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Abstract

We report on the electrical and optoelectronic characterization of field-effect transistor (FET)
devices based on few-layer HfS; nanoribbons that were mechanically exfoliated from bulk
crystals. According to theoretical calculations, bulk HfS; crystals require small energies for
exfoliation along the (001) planes that are comparable to the cleavage energies of graphene layers
from graphite. If measured in air, the devices show a p-type response, which is likely caused by
physisorbed and chemisorbed oxygen species. In a vacuum, the devices exhibit an n-type
conductivity and a large photoresponse to white light and several lasers with wavelengths in the
visible range of the spectrum. The device photocurrent exhibited a strong dependence on the
direction of polarization of the excitation laser, which is related to the highly anisotropic quasi-1D
crystal structure of HfS;. Optical absorption spectroscopy indicates a direct optical band gap of
about 2.3 eV and an indirect band gap of about 2 eV. The indirect gap is supported by the band
structure that was calculated using density functional theory (DFT). According to the DFT results,
direct and indirect band gaps are present in both monolayer and few-layer HfS; crystals and
decrease with increasing the number of layers. The absence of strong photovoltaic charging in X-
ray photoemission indicates mobile hole carriers. The effect supports the contention that in the
presence of light, the photocarriers include both electrons and holes, hence enhancing the
photocurrent of the device. The X-ray absorption spectroscopy indicates the S-p — Hf-d
hybridization at the conduction band minimum, which is consistent with the calculated band

structure.

Keywords: 2D materials, transition metal trichalcogenides, hafnium trisulfide, HfS;, band
structure, X-ray photoemission spectroscopy, X-ray absorption spectroscopy, -electrical

measurements, field-effect transistor, photodetector, polarization-dependent photoresponse
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1. Introduction

Group 4 transition metal trichalcogenides (TMTCs) with a general formula MX;, where M is
a transition metal, such as Ti, Zr or Hf, and X is a chalcogen, such as S, Se or Te, are receiving
growing interest from the scientific community because of their unique quasi-one-dimensional
(quasi-1D) structure, intriguing physical properties, and a great potential for emerging
optoelectronic applications.!3 These TMTC materials are composed of covalently bonded 1D
chains of trigonal MX; prisms that contain M*" centers surrounded by chalcogenide (X*) and
dichalcogenide (X,?) units.* > Bulk TMTC crystals have a highly anisotropic monoclinic structure
(P2,/m space group) that is shown in Figure 1a, with the covalently bonded 1D chains aligned
along the crystallographic b direction. Because of the relatively weak interactions between these
1D chains,® the Group 4 TMTC materials can be conveniently exfoliated into thin nanoribbon-like

flakes with their long axes corresponding to the direction of the chains.

Because of their small thickness, such exfoliated flakes can be used for gate-dependent
electrical property measurements that, in recent years, were very active for TiS;7-16 and, to a lesser
extent, for ZrS;.!7-1? In particular, electrical measurements of TiS; revealed many interesting
characteristics, such as an n-type transport,’ a gate-dependent metal-insulator transition around
220 K, gas sensing properties,?’ and possible access to charge density wave physics at low
temperatures.> ' 15 21 Compared to TiS; and ZrS;, there were fewer studies on field-effect
measurements on exfoliated HfS; flakes,?* 2> and some of the basic electronic properties of this
material, such as its electrical conductivity and charge carrier mobilities, have not been reported

as yet.

The highly anisotropic structure of Group 4 TMTCs also opens interesting opportunities for

their optoelectronic applications, as charge carriers in these materials can be excited along and
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across the quasi-1D chains depending on the polarization of the excitation radiation. Polarization-
dependent spectroscopic studies of TiS3, ZrS;, and HfS; revealed strong anisotropy of their Raman
signal, optical absorption, and light emission.! 243 From a practical perspective, the anisotropy
of the optical properties of TMTCs could be promising for polarization-sensitive photodetectors.
All three MS; (M = Ti, Zr, and Hf) materials have been tested as potential photodetectors,” 17 18,
22,3032 byt the polarization-dependent photoresponse measurements have only been reported for

devices based on TiS; and ZrS;,!8- 19:25-30 but not HfS;.

