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Abstract

Layered semiconductors of IIIA-VIA group, have at-
tracted considerable attention in (opto)electronic applica-
tions thanks to their atomically thin structures and their
(opto)electronic properties. Currently, two-dimensional
(2D) indium selenide (InSe) and gallium selenide (GaSe)
are emerging as promising candidates for the realization
of light-driven thin-field effect transistors (FETs) and pho-
todetectors due to their high intrinsic mobility (10* — 103
ecm?V~1s71) and their direct bandgap in an energy range
(1.3 — 3.2 ¢V) suitable for UV, visible and NIR light de-
tection. A requirement for large-scale electronic applica-
tions is the development of low-cost, reliable industrial pro-
duction processes. In this context, it has been recognized
that liquid-phase exfoliation (LPE) of InSe and GaSe is a
cost-effective and environmentally friendly way to formu-
late inks for FETs, presenting a significant advantage over
conventional methods. In this study, printed InSe and GaSe
phototransistors are presented showing high responsivity
(13 —274 AW~") and fast response velocity (15 — 32 ms).
Furthermore, GaSe phototransistors show an on-off current
ratio of ~ 10% in the dark, which can be readily achieved
without the need for complex design of drain/source con-
tacts or gating techniques. The gate-dependent photore-
sponse shows that the phototransistors can be modulated
by the gate voltage. These results demonstrate that liquid-
phase exfoliated InSe and GaSe are valid candidates for
low-cost high-performance (opto)electronic devices.

1 Introduction

Two-dimensional layered materials (2DLMs), formed by
layers of bonded atoms held together in the out of plane di-
rection by weak van der Waals forces, have been employed
in many research fields, including fundamental physics
[1,2] photonics [3, 4], (opto)electronics [5, 6] and energy
storage and conversion [7-10]. In particular, ultra-thin lay-
ered semiconductors of IIIA-VIA group such as InSe and
GaSe have recently been recognized as a topic of interest
for the scientific community [11]. Unlike transition metal
dichalcogenides (TMDs) that exhibit a direct bandgap only
in the few-layered (< 5 nm) form, InSe and GaSe show
an indirect gap in the monolayer and a gradual transition
to a direct bandgap when the thickness increases [5, 6, 11].
This can be advantageous for light detection because few-

Figure 1. Optical microscope image of the complete photodetec-
tor.

layer films ensure high absorption of light while being more
stable than monolayers towards degradation. Moreover,
their bandgap energy can be tuned in a wide range from
~ 1.3 eV to ~ 3.2 eV (at room temperature) depending on
the material under consideration and the thickness [5, 6].
This leads to a wide spectral response from UV and visi-
ble light to near-infrared (NIR) due to quantum-size con-
finement effects of the natural quantum-well determined in
few-layer InSe and GaSe flakes [5, 6]. Several groups re-
ported high-performance field-effect transistors based on
single-layer and few-layer InSe and GaSe, but despite the
great potential demonstrated by these excellent figures of
merit, the above-mentioned results were obtained using
laboratory-scale production methods [5,6]. Another way to
produce layered materials is provided by liquid-phase exfo-
liation (LPE), which is capable to produce large quantity
of liquid dispersions of thin 2D crystals with high crys-
talline integrity [7, 12]. The as-produced liquid disper-
sions of 2D crystals are suitable for large-scale and on-
demand deposition with established methods (e.g., spray-
coating, dip-coating, spin-coating, screen-printing, inkjet-
printing) [5, 6], making LPE a viable technique for all the
applications demanding high volume and cost-effective so-
Iutions. In this work, it has been investigated the potential
of spray-coating deposition, a widespread industrial coating
process, for the fabrication of high-performance solution-
processed InSe photodetectors and GaSe phototransitors. It
has been shown that light-sensitive devices based on spray-
coated films of liquid-phase exfoliated flakes of InSe and
GaSe in isopropyl alcohol (IPA) exhibit very high respon-
sivity (13 —-274 AW~ I to light in a broad spectrum (350 nm
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Figure 2. Source-drain current (Ip) vs. source-drain voltage (Vp), recorded in the dark at bottom-gate voltage (V;) values between —40 and

40 V, for both a) InSe and b) GaSe. In inset, Ip vs. V curves.

- 900 nm), surpassing previous records of responsivity in
photodetectors based on percolating networks of solution-
processed 2D flakes by more than one order of magni-
tude [5]. In addition, The GaSe phototransistor exhibits
a p-channel gate-voltage dependent behavior with a high
on/off ratio of ~ 103.

2 Materials and Methods

2.1 Material Production

The synthesis of B—InSe and €—GaSe bulk crystals was
performed with the Bridgman-Stockbarger method. Sol-
vents commonly used for the production of 2D-material-
based dispersions (e.g., N—methyl—2—pyrrolidone - NMP,
dimethylformamide — DMF) present serious health haz-
ards. Moreover, they contaminate the substrates degrad-
ing the properties of the printed materials, due to their
low vapour pressure and high boiling point of the solvents
(T, ~ 200°C). For these reasons, alternative low boiling
temperature (< 100°C) and environmentally friendly lig-
uid mediums are investigated for LPE. It has been per-
formed LPE of InSe and GaSe in IPA followed by soni-
cation and ultracentrifugation in order to achieve a good
compromise between ink stability, lateral size, and thick-
ness of the flakes. Isopropyl alcohol, thanks to its low toxi-
city with respect to other organic solvents (e.g., NMP, DMF,
etc. health code > 2 NFPA704) and its low boiling point [5]
is a suitable solvent for LPE of InSe and GaSe crystals.

