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GaSe nanoflakes on silicon substrates covered by SiO2 films are prepared by mechanical
exfoliation from the bulk Bridgman-grown GaSe crystals using a scotch tape. The thick-
ness of SiO2 films on Si substrates providing the highest optical contrast for observation
of GaSe flakes is estimated by taking into account the spectral sensitivity of a commer-
cial CMOS camera and broadband visible light illumination. According to our estima-
tions, the optimal SiO2 thickness is ~126 nm for the visualization of GaSe flakes of 1-3
layers and ~100 nm for the flakes of 40—70 layers. The obtained nanoflakes are investi-
gated by optical and atomic force microscopy and Raman spectroscopy. The observed
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spectral positions of the Raman peaks are in agreement with the positions of the peaks
known for bulk and nanolayered GaSe samples. It is found that the 50 nm thick flakes
are stable but are covered by oxide structures with lateral size about 100 nm and height
~5 nm after ~9 months exposure to ambient atmosphere.

Keywords: Gallium selenide; nanoflakes; quasi-two-dimensional semiconductor; layered
crystal; surface morphology; oxidation.

PACS numbers: 78.20.Ci, 81.65.Mq, 68.65.—k

1. Introduction

Currently, there has been a rapid increase in the number of works aimed at studying
quasi-two-dimensional (2D) materials with new properties. A common feature of
most 2D systems considered in the literature is the layered nature of the correspond-
ing three-dimensional (3D) crystals.! For instance, among such 3D layered crystals
are the well-known 2D transition metal dichalcogenides consisting of layers, each
of which represents a set of three atomic planes in the sequence X-M-X (M = Mo,
W; X =S, Se). Layers of the MaX3 type compounds (M = Bi, Sb; X = Se, Te)
have a thickness of about 1 nm and include five atomic planes, in which atoms of
groups V and VI sequentially alternate. The compounds of group IIT metal chalco-
genides A3BS (GaS, GaSe, InSe) are intermediate regarding the complexity of the
layer arrangement compared to the two classes of materials mentioned above. Each
layer of GaS, GaSe and InSe crystals is formed by four hexagonal atomic planes
X-M-M-X (M = Ga, In; X = S, Se), i.e., two internal planes of metal atoms are
sandwiched between the planes of S or Se atoms.!2

Bulk GaS, GaSe, InSe and GaTe crystals are of practical interest in photo-
voltaics, nonlinear optics and modern electronics. Of these, GaSe crystals have
largest applications. They were used in a number of works to generate monochro-
matic and broadband IR and terahertz radiation and to create IR sources for near-
field IR nanoscopy systems, photo- and ionizing radiation detectors.? 10

Currently, nanolayered A3BS® structures have attracted the interest of
researchers. Sufficiently large in their lateral dimensions, GaSe and GaS nanoflakes
were first prepared by mechanical exfoliation and characterized using atomic force
microscopy and Raman spectroscopy in Refs. 11 and 12. More recent experimental
studies showed that GaSe nanolayers can be synthesized by the PVD method.3:14
It was found that the photoconductivity and nonlinear optical susceptibilities of the
second- and third-order of ultrathin GaSe layers increase per unit of thickness.!31?
The possibility of patterned growth on substrates with pre-etched regions was
shown, and samples deposited on transparent and flexible substrates were demon-
strated.!?16 A promising two-stage method for the fabrication of GaSe nanolayers
was proposed, allowing synthesis of the nanolayers with lateral sizes up to 100 pm
along with the possibility of controlling their thickness.'”''® Measurements of pho-
tosensitivity already in the first studies clearly showed superiority in this parame-
ter of GaSe layers (30 mA W~! for the layers deposited on mica and 2.8 A W1
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for samples produced by micromechanical cleavage) compared to pure graphene
(1-6 mA W~1!) and monolayer MoS, (7.5 mA W~1).12:16 Another interesting fea-
ture of gallium chalcogenides, promising for spin devices, is the memory for polar-
ization of the exciting radiation at photoluminescence that is associated with the
presence of nondegenerate bands among the conduction and valence bands, sepa-
rated from other states. The relaxation time of the spin polarization in GaSe is
more than 500 ps and is achieved in the structures containing more than 100 lay-
ers.' Recently, the possibility of enhancing and controlling the polarized photolu-
minescence response from hybrid structures formed by GaSe nanoflakes on Si/SiO9
substrates with an Ag nanoprism pattern on the top was reported.2°

