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High-Performance Flexible Broadband Photodetectors
Based on 2D Hafnium Selenosulfide Nanosheets

Rajesh Kumar Ulaganathan, Raman Sankar,* Chang-Yu Lin,*
Raghavan Chinnambedu Murugesan, Kechao Tang, and Fang-Cheng Chou*

2D transition-metal dichalcogenides have attracted significant interest in
recent years due to their multiple degrees of freedom, allowing for tuning
their physical properties via band engineering and dimensionality adjustment.
The study of ternary 2D hafnium selenosulfide HfSSe (HSS) high-quality
single crystals grown with the chemical vapor transport (CVT) technique is
reported. An as-grown HSS single crystal exhibits excellent phototransistor
performance from the visible to the near-infrared with outstanding stability. A
giant photoresponsivity (~6.4 x 10* A W' at 488 nm) and high specific detec-
tivity (=10'* Jones) are exhibited by a device fabricated by exfoliating single-
crystal HSS of nano-thickness on a rigid Si/SiO, substrate. The application

of HSS single crystal is extended to yield a sensible flexible photodetector

of photoresponsivity up to =1.3 A W' at 980 nm. The photoresponsivity of
CVT-grown HSS single crystal is significantly larger than those fabricated with
other existing Hf-based chalcogenides. The results suggest that the layered
multi-elemental 2D chalcogenide single crystals hold great promise for future

have been reported.>*! However, such
photodetectors are still limited in prac-
tical application due to the lack of broad-
band absorption and slow response.
Layered 2D materials of nano-thickness
have been shown to possess good opto-
electronic characteristics leading to great
potential in overcoming the major obsta-
cles of effective broadband and sensi-
tivity.>¢l For example, graphene as the
first reported 2D material has drawn
much attention due to its unique elec-
trical and mechanical properties.”®
However, graphene exhibits major limi-
tations on the optoelectronic application,
such as the weak light absorbance, large
dark current, and fast carrier recombi-
nation due to zero bandgap.1% There

wearable electronics and integrated optoelectronic circuits.

1. Introduction

Photodetectors with broadband detection are highly crucial
in civil, military, and astronomy fields.'¥l A wide variety of
photodetectors made with narrow band gap semiconductors

are many alternative layered 2D mate-
rials that have been tested and reported
since, including transition-metal dichal-
cogenides (TMDC),["1%] indium selenide
(InSe),' hexagonal boron nitride (h-BN),'”} and black phos-
phorus.® In the class of layered 2D materials, TMDC holds
great promise because of their direct band gap, strong absorp-
tion, and atomic-scale thickness with favorable electronic and
mechanical properties.
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Hafnium (Hf)-based chalcogenides have attracted great
attention lately due to its intriguing electronic and optical
properties,[12% particularly for the high mobility (1800 to
3500 cm? V! S71) and large absorption spectral range (1-2 eV).
There are a few reports on the study of photoelectronic proper-
ties of HfS, and HfSe,,*'°] but these dichalcogenides are less
efficient on broadband photodetection. Comparing to the end
compounds of binary HfS,-HfSe,, the Hf(S,Se;.), alloy show
extra degrees of freedom on tailoring the band gaps,?*?”) which
is promising for rapid photoresponse in broadband detection.
Very recently, 2D layered Hf(S,Se,,), film was reported being
deposited on large area of sapphire substrate through chemical
vapor deposition (CVD) technique, and the optoelectronic prop-
erties were tuned significantly by varying the S/Se ratio.?®l Since
the Hf(S,Sey.,), compound exhibits a van der Waals interaction
among adjacent layers of hexagonal symmetry, and S/Se atoms
are bonded with Hf atoms in octahedral coordination, the van
der Waals interaction among adjacent layers allows easy exfolia-
tion into mono or few layered nanoflakes, which adds additional
variables on the tuning of electrical and optoelectronic proper-
ties for device fabrication. Although Hf(S,Se;.,), compounds
attracted great attention on the superior tunable optoelectronic
properties, the growth of high-quality single crystals with good
crystallinity remains to be a challenge, mostly due to the com-
plexity in attaining homogeneous distribution of chemical
constituents in single crystals.??) Particularly, the incongruent
melt and non-volatile nature of the intermetallic element have
ruled out the possibility of single crystal growth by the typical
solution melt-growth techniques.?” The chemical vapor trans-
port (CVT) method has been proven to grow single crystals of
complex materials of incongruent melt character effectively."!
For growing complex chalcogenide high-quality single crystals,
CVT technique offers the best opportunity through a thermo-
dynamically equilibrated vapor phase chemical reaction in the
presence of the appropriate transporting agent.

