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Flexible optoelectronics devices play an important role for technological applications of 2D materials
because of their bendable, flexible and extended two-dimensional surfaces. In this work, light emission
properties of layered gallium selenide (GaSe) crystals with different curvatures have been investigated
using bending photoluminescence (BPL) experiments in the curvature range between R~ = 0.00 m™
(flat condition) and R~* = 30.28 m~™. A bendable and rotated sample holder was designed to control the
curvature (strain) of the layered sample under upward bending uniformly. The curvature-dependent BPL
results clearly show that both bandgaps and BPL intensities of the GaSe are curvature dependent with
respect to the bending-radius change. The main emission peak (bandgap) is 2.005 eV for flat GaSe, and
is 1.986 eV for the bending GaSe with a curvature of 30.28 m™! (the maximum bending conditions in this
experiment). An obvious redshift (i.e. energy reduction) for the GaSe BPL peak was detected owing to
the c-plane lattice expansion by upward bending. The intensities of the corresponding BPL peaks also

show an increase with increasing curvature. The correlations between BPL peak intensity, shiny area and
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bond-angle widening of the bent GaSe under laser excitation have been discussed. The lattice constant
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versus emission energies of the bending GaSe was also analyzed. An estimated lattice constant vs.

DOI: 10.1039/c7ral1600d bandgap relation was present for further application of the layered GaSe in bendable flexible light-
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1. Introduction

Since the isolation of graphene in 2004," graphene still remains
one of the hottest research topics in materials science. Nowadays
the focus has shifted from purely researching graphene itself to
other 2D semiconductors, and then to their applications, espe-
cially for making use of their “natural flexibility”. Similar to
graphene, 2D chalcogenide semiconductors such as III-VI
layered-type chalcogenides, with the properties of being bend-
able, curved, and ultra-thin, are considered as rising-star mate-
rials for next-generation, bendable optoelectronics and
electronics. Gallium selenide (GaSe) is one of the 2D III-VI
layered-type chalcogenides with a hexagonal layer structure and
its bandgap is around 2 eV at room temperature.>* Because the
interlayers of GaSe crystal are connected via van der Waals
bonds, it can be exfoliated to few layer or even monolayers for
further device application.® It means that GaSe could be
considered as a flexible material even while it is exfoliated from
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thick to thin multilayers. For light-emitting capability, unlike
MoSe, which has only enhanced photoluminescence (PL) effi-
ciency as a monolayer, the PL intensity of monolayer GaSe
vanishes, and increases with the layer thickness increasing to
multilayer or bulk form.> Multilayer and bulk GaSe tend to be
a direct band-edge like material while multilayer MoSe, is an
indirect semiconductor. Many of previous reports had claimed
that the GaSe is indirect®® with an indirect band edge lower than
that of the direct one by 53 meV.* However, for the c-plane
optical property, the indirect transition of geometric effect on
the layered GaSe is very weak because the absence of spin-orbit
coupling and it would be forbidden.®* The c-plane multilayer
GaSe thus could own high-luminescence efficiency and high
photocurrent owing to its direct-band-edge like optical transi-
tion. From this direct-band-edge like c plane, the layered GaSe
eventually becomes the most excellence and utmost represen-
tative role in the GaSe; _,S, (0 = x = 1) series layers.” The GaSe
can be used for nonlinear optical applications in the 8-15 um
wavelength region.* A micro-cavity GaSe with strong red-light
lasing has also been fabricated and announced to be a prac-
tical 2D-material laser.’® With the 2D flexible capability, more
potential applications such as flexible display and bendable
photodetector for the GaSe multilayer could be further expected.

The bandgap is the most important parameter of a material.
For a semiconductor, its bandgap determines optical property,
electrical and optoelectronic behaviours. The bandgap of
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a conventional semiconductor is not adjustable owing to its
rigidity with fixed crystal structure. However, when bending the
2D GaSe, its bandgap (i.e. the c-plane direct gap) is tunable. It can
provide great flexibility when designing electronic devices. So far,
many researchers are still keen to explore mechanisms and
develop methods for tuning bandgap in semiconductors. The
methods include changing ambient temperature,™ strain engi-
neering,"” changing thickness of compound semiconductor from
bulk crystal to thin layer,>'* exerting an external electric field,"
chemical doping,'**® or by synthesizing the 2D semiconductors
with different bandgaps.*'* Among those methods, strain engi-
neering is more attractive and applicable when a flexible opto-
electronics device is under normally-operated condition. Our
previous research has found that the mechanical bending would
also enhance the light intensity of photoluminescence peak of
2D InSe layered semiconductor.” Further investigations for the
correlated phenomena are still very limited. Recently, the pho-
toluminescence enhancement and bandgap change for GaSe
nanosheets on polyethylene terephthalate (PET) substrate were
observed by bending PET with deformed strain.*® The result
showed the bandgap is decreased with tensile strain existed in
the GaSe layer. However, the softy and easy-deformation char-
acter of the PET resulted in layer wrinkles and non-uniform
strain distribution on the GaSe nanosheets, which caused the
difficulty on estimate of actual strain effect.