The nanolayered A3B® structures have also been studied by computational quan-
tum mechanics methods. The literature describes in detail problems with numer-
ical modeling of the structural and electronic properties of layered and molecular
crystals, in which the van der Waals forces play an important role.?! The stan-
dard local density approximation and generalized gradient approximation within
the framework of the density functional theory are not able to take into account
dispersion interactions, which leads to significant errors in quantum chemical calcu-
lations. Application of recently developed van der Waals density functionals allows
us to reduce the deviation of the theoretical values of layer thickness and interlayer
distances in GaSe structure from the experimental data by an order of magnitude
and brings this difference to an acceptable value of 0.2-1.9%.22 Also, the binding
energy in GaSe layers was estimated to be in the range of 14.2-16.2 meV A~2, which
is slightly lower than the values for many layered metal chalcogenides estimated
before.?? The van der Waals functionals allow us to more accurately estimate the
structural parameters of other III-VI structures as well.23

It is known that bulk GaSe crystals oxidize at humid atmosphere. The forma-
tion of oxide can be stimulated by illumination and usually initiates at selenium
vacancies and dislocation edges.?* In the case of nanolayered GaSe, the similar
oxidation mechanisms take place.2%26 From the first-principles calculations, it was
revealed that perfect nanolayers are less prone to oxidation, while the nanolayers
with chalcogen vacancies are much easier to oxidize.?>2¢ It was reported that ultra-
thin few-layer flakes of GaSe can be completely decomposed in the atmosphere in
a relatively short time.2” Thus, for some applications, relatively thick nanoflakes of
GaSe can be advantageous for practical use. Both photoresponse and nonlinear con-
version efficiency increase per unit thickness. Therefore, it seems to be interesting to
study preparation methods and stability of GaSe nanoflakes of several tens of layers.

The aim of the present study was to investigate the properties of 4060 nm-
thick GaSe nanoflakes, which correspond to ~50-80 layers of GaSe. One of the
addressed issues was the estimation of the thickness of SiOs films on Si substrates
providing the highest optical contrast for observation of GaSe flakes by taking into
account the spectral sensitivity of a commercial CMOS camera and broadband vis-
ible light illumination. Next, the stability of the nanoflakes in ambient atmosphere
was investigated.
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2. Experimental and Calculation Methods

The GaSe nanoflakes were prepared on the silicon substrates with (111) orientation.
A silicon wafer was cut into 1 x 1 cm? substrates, which were degreased in toluene
before deposition of the nanoflakes.

The SiO, films were deposited onto the Si substrates by magnetron sputter-
ing using Si target and argon and oxygen gas flow in the chamber. The time of
sputtering to produce the 100 nm-thick film was ¢ = 60 s at the discharge voltage
U = 655 V. During the optimization of the sputtering parameters, the thickness of
the films was measured by AFM and an optical profilometer.

The structure of layers of GaSe and their stacking in bulk crystals are shown in
Fig. 1. The sequence of atomic planes is Se-Ga—Ga—Se. Each metal atom in such
a layer has tetrahedral surrounding of three Se atoms and one atom of Ga, while
each Se atom is bonded to three Ga atoms. Strong covalent bonds within the layers
and weak van der Waals interlayer binding with a small ion-covalent contribution
led to strong anisotropy of the properties of A3B® compounds. The thickness of
the GaSe monolayer is ~0.5 nm, while the interlayer distance is about 0.25 nm.
The GaSe ingot 25 mm in diameter and 200 mm long was grown by the Bridgman
method after synthesis in a two-zone horizontal furnace.?® The slabs of the bulk
material with a thickness of 300-600 pm were prepared by cleaving along the (0001)
plane. The GaSe nanoflakes were deposited on SiOs/Si substrates by mechanical
exfoliation. The slab of the bulk material was peeled off by gluing an adhesive tape
to its surface and then tearing it off. Then, by repeated gluing the tape to both
sides of the sample and tearing to the sides, the sample was thinned to submicron
sizes. After that, an adhesive tape with a thin layer of material was glued to the
surface of the silicon substrate and then removed.

