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High photosensitivity and broad spectral response
of multi-layered germanium sulfide transistors}
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In this paper, we report the optoelectronic properties of multi-layered GeS nanosheet (~28 nm thick)-
based field-effect transistors (called GeS-FETs). The multi-layered GeS-FETs exhibit remarkably high
photoresponsivity of R, ~ 206 A Wt under 1.5 uw cm2 illumination at A = 633 nm, Vg=0V, and Vg4 =10 V.
The obtained R, ~ 206 A W™ is excellent as compared with a GeS nanoribbon-based and the other
family members of group IV-VI-based photodetectors in the layered-materials realm, such as GeSe and
SnS,. The gate-dependent photoresponsivity of GeS-FETs was further measured to be able to reach R; ~
655 A W™! operated at Vy = =80 V. Moreover, the multi-layered GeS photodetector holds high external
quantum efficiency (EQE ~ 4.0 x 10%%) and specific detectivity (D* ~ 2.35 x 10%* Jones). The measured
D* is comparable to those of the advanced commercial Si- and InGaAs-based photodiodes. The GeS
photodetector also shows an excellent long-term photoswitching stability over a long period of operation
(>1 h). These extraordinary properties of high photocurrent generation, broad spectral range, and long-
term stability make the GeS-FET photodetector a highly qualified candidate for future optoelectronic

www.rsc.org/nanoscale applications.

Introduction

Layered materials are attractive building blocks in the modern
electronic world. The exploration of such novel layered struc-
tures is especially interesting in optoelectronics for appli-
cations such as in transistors, photodetectors, ultrafast lasers,
touch panels, and optical modulators to achieve the ever
increasing demands for high-speed performance, less-power
consumption, and easy-to-fabricate flexible devices."™ Com-
pared with zero- and one-dimensional materials, by virtue of
their excellent electron mobility and large surface area, two-
dimensional (2D) materials are well suited for easy integration
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into the complex electronic circuitry that pervades the modern
electronics industry.>®

The discovery of graphene has ignited tremendous develop-
ment in materials science because of its unique, novel, and
exciting electrical and mechanical properties. However, the
absence of a band gap and weak light absorption in graphene
limit its advantageous optoelectronic applications, therefore
paving the way for other 2D layered semiconducting materials
with versatile electronic and optical applications. To date,
various layered materials, such as transition metal dichalco-
genides (e.g., MoS,,” MoSe,,* WS,,” and MoTe, '°) and other
multi-layered 2D crystals (e.g., GaS,"" GaSe,"* and InSe'?) have
attracted significant attention and have been investigated. In
particular, the layered chalcogenides of group IV-VI (GeS,"
GeSe," SnS,'® SnSe,"” etc.) have attracted wide research inter-
est because of their suitable band gaps, high absorption coeffi-
cients, anisotropic optical/electrical properties, high thermal
stability, low toxicity, and environmental sustainability. For
example, single-crystal germanium selenide (GeSe) nanosheet-
based photodetectors were demonstrated to possess excellent
photoresponsivity (R; ~ 3.5 A W) and photoconductive gain
(~5.3 x 10°%)."® These encouraging results motivated us to
investigate the photoresponsive properties of germanium
sulfide (GeS), which have not been explored elaborately so far,
despite the band gap of GeS lying in the convenient visible

This journal is © The Royal Society of Chemistry 2016
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region and the strong absorption of GeS spanning in a wide
spectral range.