In this study, high-quality GaSe layered crystals have been
grown by vertical Bridgman (VB) method. A rotatable and
bendable sample holder together with one stainless steel sheet
(SSS, t ~ 100 um) was designed to implement curvature-
dependent BPL measurements. A RAMaker micro-PL and
micro-Raman system equipped with one 532 nm laser was used
to facilitate the BPL experiment. A 3 um thick GaSe layer crystal
was closely attached on smooth SSS surface by crazy glue in
order to get high PL intensity and uniformity of strain distri-
bution in whole layer. The measurements were done with
different curvatures from flat condition (curvature R™' =
0 m™ 1), step by step, increased to R~* = 30.28 m . When the
curvature is increased, the BPL intensity of GaSe is also
increased while the bandgap is gradually decreased. The
mechanisms of PL enhancement and bandgap reduction of the
GaSe under upward bending have been detailed analyzed and
discussed. The PL enhancement is due to the increase of shiny
area and the widening of acceptance solid angle when the laser
shined on sample under upward bending. A relationship of
lattice constant versus energy-gap change in the strained GaSe,
ie. a = 53167 — 1.3357E, + 0.2757E," (A), has also been ob-
tained for future application of the layered gallium selenide in
flexible or bendable optoelectronics devices.

2. Experimental section
Crystal growth

Single crystals of GaSe layer compound were grown by vertical
Bridgman method.*** Appropriate amount of gallium and
selenium with 99.999% purity were put into a carbon-coated
ampoule of 1.0 cm inner diameter (ID), which was then evacu-
ated and sealed in vacuum with about 10~° Torr. The ampoule
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was heated to the melting point of synthesized material in
a rocking furnace and hold at this temperature for one day. The
lowering rate of the ampoule in the VB furnace is set as
~1.5 mm per hour and the temperature gradient was greater
than 45 °C cm ™. The ampoule was rotated at a constant speed
of 15 cycles per minute. At the end of the process the ampoule
was quenched to room temperature. The obtained crystals were
essentially layer type and dark-red colored with an area size up
to ~tens mm? and thickness ~ hundreds pm. X-ray diffraction
(XRD) measurements (see ESI - Fig. S1f) revealed two-layer
hexagonal (2H) phase for the as-grown GaSe crystals with the
calculated lattice constants a = 3.75 A and ¢ = 15.94 A. Electron
probe microanalysis verified the
approximately Ga:Se = 1:1 with a slight chalcogen deficiency.

stoichiometric content

Optical measurement

The BPL measurements of the GaSe layered crystal were imple-
mented via a RAMaker micro-PL & micro-Raman integrated
system with a 532 nm solid state laser as the excitation source.
An Olympus objective lens (50x, working distance 8§ mm) acted
as the inter-connection medium between incident laser, layered
sample, and all the reflected and scattered lights. The power
density of the excited laser was set as 0.3 W cm ™2, and laser spot
area onto flat sample was measured to be ~3.1416 mm?. The
micro-PL measurement was done at room temperature.

Measurement of curvature for bending GaSe

For curvature-dependent BPL measurements, the test sample is
a layered GaSe with thickness of 30 um and area of 8 mm?®. The
layered GaSe, grown by a conventional VB technique, was firmly
attached onto the middle section of a bendable stainless steel
with dimension of 40 mm (length) x 20 mm (width) x
0.103 mm (thick) using crazy glue (i.e. 3M Scotch instant glue,
gel type). When the steel was bended, the layered GaSe sample
was also bended accordingly. In order to bend the layered GaSe
uniformly, a rotatable holder with adjustable bending mecha-
nism was designed and the SSS plate was then placed on the
holder with two arms on both sides as shown in Fig. 1(a).
Initially the distance between the two arms of the holder was set
to be exactly the length of the SSS (40 mm) with flat condition.
Decreasing the distance between two arms by exerting hori-
zontal stress from the two arms, the SSS plate will then alter its
shape from a flat surface to an upward curved surface as indi-
cated in Fig. 1(b). The operation of the mechanical design is
shown in the picture of Fig. 1(c). As shown by a dashed-line
circle in Fig. 2, the bending steel, with a length of 40 mm,
could be approximately considered as a part curve of repre-
sentative circle with a radius R. The arc, marked x, is exactly the
bending SSS plate with a constant length of 40 mm expressed as