It is known that the interference between the rays reflected from the substrate
and nanolayers can be used for better visualization of the latter.2%-3° We performed
calculation of the dependence of the optical contrast produced by GaSe nanoflakes
of thicknesses 0.5 nm (1 layer), 2 nm (3 layers), 7.25 nm (10 layers), 29.75 nm
(40 layers) and 52.25 (70 layers) on the thickness of the SiO; films on Si substrates.

Fig. 1. (Color online) The structure of the layers of GaSe. The yellow spheres represent Se atoms,
the green spheres represent Ga atoms.
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Fig. 2. (Color online) The measured intensity spectra of illumination by the light source of the
microscope with filters 1-3.

The calculation was performed for observation under illumination by A = 555 nm
light (the wavelength of human eye maximum spectral sensitivity) and by a broad-
band visible light source with three different filters. The measured intensity spectra
of illumination by the light source of the microscope with filters 1-3 are shown in
Fig. 2. The calculation for the case of illumination by the light source of the micro-
scope was performed by taking into account the spectral sensitivity of the camera.

The calculations of the optical contrast were performed in the following way.
Due to the interference of the reflected rays (Fig. 3), the contrast C'()), obtained
by observation with an optical microscope will be as follows:

[(:Re(}znanolaycr()\)))2 + (Im(Rnanolaycr(A)))Q]
— [(Re(Rsio,(V)))? + (Im(Rsio, (1))?]
[(Re(Rsio, (A)))? + (Im(Rsio, (M))?]

where the complex amplitude reflection coefficient from the SiOs layer is written

C\) =

(1)

as follows:

i Fre(N)exp(=2-i-p(N))
fsi0-0) = () ep(2 - (V)

where ©(A) = 27 - nsio, (MN)dsio. /A, 11 = (1 = nsio,(A)/(1 + nsio. (A)), r2(A) =
(nsio,(A) — nsi(N))/(nsio, (A) + nsi(A)), dsio, is a thickness of the SiOq layer,
ngsio, (A) is the wavelength dependence of the refractive index of SiOy and ng;(\)
is the wavelength dependence of the refractive index of Si. The complex amplitude
reflection coefficient of the nanolayer-SiO2—Si structure is written as follows:

riexp(i- 1(A)) + R'(A) exp(—i- p1(A))
exp(i - p1(A)) + 1R (A) exp(—i - o1 ()’
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Fig. 3. (Color online) Visualization of nanolayers on the surface of a silicon substrate.

where
r2exp(i - p2(A)) +r5(A) exp(—i- 2(A)
exp(i - p2(A)) + 1r5(A) - r5(A) exp(—i - 2

©1(A) = 27 - Npanolayer (A)dnanolayer /A,
©2(A) = 2m(A) = 27 - nsio, (A)dsio, /A,
1 = (1 = Nnanolayer(A)) /(1 + Nnanolayer (V)
75(A) = (Mnanolayer (A) — 1810, (A))/ (Mnanolayer (A) + nsio, (A)),
r5(A) = (nsi0,(A) — nsi(N)/(nsio. (A) + nsi(N),

where dnanolayer 1S the thickness of the nanolayer and nnanolayer(A) is the wavelength
dependence of the refractive index of the nanolayer.

The optical contrast for the case of broadband visible light illumination and
image registration by a camera with spectral sensitivity S(\) was calculated as
follows:

() = 5 0

378400 r?nr:l [(Re(Ruanolayer(A)))? + (Im(Ruanolayer(A)))?