GeS is a p-type semiconductor of an orthorhombic structure
with several direct and indirect transitions very close in energy
competing for the band gap at ~1.55-1.65 eV, rendering GeS a
strong absorber from the visible to near-infrared spectral
regions.'”* Herein, we report the electrical and opto-
electronic characterization of GeS nanosheets, which were
exfoliated mechanically from a bulk GeS crystal. Multi-layered
GeS nanosheets (~28 nm in thickness) were then used as a
conducting channel to fabricate field-effect transistors (FETS).
The multi-layered GeS-FETs exhibit remarkably high R, ~ 206
AW~ under illumination of 1.5 pW em™ at 4 = 633 nm (V, =
0V, Vg = 10 V) and possess robust optoelectronic merits to
serve as photodetectors of high photocurrent generation. The
obtained R; ~ 206 AW™" is excellent in the photocurrent gene-
ration as compared with a GeS nanoribbon-based photodetec-
tor and the other family members of other group IV-VI
photodetectors, such as GeSe and SnS, (see ESI Table S1f).
Moreover, the multi-layered GeS photodetector exhibits high
external quantum efficiency (EQE ~ 4.0 x 10"%) and specific
detectivity (D* ~ 2.35 x 10" Jones). The measured D* is com-
parable to the advanced few-layered GaS (~10"* Jones)'! and
commercial Si (10" Jones)*® based photodiodes. Furthermore,
the D* value can be increased by simply tuning the external
gate voltage. Light-induced current vs. elapsed time (I4s—t)
measurements of the multi-layered GeS-FETs reveal the excel-
lent photoresponse time and photoswitching stability of the
materials over a long period of operation. These figures-of-
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merit demonstrate that GeS nanosheets hold great potential
for optoelectronic applications, especially for fabricating
photodetectors with high photocurrent generation, fast
response, and long-term stability.

Results and discussion

The bulk GeS crystals used in this study were grown via a
chemical vapor transport (CVT) method>* with the synthetic
details being described in the Experimental section. Fig. 1a
shows the three-dimensional (3D) crystal structure of GeS,
which emphasizes the stacking order and van der Waals inter-
action among individual sheets in the GeS crystal. The X-ray
diffraction (XRD) pattern of the bulk GeS crystal in Fig. 1b con-
firms that the GeS crystal belongs to the orthorhombic Pbnm
space group (JCPDS no. 00-051-1168) with lattice constants of
a=4.30A, h=10.47 A, and ¢ = 3.64 A. The inset of Fig. 1b pre-
sents the selected area electron diffraction (SAED) pattern
which exhibits the single-crystallinity of the GeS nanosheets
oriented along the [100] direction.”® In addition, the binding
energies of Ge (3d) at 29.6 eV, S (2ps;») at 160.2 eV, and
S (2pi) at 161.4 eV, observed by X-ray photoelectron
spectroscopy (XPS) (Fig. 1c), agree well with the earlier
report.>® The crystal morphology and elemental compositions
of the GeS crystal, determined by scanning electron
microscopy (SEM) and energy dispersive X-ray spectroscopy
(EDS), manifest the layered nature of the GeS crystal (Fig. 1d)
and the stoichiometric ratio of Ge: S ~ 1:1 (see ESI Fig. S17).
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Fig. 1 (a) Crystal structure of GeS. (b) XRD spectrum of the as-synthesized bulk GeS crystal. The inset shows the SAED pattern of GeS nanosheets.
(c) Observed XPS spectra of the bulk GeS crystal indicate the binding energies of Ge (3d) at 29.6 eV, S (2ps/,) at 160.2 eV, and S (2p,,,) at 161.4 eV.

(d) SEM image of layered GeS nanosheets.

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 (a) Illustration of a multi-layered GeS-FET. (b) AFM surface topograph (top panel) and optical image (bottom left panel) of the as-fabricated
GeS-FET device. S and D represent the source and drain electrodes, respectively. The thickness of the GeS nanosheets, as scanned along the white
dashed line in the top panel, is ~28 nm (bottom right panel). (c) The I4s—Vy4s characteristic curves of the multi-layered (~28 nm thick) GeS-FET
measured at different V from 0 to —40 V. (d) The /4s—V, curve with Vg scanned from 80 to —80 V at V4 = 10 V. The inset shows the transfer curves
in the white-light illumination and dark states, in which the upper illustration represents the measurement of a multi-layered GeS-FET under

illumination.