Herein, we report the growth of high-quality HfSSe (HSS)
single crystals by the CVT method using iodine (I,) as the
transporting agent. The optimized growth recipe and struc-
ture characterization for the as-grown HSS single crystals are
described. The as-grown crystal was used to fabricate photo-
detectors showing high-performance photoelectronics to cover
the range between near-infrared (NIR) to the visible range.
The HSS field effect transistors (FETs) show n-type semicon-
ducting behavior like that of HfS, and HfSe,. Significantly
enhanced photoresponsivity of =6.4 x 10* A W~ at 488 nm
with power 9.2 uW cm™2 is achieved, which is about 10° orders
larger than the recently reported Hf(S,Se;.), alloy deposited
on the sapphire substrate with a CVD method.?®! In addition,
the HSS-FET holds a high specific detectivity of =10'* Jones,
which is about one to two orders of magnitude higher than
that of Hf(S,Se;,), alloy (10> Jones) fabricated by the CVD
method,?® also comparable to the commercially available sil-
icon-based (10" Jones) and InGaAs-based (10'!® Jones) pho-
todetectors. Moreover, the NIR photodetection is achieved up
to photoresponsivity of =4.2 A W~! and specific detectivity of
=3.4 x 10' Jones at 980 nm. We have tested the potential of
HSS crystal flakes to be a flexible phototransistor using poly-
ethylene terephthalate (PET) substrate, the performance of
the device at bent state remains to be satisfactory and compa-
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rable to the unbent of InSe-FET.'® These results observed in
HSS single crystal hold great potential for the optoelectronics
industry, especially in fabricating devices of high photocurrent
generation with broadband and flexible photodetectors.

2. Results and Discussion

2.1. Crystal Growth and Characterization

For the growth of HSS single crystals, the stoichiometric
amount (molar ratio of 1:1:1) of Hf, S, and Se powder mix-
tures prepared at 850 °C was used as precursor material. The
highly volatile iodine was used as a transporting agent. The
precursor material and transporting agent were filled and
sealed in an evacuated quartz ampoule for the CVT reaction.
The crystal growth experiment was carried out in a horizontal
two zone muffle furnace. The ampoule containing precursor’s
site was aligned at 900 °C as the source zone and the crystal
growth zone was maintained at 800 °C as the sink zone. The
temperature gradient between the source and the sink zones
was 2.5 °C cm™. Figure la illustrates the schematic dia-
gram for the CVT growth processes. More details about the
growth can be found in Section 4. In the CVT process, the
powder precursor of the source material is transported in
the gas phase via the transport agent and then deposited at
the cold zone following nucleation plus stacking with a pre-
ferred orientation upon separating from the transport agent.
After the growth period of 2 weeks, shiny HSS single crys-
tals deposited at the sink zone of the ampoule were gently
harvested. The as-grown high-quality HSS single crystal of
size 7 X 6 x 2 mm?> obtained by the CVT reaction is shown
in Figure 1b. The crystal structure of HSS single crystal with
preferred c-axis orientation is illustrated in Figure 1lc, where
each tri-atomic layer is composed of edge-shared HI(S, Se)s
octahedron with weak van der Walls interaction among layers.
The inter-layer van der Walls interaction made the mechan-
ical exfoliation into mono or few-layer HSS flakes possible,
which is similar to that applied on graphene and other 2D
van der Waals materials.l''"!8] The crystal structure and phase
purity of the as-grown single crystal were analyzed by X-ray
diffraction (XRD) study. The XRD pattern of the as-grown
HSS crystal (Figure 1d) shows diffraction peaks indicating
that the cleaved surface has c-direction preferred orientation
indexed with the (00l) planes indexed with space group P3-m1
of ¢=0.615 nm, which indicates an 1T-type HSS of lattice size
in between those of HfSe, and HfS,.?8l The crystal quality of
the as-grown HSS single crystal was further characterized by
transmission electron microscopy (TEM), selected-area elec-
tron diffraction (SAED) and high-resolution (HR)-TEM, as
shown in Figure le,f. The clear and bright diffraction spots
reveal the high crystallinity of the as-grown HSS single
crystal and the nanosheets geometry is clearly observed in the
cleaved HSS flakes (inset of Figure le). The HR-TEM image
shows a regular periodic arrangement of atoms in a hex-
agonal array, as shown in Figure le,(f for the reciprocal and
real space lattice symmetry along the c-direction, respectively.
Figure 1g shows the layered nature of the HSS single crystal
by the field emission—scanning electron microscopy (FE-SEM)
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Figure 1. a) Schematic diagram for CVT method single crystal growth of HSS. b) Optical image of the as-grown HSS single crystal. c) Top view of the
crystal structure of HSS. d) XRD diffraction pattern of the as-grown HSS single crystal along the c-direction of preferred orientation. e) The SAED pat-
tern of HSS crystal; inset shows TEM image of cleaved few-layered HSS flakes and the corresponding f) real space view of HSS crystal image through
Fourier transform shows a clear hexagonal symmetry with a magnified view in the inset. g) With the FE-SEM image, clear layered nature is identified

