-phase modulation. Phys. Rev.
Appl. 6, 044006 (2016).
26. Yang, H. et al. Giant two-photon absorption in bilayer graphene. Nano Lett. 11, 2622-2627 (2011).
27. Yu, S. et al. All-optical graphene modulator based on optical Kerr phase shift. Optica 3, 541-544 (2016).
28. Wu, Y. et al. Generation of cascaded four-wave-mixing with graphene-coated microfiber. Photon. Res. 3, A64-A68 (2015).
29. Zeng, . et al. Enhanced second harmonic generation of MoS, layers on a thin gold film. Nanoscale 7, 13547-13553 (2015).
30. Yin, X. et al. Edge nonlinear optics on a MoS, atomic monolayer. Science 344, 488-490 (2014).
31. Wang, R. et al. Third-harmonic generation in ultrathin films of MoS,. ACS Appl. Mater. Interfaces 6, 314-318 (2014).
32. Wang, G. et al. Giant enhancement of the optical second-harmonic emission of WSe, monolayers by laser excitation at exciton
resonances. Phys. Rev. Lett. 114, 097403 (2015).
33. Seyler, K. L. et al. Electrical control of second-harmonic generation in a WSe, monolayer transistor. Nat. Nanotechnol. 10, 407-411
(2015).
34. Tan, C. et al. Recent advances in ultrathin two-dimensional nanomaterials. Chem. Rev. 117, 6225-6331 (2017).
35. Cui, Q., Muniz, R. A, Sipe, J. E. & Zhao, H. Strong and anisotropic third-harmonic generation in monolayer and multilayer ReS,.
Phys. Rev. B 95, 165406 (2017).
36. Karvonen, L. et al. Investigation of second-and third-harmonic generation in few-layer gallium selenide by multiphoton micros-
copy. Sci. Rep. 5, 10334 (2015).
37. Youngblood, N., Peng, R., Nemilentsau, A., Low, T. & Li, M. Layer-tunable third-harmonic generation in multilayer black phos-
phorus. ACS Photon. 4, 8-11 (2017).
38. Zhou, X. et al. Highly anisotropic GeSe nanosheets for phototransistors with ultrahigh photoresponsivity. Adv. Sci. 5, 1800478
(2018).

v

O 0 N

SCIENTIFIC REPORTS |

(2020) 10:14282 | https://doi.org/10.1038/s41598-020-71244-y



www.nature.com/scientificreports/

39. Biswas, R. et al. Third-harmonic generation in multilayer Tin Diselenide under the influence of Fabry-Perot interference effects.
Opt. Express 27, 28855-28865 (2019).

40. Yuan, H. et al. Polarization-sensitive broadband photodetector using a black phosphorus vertical p-n junction. Nat. Nanotechnol.
10, 707-713 (2015).

41. Liu, E et al. Highly sensitive detection of polarized light using anisotropic 2D ReS,. Adv. Funct. Mater. 26, 1169-1177 (2016).

42. Tan, C. et al. High-yield exfoliation of ultrathin two-dimensional ternary chalcogenide nanosheets for highly sensitive and selective
fluorescence DNA sensors. J. Am. Chem. Soc. 137, 10430-10436 (2015).

43. Liu, E. et al. Integrated digital inverters based on two-dimensional anisotropic ReS, field-effect transistors. Nat. Commun. 6, 1-7
(2015).

44. Wang, H. et al. Gate tunable giant anisotropic resistance in ultra-thin GaTe. Nat. Commun. 10, 1-8 (2019).

45. Autere, A. et al. Rapid and large-area characterization of exfoliated black phosphorus using third-harmonic generation microscopy.
J. Phys. Chem. Lett. 8, 1343-1350 (2017).

46. Li, D. et al. Polarization and thickness dependent absorption properties of black phosphorus: new saturable absorber for ultrafast
pulse generation. Sci. Rep. 5, 1-9 (2015).

47. Wood, J. D. et al. Effective passivation of exfoliated black phosphorus transistors against ambient degradation. Nano Lett. 14,
6964-6970 (2014).