Multi-layered GeS-FETs, as illustrated in Fig. 2a, were fabri-
cated following a standard lithographic procedure, where GeS
nanosheets on a Si wafer of a 300-nm-thick SiO, dielectric
layer were electrically connected to Cr/Au (5/70 nm) electrodes.
Fig. 2b presents a surface topograph (top panel) and an optical
image (bottom left panel) of the as-fabricated multi-layered
GeS-FET with the thickness of the GeS nanosheets determined
by atomic force microscopy (AFM) to be ~28 nm (bottom right
panel), comprising ~50 successive GeS layers. Multi-layered
GeS-FET devices fabricated with a semiconductive channel of
~28 nm thick GeS nanosheets were used throughout this
study. The source-drain currents vs. source-drain voltage
(Ias—Vas) of a multi-layered GeS-FET (Fig. 2¢) were measured at
different gate voltages (Vy = —40-0 V) in a probe station at 10>
Torr and room temperature. The source-drain current vs. back-
gate voltage (Iq5~V,) curve (Fig. 2d) measured at Vg, = 10 V exhi-
bits the p-type behavior of the GeS-FET because of the pres-
ence of Ge vacancies in the prepared GeS crystal.>” The
mobility of charge carriers in the GeS-FET can be deduced
from u = [L/(WCVq)]-(dI4qs/dV,), where L and W are the length
and width of the semiconductor channel of the GeS
nanosheets, respectively, and C is the capacitance between the
channel and the back gate per unit area (C = gy&,/d; ¢, is the
vacuum permittivity, ¢, is the relative permittivity, and d is the

2286 | Nanoscale, 2016, 8, 2284-2292

thickness of the SiO, dielectric layer). The field-effect mobility
of the device is calculated to be ~1.5 x 107> cm? V™' s7%; fur-
thermore, the GeS-FET exhibits a high on/off ratio of ~10° (see
ESI Fig. S2t). The presence of trap/defect states at the interface
between the semiconductor channel and the SiO, dielectric
layer of an FET device plays a dominant role in the charge
carrier mobility.”®*° Reducing the number of such trap/defect
states at the interface could substantially improve the device
performances.>**"

Next, we investigated the photocurrent generation in the
GeS-FET by recording the I4-V, curves under white-light illu-
mination (shown in the inset of Fig. 2d). The I4s-V, measure-
ments shown in the inset of Fig. 2d compare the
photoresponses of the GeS-FET under illumination and in the
dark. Upon illumination, the channel current was observed to
increase dramatically relative to the dark state. Because of the
excellent photoresponse of the multi-layered GeS-FET to white
light, we conducted further photoelectrical studies of this
device with various optical intensities. In this work, we carried
out all of the photocurrent measurements under monochro-
matic illumination at 633 nm unless otherwise specified.
Fig. 3a presents the I4—Vys plots of a GeS-FET in the dark and
under illumination with different intensities of 1.5, 3.5, 4.5,
15, 35, 45, and 153 W c¢m™>, in which the photo-induced

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 (a) The I4s—Vqs curves of a multi-layered GeS-FET were investigated at Vy = 0 V with 633 nm excitation at laser powers of 1.5, 3.5, 4.5, 15, 35,

45, and 153 uW cm2. (b) The photocurrent (Ion) is plotted as a function of the incident laser power (P) measured at V45 = 10 V and Vg = 0 V; the data
points (blue squares) were collected from (a). A linear fitting (the red solid line) to the experimental data (blue squares) reveals the dependence of
the photocurrent on the incident laser power as Iy, ~ P%42 The inset shows the photosensitivity (/on/lgar) as a function of incident laser power
measured at Vy = 0 Vand Vg = 10 V; the data points (red squares) were collected from (a). (c) Mapping of photocurrent (/o = light — ldari) @s a func-

tion of Vg (from 0 to —80 V) and Vs (from 0 to 10 V) under illumination

of 1.5 yW cm™2 at 4 = 633 nm. (d) The I4s—Vgs curves of the multi-layered

GeS photodetector measured in the illumination and dark states at V; = —80 V, where the data points were taken from (c).