x = R0, (1)

here 0 is the corresponding central angle for the bended steel.
The measured chord, y, is

y=2Rsin <g) . (2)

n
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(a) Adjustable holding arm
Steel substrate plate .
Tuning button
Sample
Fig. 1 (a) Schematic representation of the adjustable holder for BPL

measurement. Initially the distance between the two arms of the
holder was set to be exactly the length of the substrate steel. (b) The
steel plate alters its shape from a flat surface to an upward curve
surface by adjusting the tuning button to shorten the distance
between two arms. (c) The actual photo for rotatable and adjustable
holder with a curved steel plate. The bending steel is considered as an
arc marked x, a part of an imaginary circle, with the corresponding
chord marked y.

The ratio of x to y is a function of # expressed as:
X RO 0

4

_—— = = 2
P orsn(D) 2sin(?) sin(0)
2R sin <2> 2 sin <2> sin (2>

Once the ratio of x to y is measured using the ruler in the
holder in Fig. 1(b), the central angle ¢ can be calculated by eqn
(3), and then the corresponding radius R is obtained using eqn
(1). In order to avoid measurement distortion, the curvature
radius (bending condition) of the BPL measurement was
limited and not over-bending with the minimum curvature
radius R = 33.03 mm in the BPL experiment. This bending limit
is like a maximum view angle of a flexible display suitable for
normally upward operation.

Calculation of laser illuminated area on the bended GaSe
surface

In BPL measurement, when the laser beam hit the flat test
sample, the laser-irradiated area is a circle with a radius of 1.0 mm

This journal is © The Royal Society of Chemistry 2018
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R : radius

0 : central angle

a : corresponding central angle (for laser-irradiated areas)
a : semi-minor axis

b : semi-major axis

Fig. 2 The bending steel can be considered as a part of an imaginary
circle with a radius R. When the steel bended, the steel length is fixed
and is considered as an arc of the imaginary circle. Only the chord of
the imaginary circle becomes shorter as the curvature of the imaginary
circle increases. The central angle can be obtained from the ratio of arc
to chord, and the radius of the imaginary circle and the arc can be
calculated from the central angle. The inset shows that as the steel is
flat, the laser-irradiated area is a circle with a radius of "a". Under
upward bending, the laser-irradiated area is no longer a circle but an
ellipse with semi-minor axis “a” and semi-major axis "b" with larger area.

as measured. As the SSS plate is bended, the laser-irradiated area
increases accordingly due to geometrical changes from 2D plane
to 3D cylinder surface. It means that the projected area becomes
an ellipse instead of a circle when the curved surface flattened.
For measuring the laser-irradiated ellipse area under different
bending conditions, the semi-minor axis “a” and semi-major axis
“b” of the ellipse must be determined as indicated in the inset of
Fig. 2. Arc QP illustrated in Fig. 2 represents the extending axis of
the cross-section of the laser-irradiated surface, and its length
equals to 2b. The arc length can also be expressed as the product
of the radius R and the central angle o:
QP = Ra = 2b. (4)
The length of the chord QP equals to 2a (a is semi-minor axis
of ellipse and always remains the same no matter how the steel
plate is bended) and a can be obtained from:

. [«
a-Rsm(E).
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The ratio of laser arc (arc QP on sample) to the steel arc (arc
AB) in Fig. 2 is:
& o arc QP ©)
RO 6 arc AB=x=40 mm’

Because the measured value of @ is 1.0 mm, and R can be
obtained from eqn (1) to eqn (3), the angle « can be hence ob-
tained from eqn (5). The semi-major axis is then b = Ra/2 and
the area of laser-illuminated ellipse is therefore equal to 4 =
mab.