C'(\) = — (Re(Rsi0,(1)))? + (Im(Rsio, (V)))?] - S(A) - I(A)dA 5)
740 nm ’
380 nm {(Re(Bsi0,(A)))? + (Im(Rsio, (A)))?] - S(A) - I(A)dA
where I(A) is the intensity spectrum of the illumination.

The refractive index values of GaSe nanoflakes were assumed to be as those
for the bulk crystal. The spectral dependence of complex dielectric permittivity for
an ordinary wave in bulk GaSe in the spectral region of 250-900 nm was taken
from Ref. 31. It was used to calculate the refractive index spectral dependence. To
get the analytical expression for ngio, (), the data from Ref. 32 in spectral region
200-1500 nm were approximated by formula (6):

)\2 )\2 )\2 0.5
r)

n(\) = <1+A)\2_B+C/\2_D+E/\2_

(6)
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Analogously, the analytical expression for ng;(A) was obtained by approximation
by formula (6) of the data from Ref. 33 in the spectral region of 380-1450 nm.

The prepared nanoflakes were observed through optical microscope Altami
MET 3, Altami, Russia, equipped with the digital color camera FL3-U3-3252C-CS,
Point Grey Research Inc., Canada.

The Raman spectra were measured by a Renishaw InVia Basis Raman spectrom-
eter, Zeiss, Germany. The Raman spectra were excited at a wavelength of 532 nm.

The AFM images were measured by a Solver HV atomic force microscope, NT-
MDT, Russia.

3. Results and Discussion

The thickness of SiOs films on Si substrates providing the highest optical contrast
for observation of GaSe nanoflakes of different thickness was estimated for two
different observation conditions. The calculated dependence of the optical contrast
C(A) (formula (1)) produced by GaSe nanoflakes of 1, 3, 10, 40 and 70 layers on
thicknesses of the SiO films on Si substrates is shown in Fig. 4.

It can be seen (Fig. 4) that the highest positive contrast for thick flakes of 40—
70 layers is achieved for the SiOs film thicknesses of 95, 284 and 473 nm. For the
nanoflakes of 1-3 layers, thicker SiOy films are required (~115, 305 and 493 nm).

Taking into account that in our experiments the observation was made by the
Altami MET 3 optical microscope equipped with various color filters and a digital
color CMOS camera, we also performed the calculations by assuming the actual
illumination intensity spectra (Fig. 2) and spectral sensitivity of the camera. The
resulting optical contrast C’(\) (formula (5)) for GaSe nanoflakes of 1, 3, 10, 40
and 70 layers on thicknesses of the SiO, films on Si substrates is shown in Fig. 5.

8- 1 layer
* I A D T e 3 layers
74 10 layers /%
1 iy w40 layers o
6'_ 70 layers | |
ol i
44
O 4]
24
-1

T T T T T T T 1 T 1
0 50 100 150 200 250 300 350 400 450 500
dSi02 (nm)
Fig. 4. (Color online) The optical contrast produced by GaSe nanoflakes of different thicknesses

on Si/SiO2 substrates under the illumination by A = 555 nm light versus thickness of the SiO2
film.
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Fig. 5. (Color online) The optical contrast produced by GaSe nanoflakes of different thicknesses
on Si/SiO2 substrates under the illumination by the microscope light source with applied filter 1
(see spectrum in Fig. 2) and registration by the digital color camera.

In this case, the highest positive contrast for thick flakes of 40-70 layers is
achieved for the SiO5 film thicknesses of 100 and 473 nm (Fig. 5). For ultrathin flakes
of 1-3 layers, the SiO5 films of 126 and 340 nm thickness are required to provide the
highest positive contrast. The calculated optical contrast C’(\) (formula (5)) for
GaSe nanoflakes of 70 layers under illumination by the microscope light source with
applied filters 1-3 and registration by the digital color camera is shown in Fig. 6.
In this case, the highest positive contrast is achieved at ~95 nm thick SiO5 films
(with applied filters 2 and 3), the local maxima at 290 and 493 nm being lower in
C’ values (Fig. 6). For the observation under illumination by the microscope light
source with applied filter 1, thicker SiO films of 100 and 306 nm are preferable.