48. Dasgupta, A., Gao, . & Yang, X. Anisotropic third-harmonic generation in layered germanium selenide. Laser Photon. Rev. 14,
1900416 (2020).

49. Hsueh, H. C,, Li, J. X. & Ho, C. H. Polarization photoelectric conversion in layered GeS. Adv. Opt. Mater. 6, 1701194 (2018).

50. Moss, D. J., van Driel, H. M. & Sipe, J. E. Dispersion in the anisotropy of optical third-harmonic generation in silicon. Opt. Lett.
14, 57-59 (1989).

51. Sipe, J. E., Moss, D. J. & Van Driel, H. M. Phenomenological theory of optical second-and third-harmonic generation from cubic
centrosymmetric crystals. Phys. Rev. B 35, 1129-1141 (1987).

52. Mortazavi, B., Shahrokhi, M., Cuniberti, G. & Zhuang, X. Two-dimensional SiP, SiAs, GeP and GeAs as promising candidates for
photocatalytic applications. Coatings 9, 522 (2019).

53. Yang, S. et al. Highly in-plane optical and electrical anisotropy of 2D germanium arsenide. Adv. Funct. Mater. 28, 1707379 (2018).

54. Guo, J. et al. Few-layer GeAs field-effect transistors and infrared photodetectors. Adv. Mater. 30, 1705934 (2018).

55. Lee, K., Kamali, S., Ericsson, T., Bellard, M. & Kovnir, K. GeAs: highly anisotropic van der Waals thermoelectric material. Chem.
Mater. 28, 2776-2785 (2016).

56. Liu, L., Struzhkin, V. V. & Ying, J. Pressure-induced superconductivity in GeAs. Phys. Rev. B 100, 214516 (2019).

57. Lee, K., Kamali, S., Ericsson, T., Bellard, M. & Kovnir, K. GeAs: highly anisotropic van der Waals thermoelectric material. Chem.
Mater. 28, 2776-2785 (2016).

58. Zhou, Z. et al. Perpendicular optical reversal of the linear dichroism and polarized photodetection in 2D GeAs. ACS Nano 12,
12416-12423 (2018).

59. Feng, Y. et al. Raman vibrational spectra of bulk to monolayer ReS, with lower symmetry. Phys. Rev. B 92, 054110 (2015).

60. Nagler, P, Plechinger, G., Schiiller, C. & Korn, T. Observation of anisotropic interlayer Raman modes in few-layer ReS,. Phys.
Status Solidi-R 10, 185 (2016).

61. Wang, X. et al. Short-wave near-infrared linear dichroism of two-dimensional germanium selenide. . Am. Chem. Soc. 139, 14976-
14982 (2017).

62. Zhou, Z., Cui, Y., Tan, P. H,, Liu, X. & Wei, Z. Optical and electrical properties of two-dimensional anisotropic materials. J. Semi-
cond. 40, 061001 (2019).

63. Boyd, R. W. Nonlinear Optics (Academic Press, New York, 2019).

Acknowledgements

The authors acknowledge support from the Office of Naval Research under Grant No. N00014-16-1-2408, and
the National Science Foundation under Grant Nos. ECCS-1653032 and DMR-1552871. The authors also thank
Wei-Ting Chen and Eric Bohannan for their help in acquiring the TEM and AFM images.

Author contributions
X.Y,, J.G. and H.S. conceived the idea of the research. H.S. performed the experiments. X.Y. and J.G. directed the
research. All authors discussed the results and contributed to the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to J.G. or X.Y.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:14282 | https://doi.org/10.1038/s41598-020-71244-y


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	In-plane anisotropic third-harmonic generation from germanium arsenide thin flakes
	Anchor 2
	Anchor 3
	Results
	Crystal orientation determination of exfoliated GeAs flakes. 
	Thickness-dependent in-plane anisotropic THG in exfoliated GeAs flakes. 
	Polarization state analysis of TH emission from the exfoliated GeAs flake. 

	Discussion
	Methods
	Sample preparation. 
	Optical setup. 

	References
	Acknowledgements