current gradually increases as the laser power increases. In
Fig. 3b, we plot the generated photocurrent (I,,) as a function
of the incident laser power (P), where I, = Lijgh¢ — Idark Was cal-
culated by subtracting the I4s obtained in the dark (rep-
resented by Ia.) from that under illumination (denoted by
Liight) at Vgs = 10 V. The photocurrent increases sublinearly fol-
lowing a power law of I, ~ P**?, which could be caused by the
defects present in GeS and/or the adsorbed molecules/impuri-
ties at the GeS-SiO,/Si interface.”® The photosensitivity of a
device is defined as the ratio of photo-generated current to
dark current (i.e., Ion/Igari)- A detector of higher photosensi-
tivity exhibits its ability of better noise rejection, where the
photocurrent is clearly distinct from the dark current.** In the
inset of Fig. 3b, we present the increasing photosensitivity (I,n/
I4ark) as a function of the incident power to manifest the pre-
dominant sensitivity of a GeS photodetector to illumination.
To gain further insight into the performance of the multi-
layered GeS photodetector, the photocurrent (Ipn = hight — Idark)
profile was measured under illumination at different Vg
(0-10 V) and V, (—80-0 V). The mapping in Fig. 3c shows an
increase of I, by raising the negative V, value with the conco-
mitant rise of Vg, Examining I, as a function of Vg, at a
specific V, = =80 V (Fig. 3d), the multi-layered GeS-FET pos-
sesses a low dark current, and the generated I, is dominated
by the photo-generated charge carriers (i.e., photocarriers)

This journal is © The Royal Society of Chemistry 2016

upon illumination, making the multi-layered GeS photodetec-
tor as a good candidate for optoelectronic applications.
Photoresponsivity (R;) is an important parameter to judge
the sensitivity of a photodetector under light stimulation. R,,
which is defined as the photocurrent generated per unit power
of the incident light (with wavelength 1) on an active illumi-
nated area, is expressed as R; = AL/(P,S) = [eta/(hv)](ni/7y),
where AI, is the generated photocurrent, P, is the incident
light power, S is the illuminated area, e is the elementary
charge, ¢ is the thickness of the channel, a is the absorption
coefficient of the channel material at the photon energy of Ay,
and 7)/7, is the ratio of the life time of minority carriers (7;) to
the transit time of majority carriers (z,)."*** This relationship
indicates that both a of the channel material and 7;/z; of the
charge carriers are important factors that are responsible for
the high photoresponsivity of a photodetector. Fig. 4a shows a
3D perspective of the measured R, (0.01-206 A W ') of a
GeS-FET as a function of Vg (0-10 V, V; = 0 V) and
P (153-1.5 pW cm™? at 633 nm). Fig. 4b plots R, in response to
different incident laser power (P) values at 633 nm with a
power law of R, ~ P~°°. Remarkably, the maximum R, of our
multi-layered GeS photodetector reaches 206 A W™ at 1.5 uW
em™? (Vgs = 10 Vand V, = 0 V). The high R, could be accounted
for by the strong absorption nature of GeS in a wide spectral

range'®>* together with the fast, effective separation of photo-
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Fig. 4 (a) 3D photoresponsivity map of a multi-layered GeS photodetector. (b) Photo responsivity of the multi-layered GeS photodetector under

various laser intensities at 633 nm. The power law of R, ~ P~%° was dete
maximal R; of 206 A W™ excited at 1.5 pW cm™2, Vg = 0 V, and Vs = 10 V.

rmined from fitting the measured data. The GeS photodetector shows a
(c) The measured R; of the multi-layered GeS-FET device with respect to

excitation wavelength. (d) R, of the multi-layered GeS photodetector as a function of V4 measured at V4 = 10 Vand P = 10 uW cm™2. (e) The exam-
ined laser power dependences of EQE and D* for the multi-layered GeS-FET at V; = 0 V and Vg = 10 V. (f) The EQE and D* of the multi-layered GeS
photodetector were investigated as a function of excitation wavelength at P = 10 pW cm™2, Vg=0V,and V4 =10 V.