3. Results and discussion

Fig. 3 shows the curvature-dependent BPL spectra of the c-plane
GaSe with different upward bending radius (referred to Fig. 2)
from R = o (flat) to R = 33.03 mm at room temperature. The PL
intensity is enhanced with the curve bending increased while
the bandgap of the layer is gradually decreased. At flat condi-
tion, the main bandgap (peak) is at 2.005 eV with a normalized
PL intensity I = 0.274 (i.e. set the maximum PL intensity as I =
1.0 at R = 33.03 mm), whereas the peak shifts to ~1.986 eV
under the maximum bending condition of R = 33.03 mm. The
inset of Fig. 3 clearly shows a red-color emission from the
microscope image of the GaSe multilayer in micro-PL system. As
shown in Fig. 3, the PL spectra of GaSe under flat and bending
conditions show approximately two peaks that consisted in the
PL peak feature. The detailed analysis and line-shape fitting of
the BPL spectra using double peak features are shown in
Fig. 4(a). The dashed lines are the experimental BPL data and
solid curves are those of Lorentzian line-shape fits. For the flat
condition (R~' = 0), the PL spectrum has one peak feature at P;
=~ 2.005 eV and the other peak at P, = 2.047 eV, which they can
approximately achieve the fitting. With the bending curvature is
increased, two peaks are shift to P, = 1.998 eV and P, =

Bending photoluminescence (BPL)

1.04 GaSe
—°—R=33.03 mm

2 —2»—R=36.24 mm
g 0.8 —v— R=46.93 mm
] Microscope view —o—R=57.56 mm
= —+—R=81.53 mm
= 0.6+ — -+ — Flat R=infinity
&
E 0.44
g
= 0.2
4 %

0.0 s . \"dmmcwm

: Flat emission
)

1.9 . zfo ' 2:1 ' 2.2
Photon Energy (eV)

Fig. 3 Curvature-dependent normalized BPL spectra of the layered
GaSe with different curvature radius of R = « (flat), 81.53, 57.56, 46.93,
36.24, and 33.03 mm at room temperature by using micro-PL
measurement. The inset shows a microscope image of red-light
emission under laser excitation.
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2.041 eV at the curvature of R~ = 12.265 m ™. The occurrence
of two peaks in the GaSe multilayer is attributed to the as-grown
layered crystal might exist two stacking phases of two-layer
hexagonal (2H) ¢ and 2H B stacking® such as the indication
of high-resolution transmission-electron microscopy (HRTEM)
image as displayed in Fig. S2(a) in ESL.f The main difference
between the two stacking phases of 2H-¢ GaSe and 2H-f GaSe
depends on the Se-Ga-Ga-Se fundamental units are stacking
along c axis [see the insets of Fig. S2(a)t]. In the case of B-GaSe,
the fundamental Se-Ga-Ga-Se units are stacking with the Se
atoms of the top layer placed above the Ga atoms of the bottom
layer while the Ga atoms of the top layer located above the Se
atoms of the bottom layer. The Se-Ga—-Ga-Se units in the e-GaSe
stacking are shifted and misalighment as depicted in
Fig. S2(a).T The B and ¢ modifications have different bandgaps
and their energy separation is around 0.04-0.05 eV in GaSe.*
The selection-area electron diffraction (SEAD) pattern and fast
Fourier transform (FFT) result in Fig. S2(b) and (c)t also showed
clearly dotted pattern. All the HRTEM results verified high
crystalline quality of the as-grown GaSe multilayer and the
crystal possesses mixed phases of 2H B and ¢ stacking. There-
fore, it is inferred that the lower-energy P; peak in Fig. 4(a)
might come from the 2H &-GaSe phase while the higher-energy
P, peak is correlated with the bandgap of the B-GaSe stacking.
When the laser impinged on the layer and excited the band edge
of GaSe, the excited hot carriers will relax their energy and result
in more intense P; peak (by e-GaSe) with lower energy states’
recombination. However, the higher-energy P, peak (by B-GaSe)
will also be enhanced when the GaSe layer is under bending
conditions as observed in Fig. 4(a). The P; and P, peaks
simultaneously show energy redshift with the bending curva-
tures of GaSe are increased from R™" = 0to R~ ' = 30.276 m .
The intensities of the P, and P, peaks are also enhanced with