Thus, the account for the actual experimental illumination spectrum (with max-
imum spectral intensity at 680 nm wavelength) and camera spectral sensitivity
(with maximum spectral sensitivity at 535 nm wavelength) gives larger values of
SiO4 film thickness required for the highest optical contrast. Also, it gives decreased
values of the contrast for the second and subsequent local maxima corresponding to
thicker SiOq films, the contrast values at the first maximum (the thinnest possible
SiO, film) being close to these at monochromatic light illumination and without
taking into account the detector sensitivity spectrum.

According to our calculations, the best contrast produced by 40-60 nm thick
GaSe nanoflakes on Si/SiO2 substrates under the illumination by the microscope
light source with applied filter 1 and registration by the digital color camera is
provided in SiOs films with a thickness of 100 nm. The SiO5 films of this thickness
were deposited by magnetron sputtering. The optical images of GaSe nanoflakes
deposited onto Si wafers with 100 nm thick SiO4 films under the illumination by the
microscope light source with applied filters 1-3 are shown in Fig. 7. The method of

2150273-8



The visibility and stability of GaSe nanoflakes of about 50 layers on SiO2 /St wafers

8-
7 filter 1

------ filter 2
64 i filter 3

5
. 4
O 4]

2

14

-1

* T T T T L T x T s T T T 1
0 50 100 150 200 250 300 350 400 450 500
dSi02 (nm)

Fig. 6. (Color online) The optical contrast produced by GaSe nanoflakes of 70 layers on Si/SiO2
substrates under the illumination by the microscope light source with applied filters 1, 2 and 3
(see spectra in Fig. 2) and registration by the digital color camera.

(a) (b)

Fig. 7. (Color online) Optical microphotographs of Si wafer with deposited 100 nm-thick SiO2
film and GaSe nanoflakes on the top under the illumination by the microscope light source with
applied (a) filter 1, (b) filter 2 and (c) filter 3, registered by the digital camera.
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Fig. 8. (Color online) The AFM topology image for the as-prepared GaSe nanoflakes on a Si/SiO2
substrate.
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Fig. 9. Raman spectrum of a GaSe nanoflake of ~70 layers.

mechanical exfoliation produces nanoflakes of various thicknesses. Nevertheless, the
AFM investigation showed that the majority of the flakes had a thickness within
40-60 nm (Fig. 8). The nanoflakes of this thickness are seen with highest contrast
on the images (Fig. 7). On each image (Fig. 8), nanoflakes with lower contrast are
seen. The lateral sizes of the observed objects do not exceed 10 pum (Figs. 7 and 8).

The observed nanoscale objects belonging to the GaSe phase were confirmed
by analyzing the Raman spectra (Fig. 9). It is well known that GaSe has Dsj
symmetry and 12 vibrational modes, of which eight modes include vibrations in the
plane of the layers (E’ and E’) and four modes include vibrations perpendicular
to the planes of the layers (A} and AY). The Raman-active vibrational modes are
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sensitive to layer thickness (number of layers) and can be used to analyze it. The
recorded Raman spectrum for a GaSe nanoflake of ~70 layers which shows three
intense peaks at frequencies of 134 cm™! (47,), 212 cm™! (E;,) and 307 cm ™! (A7)
is shown in Fig. 9. The registered peak positions are in good agreement with the
previously published data for bulk and nanolayered GaSe, according to which the
indicated peaks lie at 132 cm™! (A},), 211 ecm™! (E;,) and 308 cm ™" (A37)).'% As is
known from the previously published data, the peaks A7, and E;, for thinner GaSe
nanolayers become less intense and almost disappear for the few-layer structures,
while the Afg peak remains the most intense and shifts to lower frequencies with
decreasing layer thickness.!®3% The analyzed nanoflake was rather thick, and the
intensity of the peaks A%g and E%g is only slightly lower than the intensity of Afg
(Fig. 9).