carriers in the spatial 2D crystals of GeS nanosheets to defer
electron-hole recombination and also by the large =/7,
leading to a highly efficient photoresponsive conversion. In
this study, we estimated 7/z, ~ 1.4 x 10* for our GeS-FET device
by calculating the 7;/7, value from the above formula of R, with
the assistance of computing eta/(hv). Likewise, we also esti-
mated the 7)/r, values of multi-layered SnS,-, multi-layered
GeSe-, and GeS nanoribbon-based FET devices by extracting
the available R, and eta/(hv) values from reported literature
data. These estimated 7)/z, values, together with the channel
thicknesses and lengths, of multi-layered GeS-, SnS,-, and
GeSe-FET devices and the GeS nanoribbon-based FET are
listed in Table S17 for comparison. The GeS-FET performs sub-
stantially better in photoresponsivity as compared with GeS

2288 | Nanoscale, 2016, 8, 2284-2292

nanoribbon-based (139.9 A W™ ')** and the same group IV-VI
family of GeSe- and SnS,-based photodetectors (see ESI
Table S1t). The higher photoresponsivity of GeS nanosheet-
based FETs, as compared to 1D GeS nanowire-based FETs, was
also reported earlier®” and can be ascribed to the large surface
area of the nanosheets to facilitate the more efficient gene-
ration of photo-excited carriers, resulting in higher photocur-
rent. In order to provide an insight into spectral response of
the multi-layered GeS photodetector, we also measured the
excitation wavelength dependences of R; at 400-800 nm, P =
10 UW em™2, Vgs = 10 V, and Ve = 0 V (Fig. 4c). The R, value
reaches a maximum of 89 AW " at 1 ~ 550 nm and is generally
in line with the trends of the observed absorption spectrum
(see ESI Fig. S31) and photoconductivity measurement®® of a

This journal is © The Royal Society of Chemistry 2016
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bulk GeS crystal. Note that R, can be further increased by
simply tuning the gate voltage (V,) as shown in Fig. 4d,"
where the V,-dependent R; was measured at P = 10 pW cm™?,
Vas = 10V, and V, (—80-0 V). Remarkably, the R, increased sig-
nificantly from 54 to 655 AW~ when V, was swept from 0 to
—-80 V.

Next, we determined two other key parameters in photo-
detection, EQE and D*, for the multi-layered GeS photo-
detector. EQE is the measure of the photoconductive gain,
which is the number of electrons detected per incident photon
(i.e., the photon-to-electron conversion), and can be expressed
as EQE = R;-[hc/(ed)], where R, is the photoresponsivity, /4 is
Planck’s constant, ¢ is the speed of light, e is the elementary
charge, and 1 is the incident light wavelength. Based on the
relationship of EQE to R;, the multi-layered GeS-FET possesses
a high EQE of ~4.0 x 10*%, which could be due to both high
R, and the large surface-to-volume ratio of the 2D layered GeS
nanosheets explained as follows. The processes for the
photon-to-electron conversion start from the generation of free
electron-hole pairs upon photon absorption. The spatial sep-
aration of photocarriers in the broad 2D crystal planes of GeS
could preclude the electron-hole recombination. The afore-
mentioned trap/defect states, which could be exacerbated
further because of the high surface-to-volume ratio of the 2D
GeS, were able to capture one type of photo-generated charge
carrier while the other type escaped.*®?” As a result, the escap-
ing photocarrier with prolonged lifetime can make several
effective transits in the GeS channel between the electrodes,
thus enhancing the photoconductive gain.*$*°

The D* value, used to quantify the ability of a photodetector
to detect weak optical signals, is defined by D* = (S-Af)"/?/NEP,
where S and Af are the effective area and electrical bandwidth
of the photodetector, respectively, and NEP represents noise
equivalent power. The NEP is an indicator of the minimum
impinging optical power that a photodetector can distinguish
a signal from noise. But, if the photodetector has a low value
of NEP, then the above expression can be simplified as D* =
R,;5"?/(2el4q)"?, where R;, S, e, and Iy, are the photorespon-
sivity, effective area, elementary charge, and dark current,
respectively.'">**°™*? The high D* ~ 2.35 x 10"* Jones (at V; = 0
and Vg5 = 10 V) obtained for the multi-layered GeS photodetec-
tor is due to its low I, and high R;. The obtained D* is com-
parable to the recent 2D material-based photodetectors, e.g.,
GaS (~10" Jones)'' and In,Se; (~10"* Jones)** in the visible
spectral regions and is close to the advanced commercial
Si (10" Jones)- and InGaAs (10" Jones)-based photo-
diodes.>® Fig. 4e presents the EQE and D* of a multi-layered
GeS photodetector measured with respect to the incident laser
power. The excitation wavelength-dependences of EQE and D*
are also presented in Fig. 4f and the D* vs. V, measurement is
shown in Fig. S4 of the ESL7