(a) , GaSe E o] (b) Integrated intensity P;+P,
' BPL E
?) 0.8
3 0.6
" =
2 N \p, Curvature R'| T 04/ !
z E = Expt.
£ 30276m" | F op) *
8 ) | 3
= . -1 0.0
: _ 27.594 l,n”, p s % p
A | Curvature (m")
= 21.308 m” 2
-g o © P, Energy
= 3 17.373 _n_]:‘_ £ 2014
g P, 1
3 - Lazzesm’ [ %,
- 12.265m" | < 2
g
T Flat =,(.)v ;
3 1.99]
Flat emission E]E. 3
— Fit
T T T 1.98
1.8 1.9 2.0 21 2.2

Photon Energy (eV) 0 Curvature (2:1..) %

Fig. 4 (a) The line-shape analysis and curve fitting of the normalized
BPL spectra under upward bending. Because the existence of mixed
phases in the GaSe multilayer two peaks of P; and P, can be accom-
plished for the line-shape fits. (b) The integration of normalized PL
intensity of P, + P, versus bending curvature. (c) The PL main-peak
shift (P,) as a function of curvature for the layered GaSe. The red solid
line is the fitting result.
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increasing curvatures of GaSe fromR ' =0toR ' =30.276 m '
as shown in Fig. 4(a). It is noticed that the full-width half
maximum (FWHM) of the PL peak features of P, and P, are also
broadened with the curvature increases due to the lattice
constant changed under strain. The strain-induced effect may
broaden the line width of the PL feature under the bent state.
Besides, we have also observed the recovered PL emission of the
layered GaSe back to the flat condition. The PL emission
features are similar before and after the SSS bending. The PL
emission feature at ~2 eV may infer to come from the direct
band edge of the c-plane GaSe, which is different from those of
the other defect emissions with energies lower than 1.8 eV
coming from the imperfection states of the GaSe samples.®

In order to analyze curvature-dependent PL intensity change
of the GaSe layer, the PL peaks of P, and P, in Fig. 4(a) are
combined for analysis. Fig. 4(b) shows the variations of inte-
grated intensity of P; + P, as a function of bending curvatures.
The solid squares are the experimental data obtained by the
line-shape fits in Fig. 4(a), and the solid line is the least-square
fit of the normalized PL intensities versus curvature using
a relation of I(x) = a, + a;x + a,x*. The obtained fitting param-
eters are a, = 0.288 + 0.012, a; = 0.017 £ 0.003 m, and a, =
(2.95 + 1.05) x 10~* m?. It is obvious that the best fit of the
normalized intensity vs. curvature (red line) in Fig. 4(b) must
contain both linear-term parameter a; and square-term
parameter a,. The result implies that the PL enhancement of
the layered GaSe under upward bending should include two
mechanisms of laser illuminated area and emission solid angle.
The origin of BPL enhancement in GaSe will be discussed later
in Fig. 6.

Fig. 4(c) shows the curvature-dependent peak position of P,
of layered GaSe with representative error bars that obtained
from the Lorentzian line-shape fits of the BPL spectra. Because
the P; is more prominent when a GaSe flexible device is oper-
ated with upward bending [see Fig. 4(a)], the lower-energy peak
P, (with respect to P,) is hence delegate for the analysis of
curvature-dependent energy shift in the GaSe luminescences. As
the curvature is increased from R™* = 0, 12.265, 17.373, 21.308,
27.594, to R™' = 37.276 m ', the bandgap gradually decreases
from P, = 2.005, 1.998, 1.996, 1.993, 1.988, to P; = 1.986 eV
such as those shown in Fig. 4(c). The energy reduction should
be come from the tensile strain existed in the outer-layer plane
of the GaSe under upward bending, resulting in lattice expan-
sion. The red solid line in Fig. 4(c) is the least-square fit of P,
bandgap energy vs. curvature using the relation containing
linear term b, and square term b, as E(x) = by + b1x + byx” €V.
The obtained values of fitting parameters are b, = 2.005 +
0.002 eV, by = —(4.3 £ 1.3) x 10 * eV m, and b, = —(6 + 3) x
10~ ° eV m?, respectively. This relationship can be used to future
estimate curvature-dependent bandgap shift of GaSe under
normally bending operation.