for the freshly cleaved HSS single crystal.

on the exfoliated HSS flakes of micrometer thickness, similar
to those observed in HfS, and HfSe, crystals.?1-24

The as-grown HSS single crystal was examined by energy
dispersive X-ray spectroscopy mapping analysis to assess the
chemical uniformity (Figure 2a and Figure S1, Supporting
Information). The S- and Se-mappings indicated by different
colors shown in Figure 2a suggest that the S-Se homogeneity is
acceptable at the micrometer size level, which is expected for the
original ratio of S:Se = 1:1 in the powder source of CVT growth
without detectable phase separation in domain forms. To find
out the average elemental composition of the as-grown HSS
single crystals, electron probe micro analysis were performed
on HSS crystal using the average of five points in millimeter
separation (Table S1, Supporting Information). The averaged
elemental composition was estimated to be = HfS; ;Se; o, that
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is, a slightly higher loss of Se but refilled by S atoms during
the CVT growth process, although the as-grown HSS crystal
has an S:Se ratio deviated from its precursor of designed 1:1,
which reflects the relatively higher vapor pressure of Se in the
CVT process and the refilling of Se-vacancy with S is a form of
antisite defect. Figure 2b shows the Raman spectra of the as-
grown HSS single crystal in comparison with the pure HfSe,
and HfS,. Four characteristic Raman active modes of E, (Se-
Hf), Ay, (Se-Hf), E, (S-Hf), and Ay, (S-Hf) from the pure HfSe,
and HfS, are identified at 159 cm™, 208 cm™, 260 cm™, and
324 cm, respectively.?8l The Raman spectrum of HSS shows
Ay, modes corresponding to the pure end compounds but with
a slight shift toward the expected average in the middle, which
is in agreement with the nature of homogeneous alloy for the
as-grown HSS crystal.
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Figure 2. a) The elemental analysis of the as-grown HSS single crystal, where S and Se mappings display homogeneity at the micron size level. b)
Raman spectra of the HSS flakes measured under ambient conditions with laser excitation at 488 nm. The phonon modes of HSS crystal are compared

with the indexed Ay, and E; modes for the pure HfS; and HfSe,.