Finally, time-resolved measurements were conducted to
show the photoresponse and photoswitching stability of the
multi-layered GeS photodetector in response to light illumina-
tion. The I4s—t plot was recorded by exciting the multi-layered
GeS device with a train of on-off illumination at 633 nm.

This journal is © The Royal Society of Chemistry 2016
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Fig. 5a shows the GeS-FET device in response to a single on—
off cycle of illumination (P = 12.7 mW em ™2, V4 = 10 V, and
Vy = 0 V), which exhibits a fast rise of current (Iys) under illu-
mination and a sudden drop followed by a much slower relax-
ation after switching off the laser. While the rising time of the
photo-generated signal was determined 7 + 2 ms from a sys-
tematic measurement with several GeS-FET devices, the falling
time consists of two components with a fast decay of 9 + 1 ms
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Fig. 5 (a) Time-resolved photoresponse of the multi-layered GeS
photodetector was measured in response to a single on—off cycle of
illumination at P = 12.7 mW cm™2 (1 = 633 nm), Vg=0V, and Vg = 10 V.
The inset shows the photoswitching stability of a GeS photodetector in
response to a train of pulsed illumination at P = 127 mW cm™2 (1 =
633 nm), Vg =0V, and Vg = 1 V. (b) Time-resolved photoresponse of the
GeS photodetector was examined at various V, (= 0, -6, —10, and —15 V)
and Vg (= 3, 7, and 10 V), respectively.
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(corresponding to the earlier 50% decrease) and a slow relax-
ation of ~2 s (in the latter half of the decline). The response
time of the multi-layered GeS photodetector is found to be
faster than the recently reported GeS nanoribbon-based photo-
detector®® by more than two orders of magnitude and is com-
parable to those of GaSe-'* and In,Se;-based photodetectors.*?
The relatively long photocarriers lifetime, compared with tra-
ditional metal-semiconductor-metal photodetectors,*® could
again be due to the presence of trap/defect states in the GeS
photodevice and/or on the surface of the SiO,/Si substrate
(wafer). Such trap/defect states could interrupt the electron-
hole recombination, resulting in prolonging the lifetime of
photocarriers.”® In response to consecutive photoswitching,
the robustness and stability of our multi-layered GeS photo-
device were examined by a train of pulsed illumination over a
long period (~90 min) and a long on-off sequence (~100
cycles), as demonstrated by the I;—t measurements presented
in the inset of Fig. 5a and S5 of the ESI,} respectively. The
time-resolved photoresponses of the multi-layered GeS photo-
device were further tested at different V, = 0, —6, —10, and
—15 Vand Vg, = 3, 7, and 10 V (shown in Fig. 5b), where the I,
increases with the increasing amplitude of V, or Vys. These
sustainable rise times and reproducible on-off shapes clearly
demonstrate the device robustness, reproducible response,
and switching stability of the multi-layered GeS photodetector.

Conclusion

In summary, single-crystalline GeS crystals were synthesized
via a CVT method. High-quality multi-layered GeS nanosheets
were obtained from a bulk GeS crystal via adhesive tape exfo-
liation. Multi-layered GeS-FET devices were fabricated follow-
ing a standard lithographic procedure. The optoelectronic
properties of the multi-layered GeS-FETs at room temperature
were explored to render a very high R, ~ 206 A W™ (at A =
633 nm, P=1.5 pW cm_z, Vg=0YV, and Vg = 10 V) and EQE ~
4.0 x 10"%, both of which are excellent among the recently
reported 2D crystal-based photodetectors. Moreover, the value
of D* ~ 2.35 x 10" Jones of the multi-layered GeS-FETs
(measured at V; = 0 V and Vg, = 10 V) is comparable to those of
the advanced commercial Si- and InGaAs-based photodiodes.
Finally, the multi-layered GeS photodetectors exhibit device
robustness, photoswitching stability, and long-term durability.
These extraordinary photoresponses allow the multi-layered
GeS photodetectors to occupy a significant place in future
optoelectronic applications.