To further study the dependence of lattice constant vs.
energy gap of the layered GaSe, transmittance absorption result
and in-plane lattice constant a of the ternary layered
compounds GaSe ¢So.1, GaSeg gSo.2, GaSe, 7Sy.3, and GaSe 6So 4
of similar crystal structure''® have also been included for
comparison and analysis. Those experimental results were done

This journal is © The Royal Society of Chemistry 2018
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by our laboratory previously.'®* The values of lattice constant
and bandgap have been determined to be a = 3.747 A and E, =
2.005 eV for flat GaSe, a = 3.736 A and E, = 2.051 eV for
GaSey.6S01, @ = 3.724 A and E, = 2.121 eV for GaSe( gS¢.», a =
3.714 A and E;=2.195 eV for GaSe, ;Sy.3, and a = 3.704 Aand E,
= 2.276 €V for GaSe, So.4, respectively. The data are shown by
solid squares (with representative errors) in Fig. 5.

It should be mentioned that energy bandgap variations in
the GaSe; ,S, (0 = x = 0.4) crystal series are maybe mainly
caused by two mechanisms: one is the lattice constant change,
and the other is the chemical constituent change when the Se
substitutes with S. The band-structure change of electronic
states of the GaSe,_,S, with S substitution into the Se site in the
GaX (X = S, Se) need be detailed refined by further theoretical
calculations. However, in this study, we have not considered
this part and have only focused on the lattice constant induced
bandgap change. The assumption is based on the GaSe;_,S,
(0.1 = x = 0.4) series layers have the similar mixed-phase
stacking structure as that of GaSe (i.e. lower gap for e-phase
and larger gap for B-phase). Essentially, the transmittance
bandgap of GaSe; ,S; (0 = x < 0.4) is determined by the lower
bandgap part, similar to that of P, of GaSe with higher PL
intensity in Fig. 4(a). Because the similar bandgap origin, it is
capable to analyze the lattice constant a vs. bandgap change of
the whole series GaSe; ,S, (0 = x < 0.4) layers using a relation
of a(Ey) = ag + a,Eq + azEgZ. The fitting result is shown as a blue
solid line and which extending to the BPL region of the GaSe in
Fig. 5. The obtained fitting parameters are a, = 5.3167 A, a, =
—1.3357 A (eV) ', and a, = 0.2757 A (eV) 2, respectively. The
best fit of the blue line that extending to the BPL region also
indicates good agreement with the curvature-dependent BPL
data of GaSe as displayed in the inset in Fig. 5. This relationship
can be referred in studying the emission energy versus lattice

3.76
GaSeBPL ™
R

= 3781 T 12.265 m™

< b T
]

E 3.74 3748{ 30.276 m™ —

§ /' L Fit

2 "

= GaSegSo.1 985 1.990 1.995 2.000

(=] Energy gap (eV)

9

5]

g 372 GaSeqsSo

g

= -

— Fit GaSe7S3
GaSe.6S0.4—> n
3.70 . . . .
2.0 21 2.2 23

Energy gap (eV)

Fig. 5 The analysis of in-plane lattice constant a versus bandgaps in
layered GaSe;_,Sy (0 = x = 0.4) series compounds with similar
structure®*® together with those of the curvature-dependent bending
GaSe results are also included for comparison. The fitting result [a(E),
depicted as the blue solid line] shows a good fit that extending to the
BPL region of different curvatures of GaSe as shown in the inset. It can
be utilized to analyze lattice constant vs. bandgap change in bending
GaSe.
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constant change in the future bent GaSe light-emitting-device
operation.

Finally, the mechanism of PL enhancement under upward
bending of the layered GaSe is analyzed and discussed. Fig. 4(b)
clearly reveals that the analysis of overall intensity change vs.
curvature is a relation containing linear term and square term
as I(x) = (0.288 + 0.012) + (0.017 & 0.003 m)x + [(2.95 =+ 1.05) x
10~* m®]x*, where x is the curvature of bending (m™"). The
linear-term change of BPL intensity may directly relate to the
shiny-area change of laser illumination while the square-term
alteration is caused by bond-angle widening under upward
bending. Fig. 6(a) shows the calculated shiny area of laser
(mm?) as a function of curvature from R ' = 12.265 to
30.276 (m~ ") using the calculation of previous equations. It is
obvious that the shiny area increased linearly with the curvature
is increased, following a relation of A(x) = (3.1415 £ 0.0001) +
[(2.2 + 0.4) x 10~° m]x (mm?), shown by the solid line in
Fig. 6(a). For the non-linear (square) term related PL change, the
luminescence efficiency of BPL is also enhanced owing to the
widening of emission solid angle of each Se-Ga-Ga-Se unit in
the GaSe under laser shiny as compared to that of the flat PL
condition. The representative scheme for indicating the differ-
ence is depicted in Fig. 6(b) for comparison. The direct bandgap