2.2. Optical Properties

The optical properties of the HSS single crystal were investi-
gated using UV-VIS-NIR absorption and photoluminescence
spectroscopy. The absorption spectrum of HSS single crystal is
compared with those of HfS, and HfSe,, as shown in Figure 3a.
Comparing to the absorption spectra of HfS, and HfSe, to be
highly specific in the visible and NIR regions, respectively, the
optical absorption spectrum of HSS is significantly broadened
to cover from the visible to the near-infrared region of 400—
850 nm significantly. Based on the calculated band gap sizes of
HfS,~HfSe, solid solution,?! such broadband tunability of HSS
must arise from the overlapped bands of Hf(S,Se;.), on the
S-rich side. The photoluminescence (PL) studies were further
carried out to confirm the band overlapping, where prominent
emission peaks of HfS, (=688 nm) and HfSe, (=886 nm) were
clearly observed in the as-grown HSS single crystal (Figure 3b).
This broadband HSS crystal can hold feasible applications in
the photoelectronic field of phototransistors.
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In order to fabricate a phototransistor device, the as-grown
high-quality HSS single crystal was exfoliated into few-layer
nanoflakes through micromechanical exfoliation using a
scotch tape. The few-layered HSS crystalline nanoflakes were
subsequently transferred onto a silicon substrate for electrode
deposition. The gold (Au) electrode of thickness =70 nm with
a chromium (Cr) adhesion interlayer of thickness =5 nm was
deposited on the exfoliated HSS crystalline nanoflakes. The
fabricated FET device structure based on single-crystalline HSS
nanoflakes is shown in Figure 4a. Atomic force microscopy
(AFM) was used to analyze the surface roughness and thick-
ness of exfoliated flakes. The thickness of the exfoliated HSS
single crystalline nanoflakes is =15 nm of smooth exfoliated
surface, as shown in Figure S2a,b, Supporting Information.
Following the device fabrication procedure, a series of meas-
urement was carried out at room temperature in the air. The
output characteristic curves of the drain current (I4) versus
drain voltage (Vy) for the HSS-FET device were measured by
varying the gate voltage from V, =0 to 80 V in +20 V per step at
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Figure 3. a) Absorption spectrum of the as-grown HfS; ;Sq ¢ crystal is compared with those of the pristine HfS, and HfSe,. b) Photoluminescence of
HfS;1S0.9 shows an emission spectrum at 688 and 886 nm, which overlaps with the emission peaks of HfS, and HfSe,
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Figure 4. Characteristics of HSS phototransistor prepared on a rigid substrate of SiO,/Si. a) The diagrammatic sketch of HSS-FET. b) Output charac-
teristics of few-layered HSS-FET under different gate voltages from 0 to 80 V in +20 V per step. c) Transfer characteristics of HSS-FET under dark and
white light illumination. Inset shows the band bending diagram under illumination and no illumination with above and below the threshold voltage.
d) The schematic illustration of few-layered HSS under optoelectronic investigation with a laser source. €) Iy; — Vys curve of HSS photodetector in dark
and different power of 488 nm laser irradiation. f) Responsivity and specific detectivity versus power density at 10 V of Vs and V5 of O V.

room temperature, as shown in Figure 4b. The linear I;; — Vg
relationship indicates that the HSS metal electrode interface is
of ohmic contact and that the HSS-FET device exhibits a typical
n-type semiconducting behavior. Mobility of HSS-FET were
calculated from the mobility equation of u = L/W (g¢€,/d) Vg,
(d145/dVy), where L is the channel length, W is the channel
width, g is 8.85 x 1072 Fm™, g, is 3.9 for SiO,, d is the thick-
ness of SiO, (300 nm), Vg, is the drain voltage 1V, and dly/dV,
is the transconductance extracted from the transfer curve
(Figure S3, Supporting Information). The calculated field effect
mobility of HSS-FET device with Au contact is =1.5 cm? V' s7},
which is close to the values to the HfS,- (=2.4 cm? V-1 s71)21]
and HfSe, (0.2-6.5 cm? V! s7!)23lbased transistors. Figure 4c
shows the transfer curve characteristics under dark and white
light illumination with a constant Vy, of 10 V. The drain current
of HSS-FET under illumination (pink) is higher than that of the
dark (black), as interpreted by the working principle of HSS-
FET illustrated in the inset of Figure 4c. At first, the I, remains
higher when the V, is greater than the threshold voltage (Vi)
due to fermi level band shifting upward. The measured high
current under illumination could be attributed to the more elec-
tron-hole pair generation for the valence-to-conduction band
transition. These increased electrons and holes can be swept to
the source-drain electrodes via the electric field in the channel,
which results in significantly enhanced photocurrent.l323%l The
above results clearly reveal the suitability of the HSS-FET device
for the photodetector applications. Therefore, we employed our
devices for the photodetector application with the lasers having
488 and 980 nm wavelengths.
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Figure 4d illustrates a schematic diagram of HSS-FET device
under 488 nm wavelength laser illumination. Figure 4e shows
the Iy — Vg, curve for the HSS-FET device being measured with
the illumination of wavelength 488 nm laser under various
power from 0 to 740.0 uW cm™2. Iy increase significantly with
the increase of laser power, which indicates more carriers are
generated at high power in the channel. The high current of the
illuminated HSS phototransistor could be related to the photo-
electric effect. The photocurrent (I, = fight — Igan) is estimated
from subtracting the light current (Ijg,) by the dark current
(Igar), Which is shown increasing sub-linearly with respect to
the incident powers (Figure S4, Supporting Information). We
have also calculated the photoresponsivity (R;) and specific
detectivity (D*) of the HSS phototransistor, which are impor-
tant factors to appraise the sensitivity of photodetectors. Pho-
toresponsivity (R;) is defined by the photocurrent generated per
incident photon as Rj = I,/P; S, where I, is the generated
photocurrent, P is the incident photon density, and S is the
illuminated area of the device.***"! Figure 4f shows the calcu-
lated photoresponsivity, which is sublinear with respect to the
incident photon. Remarkably, we have achieved giant pho-
toresponsivity of =6.4 x 10* A W' at 9.2 uW cm™ of 488 nm
(Vg =0V and Vg = 10 V), which is about 10° orders magnitude
higher than the reported HfS,;_Se,, alloy prepared by the
CVD method,?® and also greater than other HfS,- and HfSe,-
based photodetectors,?'2*1 as compared to Table S2, Sup-
porting Information. Specific detectivity is usually calculated
with D* = (S-Af)'/2/NEP, where S is the effective area, Afis the
electrical bandwidth of the photodetector, and NEP represents