Experimental section
Crystal growth

GeS crystals were grown from the CVT reaction in a three-zone
horizontal furnace with the experimental conditions listed in
Table 1. The furnace was constructed by using a quartz tube
closed at one end with dimensions of 100 cm in length and
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Table 1 The experimental conditions for the growth of GeS single
crystals

Reaction/growth
temperature
Dimensions of

Synthesized Reaction Growth Growth  the as-grown

crystal zone zone period  crystal

GeS Zone 1 at Zone 3 at 100 h 7.5 % 6.5 %
873 K 800 K 0.5 mm®
Zone 2 at
850 K

12 cm/10 cm in outer/inner diameter. For the crystal growth,
high-quality quartz ampoules of 32 cm in length and 2 cm/
1.8 cm in outer/inner diameter were filled with ~10 g samples
containing the stoichiometric proportion (1: 1) of Ge (99.999%
purity) and S (99.999% purity) and were sealed at 10™> Torr.
After the sealed ampoules were placed in the three-zone
horizontal furnace, the reaction and growth zones were slowly
heated and later maintained at specific temperatures during
the growth period. The experimental conditions for the growth
of GeS single crystals are listed in Table 1.**

Mechanical exfoliation

The as-synthesized single-crystal GeS flakes were exfoliated
into multi-layered GeS nanosheets using a simple mechanical
exfoliation method. Briefly, the bulk GeS crystal was placed on
an adhesive tape, and the GeS layers were peeled off by slight
rubbing and slicing. The rubbing-slicing process was repeated
several times before transferring the GeS nanosheets to a
Si wafer containing a 300 nm thick SiO, dielectric layer. The
transferred GeS nanosheets on the Si wafer were inspected
using an optical microscope (Olympus, BX 51M) equipped
with a charge-coupled device (CCD) camera (Leica, DFC495).
The thickness of the GeS nanosheets was estimated from their
different interference colors in the optical image and was later
determined from atomic force microscopy (AFM) (Veeco, Bio-
Scope SZ) scans.

Device fabrication

For the device fabrication of the multi-layered GeS-FETs,
a transmission electron microscope (TEM) copper grid was
mounted on the as-exfoliated GeS nanosheets on a Si wafer
using a homemade micro-manipulator. The TEM grid acted as
a shadow mask for the deposition of metallic electrodes (5 nm
Cr/70 nm Au) in a thermal evaporator to fabricate the multi-
layered GeS-FETs.

Optoelectronic characterization

The optoelectronic properties of the bulk GeS crystals, the as-
exfoliated multi-layered GeS nanosheets, and the as-fabricated
multi-layered GeS-FETs were characterized using various tech-
niques. The lattice constant and crystal structure were exam-
ined with an X-ray diffractometer (X’Pert PRO-PANalytical,
CuKa radiation). The morphology and crystallinity were investi-
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gated by scanning electron microscopy (SEM) (FEI, Nova 200)
and transmission electron microscopy (TEM) (JEOL,
JEM-2100F). The electrical and optical parameters of the
multi-layered GeS devices were measured at room temperature
in a probe station (Lakeshore, TTPX) at 10~° Torr equipped
with a source meter (Keithley, 2636A) and an optical system,
including a He-Ne laser (JDS Uniphase, Novette 1507), a power
meter (Ophir, Nova II), an optical beam shutter (Thorlabs,
SH1), a xenon lamp (Newport, 66921), and a monochromator
(Acton, SpectraPro-500). The photoresponse time measure-
ments were conducted via a Semiconductor Devices Parameter
Analyzer (Agilent Technologies, B1500 A).
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