3.1428
(@ GaSe BPL
< 31424 i
£
£
A
$ 3.14204 i
el
<
>
S 3.1416- J
=
»
1
% 3.1412 <& Ellipse area
= —— Linear Fit
10—
12 16 20 24 28 32
-1
Curvature (m )
(b) | |
Objective Lens ‘ Objective Lens ‘

Se-Ga-Ga-Se

Unit
Flat PL Bending PL
Fig. 6 (a) The curvature-dependent laser-shiny area change of

bending GaSe with different curvatures R~ = 12.625, 17.373, 21.308,
27.594, and 30.276 m~L. The shiny area increases linearly with the
bending curvature is increased. (b) The representative scheme of the
Se—-Ga—-Ga-Se units for the GaSe monolayers illuminated by laser
under flat condition and under upward bending. The bent GaSe
received more photons as well as much widened emission solid angle
with respect to those of the flat condition.
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emission of P; peak of GaSe may originate from the in-plane
Ga-Se bond with a recombination from Ga 4s* antibonding
state (Ec) to Se 4p bonding state (Ey).>> As shown in Fig. 6(b),
when the incident laser light shines on the sample and all
scattered lights are collected by the object lens in the micro-PL
system, the bent GaSe monolayers reveal more widening to
acceptance solid angle as well as much deeper light trans-
mission in the layers for rendering more enhanced PL emission.
It is noticed that the absorption coefficient of GaSe is about « =
7048 cm™ ' at 532 nm (laser wavelength) determined by trans-
mittance measurement. The penetration depth 6 of the layered
flat GaSe at 532 nm can be 6 = 1/, ~1.42 pm. For a upward bent
GaSe with the thickness of ¢ = 30 um (see Fig. 1(b)), the upper
out-side layer surfaces (>t/2 part) would suffer extension
(tensile) strain whereas the inner (<#/2 part) layered planes
could be compressive such as the formation of nanotube GaSe
of different thicknesses.?* The middle layer (=¢/2) of the GaSe
should be neutral and unstrained. Because the penetration
depth 6 is much lower than the sample thickness ¢, the outer-
layers GaSe has suffered an in-plane tensile strain to the Ga-
Se bond, the peak energy of the bandgap emission is thus
redshifted. In the BPL experiments, the test GaSe sample is not
being thinly exfoliated to few layer. The experimental design is
necessary to reach high accumulation of illumination intensity
for achieving high measurement accuracy in the BPL study. The
analyses of PL enhancement, bandgap shift, and lattice-
constant change in the layered GaSe with upward bending
could be well referred in future flexible light-emitting-device
application of 2D materials.

4. Conclusions

In conclusion, an accurate and adjustable bending steel holder
was designed to study the curvature-dependent PL enhance-
ment and bandgap shift of the layered GaSe 2D material at
normally upward bending conditions. The designed holder can
avoid layer wrinkles and stress non-uniformity of the layered
sample under testing. With the curvature increased from R~ =
0 (flat) to R~' = 30.276 m ™", the normalized BPL intensities are
enhanced by a relationship of I(x) = (0.288 £ 0.012) + (0.017 +
0.003 m)x +[(2.95 £ 1.05) x 10~ * m*]x*, where x is the curvature
(m™"). According to the detailed analysis and geometric calcu-
lation, the BPL enhancement can be attributed to two mecha-
nisms: (1) linear change by mainly the laser-shiny-area increase,
and (2) non-linear variation of increasing the acceptance solid
angle from the Se-Ga-Ga-Se bond units under upward bending.
When the curvature of the bent GaSe is increased, the PL main-
peak energies are also redshifted (reduced). It is mainly owing
to in-plane Ga-Se bond-length expansion caused by tensile
strain. A further analyses of in-plane lattice constant a vs.
bandgaps of the GaSe by taking into account those results of
GaSe; ,S, (0.1 = x = 0.4) with similar structure has also been
done. A referred expression of a(E,) = ao + a,Eg + azEg2 with ay =
5.3167 A, a; = —1.3357 A (eV) ™!, and a, = 0.27571 A (eV) 2 can
be obtained. This formula could be further referred in tuning
bandgap and lattice constant for the bent GaSe light-emitting
device in future flexible optoelectronics use.

This journal is © The Royal Society of Chemistry 2018
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