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. a)Time-resolved photoresponse of few-layered HSS. b) Photo-switching stability HSS photodetector was examined at various Vg = (1,2),
respectively. c) Infrared-photodetector of few-layered HSS. The photocurrent (/) is plotted as a function of incident laser power. d) The responsivity
and calculated detectivity of the HSS were acquired as a function of different incident power of 980 nm.

the noise equivalent power. NEP represents the minimum
incident power that a device can differentiate the signal from
the noise. At low NEP, the above equation can be simplified
as D* = R; S'2/(2elgn)'/?, where Ry, S, e, and I4,y are pho-
toresponsivity, effective area, elementary charge, and dark cur-
rent, respectively.3638 The right axis of Figure 4f shows the
specific detectivity with varying power density. The few layered
HSS-FET nanoflakes possesses a high D* = 10'* Jones at a
power 9.2 uW cm™2 of 488 nm (Vg = 0 V and Vg, = 10 V). The
obtained D* is equivalent to the commercial Si (10'® Jones)?"!
and InGaAs (10'*" Jones),*” and larger than the HfS;;_ySe,,
alloys (10'° Jones),281 HfS, (10 Jones),?!) and HfSe, (10!!
Jones)4 (Table S2, Supporting Information). 3D matrix plot of
HSS-FET device is depicted in Figure S5, Supporting Informa-
tion; an increase of R, is observed by raising the Vg from 0 to
10 V and decreasing power intensity. These results indicate that
the active HSS single crystalline nanoflakes are highly efficient
for the strong light absorption for more exciton generation and
rapid carrier separation.

Apart from photoresponsivity and specific detectivity, it is
important to estimate external quantum efficiency (EQE) for
the effective implementation of photodetectors for the prac-
tical application. The EQE is the number of electrons detected
per incident photon, which is expressed as EQE = R; hc/el,
where R, h, ¢, e, and A are photoresponsivity, Planck’s constant,
light speed, elementary charge, and incident light wavelength,
respectively.***!] The few-layered HSS-FET possesses a high
EQE value of =107 (Figure S6, Supporting Information), which
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is larger than those reported for the HfS, and HfSe,-FETs.21-24
The obtained high EQE could be attributed to the high R; and
the existence of trap/defect states in the devices. The trap/defect
states are able to capture one type of carriers during the elec-
tron-hole creation and allow other carriers to transit between
the circuits effectively, which in turn enhances the EQE.[*243]

The time-resolved photoresponse measurement (Ig—t) was
carried out with a 488 nm laser source to study the photocur-
rent dynamics. The single on—off cycle in Figure 5a exhibits
a quick rise of Iy, current under illumination followed by a
sudden fall with a slow relaxation after switching off the laser
power. The rising time of the HSS-FET was around 20 ms and
the relaxing time was 20 ms for the sudden fall plus the 3 s
slow relaxation. The response time of the few-layered HSS-FET
shows similar results like those of HfS,,[?"! HfSe, 1?2 and sev-
eral other 2D material-based photodetectors.''"1316] The sta-
bility of the HSS-FET was further analyzed with pulsed illumi-
nation over 300 s at Vgs =1, 2 V and V, = 0 V. Figure 5b shows
the on-off cycle by varying Vy,, which indicates the reproduc-
ible on-off cycle over a period of 300 s to confirm the device
robustness and switching stability. More (Igs — t) measurement
results with various V, are described in Figure S7, Supporting
Information.