In order to study the stability of the obtained nanoflakes, topology of their
surfaces was studied by AFM just after preparation and after 9-month exposure
to an ambient atmosphere. The AFM data for the as-prepared GaSe nanoflakes on

70 50
60
40
501
£40/ 230
= ">
30 =201
204
104
10+
0 . : T . - - 0 : T T T :
0 4 6 0.0 0.5 1.0 2.0 2.5
x (um) x (um)
(a) (b)
2.9 um
29
2.8
2.8
2.7

(c)

Fig. 10. (Color online) The AFM data for the as-prepared GaSe nanoflakes on Si/SiO2 wafer:
(a) and (b) - and height profiles along the white lines, shown on the surface morphology image in
panel (c).
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Fig. 11. (Color online) The AFM data for GaSe nanoflakes on Si/SiO2 wafers after 9-month
exposure to ambient atmosphere: (a), height profile along the white line, shown on the 10 x 10 pm?
surface morphology image in panel (b); (c) and height profile along the white line, shown on the
1,5 x 1,5 pm? surface morphology image in panel (d).
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Si/Si0O4 wafers are shown in Fig. 10. Two flakes are seen with lateral sizes of ~5 pm
and heights about 50-55 nm.

The AFM data for the GaSe nanoflakes on the same Si/SiO5 wafer after 9-month
exposure to the ambient atmosphere are shown in Fig. 11.

During the indicated time, the changes in shape and thickness of the nanoflakes
on this substrate were not observed. Thus, the decomposition of the prepared GaSe
nanoflakes of 40-70 layers in ambient atmosphere was not observed. On the other
hand, comparing the surface morphology images presented in Figs. 10(c), 11(b) and
11(d), one can clearly see that new oxide structures are formed on the surface of
the nanoflakes after 9-month exposure to ambient atmosphere. The nanoflakes are
covered by oxide structures with lateral size of ~100 nm and height of ~5 nm after
(Fig. 11). Nevertheless, these structures are not expected to influence the optical
properties of the nanoflakes strongly on the contrary to the case of few-layer GaSe
sheets. Taking into account higher general photosensitivity and nonlinear frequency
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conversion efficiency of the thicker nanoslabs, this makes them advantageous for a
number of practical optical devices compared to few-layer GaSe nanoflakes.

4. Conclusions

In conclusion, GaSe nanoflakes on silicon substrates covered by SiOs films were
prepared by mechanical exfoliation from the bulk Bridgman-grown GaSe crystals
using a scotch tape. The optical contrast produced by GaSe nanoflakes of 1, 3, 10,
40 and 70 layers depending on thickness of the SiO5 films on Si substrates was
calculated by taking into account the spectral sensitivity of a commercial CMOS
camera and actual illumination spectrum. The higher visibility of the nanoflakes is
strongly desirable, for example, at Raman or AFM measurements, as it makes the
finding of the object to analyze easier. Also, optical methods of control are faster
and simpler compared to more time-consuming, complicated and invasive AFM
or TEM techniques. According to our estimations, the optimal SiOy thickness is
~126 nm for the visualization of GaSe flakes of 1-3 layers and ~100 nm for the
flakes of 40-70 layers. The obtained nanoflakes were investigated by optical and
atomic force microscopy and Raman spectroscopy. The observed spectral positions
of the Raman peaks were in agreement with the positions of the peaks known for
bulk and nanolayered GaSe samples. It was found that the 50 nm-thick flakes are
stable but are covered by oxide structures with lateral size of ~100 nm and height
of ~5 nm after 9-month exposure to ambient atmosphere. The decomposition of the
prepared GaSe nanoflakes of 40-70 layers in ambient atmosphere was not observed.
Taking into account the higher general photosensitivity and nonlinear frequency
conversion efficiency, this makes such “thick” nanolayered structures advantageous
for practical optical devices compared to few-layer GaSe nanoflakes.
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