2.2 Photodetector Fabrication

The InSe and GaSe dispersions were sprayed on differ-
ent samples. Several electrode arrays were deposited on
the same substrate in order to exploit the large area depo-
sition capability of the spray coating process. Electrodes
with small length (L = 1 um) and large total width of the
conduction channel (W = 5760 um), provide an active area
W - L for photodetection. The interdigitated gold electrode
array was fabricated using e-beam lithography and lift-off
on highly doped silicon (100) with 100 nm thermal oxide
on the surface. Each electrode consists of 65 interdigitated

fingers with an overlap of 40 um (Fig. 1). A volume of
30 ml of the as-obtained InSe and GaSe dispersions in IPA
were deposited by spray-coating onto the patterned sub-
strate, which was heated to 60°C to favour quick solvent
evaporation during the deposition. The coated samples was
placed under vacuum overnight at room temperature to sta-
bilize the deposited film and remove residual solvents. A
200°C annealing for 30 min in argon atmosphere was then
performed to improve the interface between flakes and the
contact with electrodes.

3 Results and Discussion

The current vs. voltage (I-V) curves of the InSe photode-
tector and GaSe phototransistors are first described in dark
conditions and were measured at room temperature and un-
der vacuum in order to avoid the influence of moisture and
atmospheric gases. The doped silicon substrate was electri-
cally contacted to apply a gate bias V. For both InSe and
GaSe, as shown in Fig. 2a and Fig. 2b, the drain-source
current (Ip) varies with Vp under different Vi (from —40
to 40 V), indicating that Ip can be effectively controlled by
electrostatic doping. In particular, for InSe, the inset in Fig.
2a shows the Ip — Vi; transfer curves in dark at the drain
bias voltage of 15 V. The device shows an ambipolar be-
haviour with a minimum /p current at Vg ~ —10 V and a
distinct asymmetry in electron and hole conductance (inset
Fig. 2a) showing apparent mobility of 3- 107 cm?V ~1s~!
for electrons and 1-107> ¢m?V~'s~! for holes. The tran-
sistor is n-doped at Vi = 0 V and never appears in the off-
state, which could be explained by the presence of the de-
fect states in the gap of InSe. On the other hand, in the
case of GaSe, the transistor is p-doped at Vg = 0 V and is
in the off-state (Ip ~ 25 pA) for V; > 20 V, exhibiting a
unipolar behavior (inset of Fig. 2b). An on/off current ratio
Uon/lorf) of ~ 10% was determined from Ip vs. Vg mea-
surements by taking the ratio of maximum to minimum Ip
with gate voltage between —40 and +40 V. Moreover, it
has been found a a field-effect differential mobility of the
film of ~ 1073 ¢m?V~'s7! for a V; in the range between
—40 and 0 V (inset of Fig. 2b). In order to study the be-
haviour of the devices as photodetectors, the photoresponse
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Figure 3. Spectral responsivity of a) InSe and b) GaSe photodetectors. The dashed line is a linear fit of the tail of the spectrum. The inset of
a) plots the response to 0.1 Hz pulsed light (530 nm). Photocurrent rise and decay during pulsed light excitation for ¢) InSe and d) GaSe.

(Rp,) was measured under the exposure to different light
stimuli for both InSe and GaSe (Fig. 3). In the case of
InSe, the maximum R, is ~ 274 AW ! at 455 nm, corre-
sponding to an irradiance of ~ 0.53 mWem™2. It has been
obtained a R,;, much higher than photodetectors based on
solution-processed 2D crystals, and InSe in particular [5].
The spectral response of the device is shown in Fig. 3a in
the visible and NIR range at bias voltages Vp =2 V and gate
voltage Vg = 0 V. The R, is higher at short wavelength
and decreases around 800 nm, resulting in a bandgap value
(Egap) of 1.38 eV. In the case of GaSe, the photodetector
is responsive in the UV-visible range, as shown in Fig. 3b,
and it was measured at bias voltages Vp = 3 V and gate
voltage Vg = 0 V. Tt has been found that R, has a peak
at 385 nm, with a value of ~ 13 AW ! and decreases to-
ward longer wavelengths with a pronounced drop at ~ 600
nm. The bandgap can also be estimated from the spectral
responsivity. The resulting value of ~ 640 nm corresponds
t0 Egqp ~ 1.93 eV. Finally, it has been reported the time
response of the InSe and GaSe devices, obtained by mea-
suring the current during slow modulation of light source.
For both devices, excellent long-term stability is observed
with fast switching and reproducible transition from "ON"
to "OFF" conditions. In particular, for InSe, the measured
rise (fall) times, defined as the time to go from 10% (90%)
to 90% (10%) of the maximum current, are Tg = 15.1 ms
(tr = 63.7 ms), which are among the fastest reported for
photodetectors made with films of LPE flakes of InSe (Fig.
3c). On the other hand, for GaSe, the measured rise (fall)
times are Tg ~ 32 ms (tr ~ 69 ms) (Fig. 3d).

4 Conclusions

In this paper, it has been reported that spray-coated liquid
phase exfoliated networks of InSe and GaSe flakes are suit-
able for the production of light-sensitive devices with good
photoresponsivity to a wide range of excitations from UV
to visible and NIR light, and can be used as semiconduc-
tor channel material in phototransistors, obtaining a high-
throughput and low-cost method to implement photode-
tectors with high sensitivity and fast response time. The
use of spray coating and environmentally friendly solvents
in the fabrication process is essential to control the mor-
phology and connectivity of the flakes network in order to
substantially improve the mobility, the on-off ratio and the
switching speed, making these materials interesting alterna-
tives for photodetectors in the UV, visible and NIR spectral
range, also for applications on flexible substrates.
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