There has been a huge demand for photodetectors that are
able to perform in the infrared region. Typically, infrared pho-
todetectors are made by silicon-, germanium-, and InGaA-based
semiconducting materials for the commercial purpose.l*#l
Due to the extended broadband absorption of HSS single

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. The photodetector of HSS on a flexible PET substrate under 980 nm. a) Schematic plot of the HSS-FET on a flexible substrate under near-
infrared illumination. b) Iy versus Vg curve under 980 nm irradiation of various power. ) Photosensitivity (Ion//gar) measured as a function of incident
power density. d) Responsivity versus power density under bent with unbent conditions.

crystal, we are motivated to investigate the infrared detection.
Figure S8, Supporting Information, shows the I — Vg curve
of HSS-FET with 980 nm laser under varying power intensi-
ties of 0, 3.8, 10.2, 21.3, and 29.1 mW cm™2 The output char-
acteristic curve of HSS-FET shows good photoresponse for
the near-infrared wavelength for its increases of Iy, at higher
power and higher V. Based on the results shown in Figure S8,
Supporting Information, the photocurrent with varying incident
power characteristic is presented in Figure 5c, which reveals a
sub-linear increase of photocurrent with respect to the incident
power. The responsivity and specific detectivity were deter-
mined (Figure 5d) under 980 nm laser with power intensities of
3.8 mW cm™ on Vg =0V and Vg = 10 V. The calculated values
of the responsivity and specific detectivity are 4.2 A W~ and D*
= 3.4 x 10'° Jones, respectively. The obtained values are compa-
rable to those of MoS,-based photodetectors.*”] The I, — t and
stability measurements were also performed with 980 nm laser
and displayed in Figure S9a,b, Supporting Information.
Flexible electronic technology gained immense research
interest due to the urgent needs of high performance for devices
under mechanical deformation, such as devices in the bending,
stretching, and twisting states. These cutting-edge applications
in real life demand unique materials for flexible optoelectronic
applications. We have examined the flexibility performance of
HSS crystalline nanoflakes based device fabricated on the PET
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substrate under both bent and unbent conditions. A schematic
illustration of HSS crystalline nanoflakes on PET substrate is
depicted in Figure 6a. The same device fabrication procedure
used on rigid HSS/Si/SiO, has been followed for the flexible
HSS/PET fabrication. Figure 6b shows the Iy — Vy output char-
acteristics measured by varying the incident laser powers of 3.3,
9.1, 19.3, and 29.6 mW cm™2 at a wavelength of 980 nm. The flex-
ible HSS-PET device exhibits a strong photoresponse and sub-
linearly increases with laser power and Vy. A detector of good
photosensitivity (I,/l4ark) has an ability to distinguish noise from
the photocurrent. Therefore, we have calculated Ip/lganc Tatio
with respect to the incident powers as shown in Figure 6¢, which
clearly demonstrates that the HSS crystalline nano flakes have
good sensitivity on the flexible substrate even at low incident
power. Figure 6d shows the responsivity of flexible HSS photo-
detector under varying incident power at both flat and bending
states. For the incident power of 3.3 mW c¢m™2, the responsivity of
HSS/PET device is around 1.3 A W at a flat state and 0.4 A W1
at a bending state with bending radius of 1 cm. The reduction of
responsivity in a bending state might be attributed to the induced
strain, which results in a decrease of electron-hole pair genera-
tion efficiency*® Moreover, the cracks generated in the metal
electrodes during the bending can also reduce the responsivity.
Typically, the cracks in the metal electrode create high contact
resistant with HSS crystalline nanoflakes, which in turn cause
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a decrease in photoresponsivity.*] Although the bending causes
reduced responsivity, the infrared photodetector fabricated with
few-layered HSS crystalline nanoflakes on the flexible substrate
still shows reasonable and workable photoresponsivity for the
practical application.

3. Summary

In summary, high-quality 2D layered HSS single crystals for
the HfS,-HfSe, alloy having S:Se ratio to be near 1.1:0.9 have
been grown successfully using the CVT technique. The single
crystals grown with this method exhibited high crystallinity
and phase purity, resulting in excellent optoelectronic proper-
ties. The band engineering of HfS,-HfSe, binary alloy with tun-
able band gaps has been successfully utilized, and the observed
broadband response of HSS is explained by the band overlap of
S- and Se-rich domains created by the slight S-Se imbalance in
the CVT growth. The FET device fabricated by the few-layered
HSS nanoflakes reveals exceptional photoresponse with giant
photoresponsivity and high specific detectivity under both the
visible and visible-blind near infrared region, which is =10°
orders magnitude higher than the reported HfS,_, Se,, alloy
and also greater than other reported HfS,- and HfSe,-based
photodetectors. Interestingly, the flexible photodetectors based
on this few-layered HSS single crystal also show good photore-
sponsivity under the flat and bending states up to the curvature
of 1 cm. All of the reported photoelectric properties make this
class of material be promising optoelectronics for the future.

4. Experimental Section

Preparation of Precursor Material: For the preparation of precursor
material, a stoichiometric amount of elemental Hf, S, and Se powder of
molar ratio 1:1:1 were mixed and ground using agate mortar. The HfSSe
powder mixture (15 g) was sealed in an evacuated quartz ampoule
with hydrogen gas flame. The sealed quartz ampoule (length = 35 cm
and ID/OD = 1.8/2.0 cm) containing precursor material was treated at
850 °C for 2 days in a horizontal muffle furnace.

Growth of HSS Single Crystals: Single crystals of HfSSe were grown
with the CVT method using the pre-reacted homogeneous fine powder
of HfSSe using iodine as a transport agent. 10 mg of HfSSe mixture with
100 mg of I, was transferred into the quartz ampoule (length = 35 cm
and ID/OD =1.3/1.6 cm). All these preparation procedures were carried
out in an argon-filled glove box with water and oxygen level below
1 ppm, and then the evacuated quartz ampoule (10~ Torr) was sealed
off with hydrogen gas flame. The sealed ampoule containing reaction
material was kept in the two-zone horizontal furnace with two different
temperature zones set at 900 and 800 °C in a temperature gradient of
=2.5 °C cm™. The precursor powder was kept at the 900 °C zone and
the other end was maintained at 800 °C. HSS single crystals up to 2 mm
in diameter and millimeter thickness were obtained after a period of
15 days. The obtained plate-like single crystals were easy to cleave for
the exfoliation process.

Mechanical Exfoliation and Device Fabrication: The as-grown HSS
single crystal was exfoliated into few-layered nanoflakes by using scotch
tape in the micromechanical exfoliation process. The exfoliated few-
layered nanoflakes were transferred onto the silicon substrate having
300 nm thick silicon dioxide dielectric layer. A thin-metal grid was used
to define the source/drain (S/D) electrodes. Subsequently, a 70 nm of
gold (Au) with a 5 nm adhesion interlayer of chromium was deposited
on the exfoliated HSS nanoflakes by thermal evaporator under vacuum
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condition of 1078 Torr. After the device fabrication, a post-annealing at
200 °C in nitrogen was carried out for 30 min.

Characterizations: The XRD pattern was obtained with Bruker
D2 PHASER (CuKe radiation). The SEM (FEI, Nova 200) and the
TEM (JEOL, JEM-2100F) were used to analyze the morphology and
crystallinity of HSS single crystal. Raman spectra were collected by
Raman spectrometer (HORIBA, Lab RAM HR). The V-770 UV-visible/
NIR spectrophotometer was used to measure the absorption spectrum
of HfS,, HfSe, and HSS single crystals, The atomic force microscopy
(AFM-Veeco-3100) was used to verify the thickness and morphology
of HSS. The Iy — Vi curves were measured by source meter (Keithley,
2636A), with the optical system that included He-Ne laser, power meter
(Ophir, Nova 11), and band pass filters.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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