While much less experimental research has been done on HfS; compared to other Group 4
transition metal trisulfides, it is an interesting material with potential applications in energy
storage,’> 3* hydrogen photogeneration,® and photodetectors.? 3!- 32 There are also intriguing
theoretical predictions regarding the tunability of electronic properties of HfS; via tensile strain3®
and compatibility of HfS; with other chalcogenide materials in heterostructures for photovoltaic
applications.’” Further electrical and polarization-dependent photoresponse measurements of HfS;
are necessary to provide more insights into the electronic and optoelectronic properties of this
material, as well as to enable exploration of its device applications. In this paper, we report on the
electrical characterization of field-effect transistors (FETs) based on exfoliated few-layer HfS;
nanoribbons and show that they exhibit a highly polarization-dependent photoresponse, similar to

devices based on other anisotropic quasi-1D chalcogenide materials.!3: 1925, 30. 38

We also provide computational insights into the properties of HfS; that are relevant to device
fabrication and electrical measurements. We employed density functional theory (DFT) to
calculate the cleavage energies for HfS; and theoretically confirm that the exfoliation of HfS;

flakes from bulk crystals should be a facile process. We also used DFT to demonstrate that direct
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and indirect band gaps are present in both monolayer and few-layer HfS; crystals and decrease

with increasing the number of layers.

In addition to the experimental polarization-dependent photoresponse measurements of HfS;
devices, we also attempted to gain insights into the photoexcitation process by a spectroscopic
study of the unoccupied states of HfS;. The band structures of TMTCs, which are necessary for
the understanding of electrical and optical properties, have been discussed in several studies.
Theoretical calculation of band alignment using DFT carried out for monolayers of ZrS;, HfS; and
their heterostructures indicated that their valence band maximum is dominated by p state of the
chalcogen whereas the conduction band minimum is dominated by the d state of the transition
metal.3” An in-depth study of TiS; and ZrS; by observing the unoccupied and occupied states
above and below the Fermi level found through experiment and theory that the unoccupied states
of the conduction band are dominated by s-d or p-d hybridization,’® consistent with previous
predictions.*® While there are photoemission studies of HfS3,2® a systematic study of the
unoccupied states of HfS; is absent and would be valuable for a better understanding of the optical

excitation process.?’
2. Results and Discussion

HfS; crystals were prepared via a direct reaction between elemental hafnium and sulfur at 650
°C, as described in the Experimental section. The as-grown crystals were up to about 1 mm long
and had a bright orange color, as shown in the optical photograph in Figure 1b. In addition to the
large mm-scale HfS; crystals visible in Figure 1b, there were also multiple smaller whiskers that
are shown in the scanning electron microscopy (SEM) image in Figure 1c. A typical transmission
electron microscopy (TEM) image of a HfS; crystal is shown in Figure 1d. Energy dispersion X-

ray (EDX) analysis performed on this crystal shows a uniform distribution of Hf and S, as seen in
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Figure 1d, further confirming the composition and purity of the HfS; sample. A high-resolution
TEM image of the crystal is shown in Figure le. It reveals high crystallinity of the material and
shows the interplane distances of about 0.51 nm and 0.36 nm, which correlate well with a and b
lattice parameters of the HfS; crystal structure.* 3 Based on these measurements, the long axis of
this crystal corresponds to the crystallographic b direction of quasi-1D chains, while the lattice
parameter a is perpendicular to it, as shown by the orange arrows in Figure 1e. The crystallographic
orientation of this crystal can also be determined from a selected area electron diffraction (SAED)
pattern, see Figure 1f. Both (100) and (010) diffraction beams can be seen in the SAED pattern in
Figure 1f, and their positions match the a and b unit cell parameters, respectively, confirming the
orientation of the crystal shown by the reference frame in Figure le. Based on the HRTEM and
SAED results, the same crystallographic observations were made for several other HfS; crystals,
such that their long axes corresponded to the crystallographic b direction of quasi-1D chains, while

their thinnest dimensions corresponded to the ¢ direction.

Some of the HfS; crystals were ground using an agate mortar and pestle, and the resulting
powder was characterized by X-ray diffraction (XRD). The powder XRD pattern in Figure 1g
shows that the HfS; is highly crystalline; no additional peaks representing any other phases were
detected. The lattice constants extracted by the Rietveld analysis are a = 0.5114(1) nm, b =
0.3608(1) nm, ¢ =0.8974(2) nm, and cant angle £ =97.71(1)°; these values are in a good agreement
with the previously reported data.* > A representative Raman spectrum of a HfS; crystal, which
was measured using a 532 nm laser, is also consistent with the previously reported results.?* 41> 42
While we did not investigate the effect of anisotropy of HfS; crystals on their Raman response, it
was previously established to depend on the direction of polarization of the excitation laser relative

to the crystallographic b direction of quasi-1D chains.?* 4!
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Because of the large Z of Hf, we included the effect of spin-obit coupling (SOC) in the DFT
calculations of the band structures of monolayer and bulk HfS;. The results are presented in Figure
2a and Figure 2b for calculations without and with SOC, respectively. The main feature of the
band structure includes an indirect fundamental band gap of 1.40 eV with the valence band at
k =+ 0.06 A~ and the conduction band at the X-point of the Brillouin zone, i.e., along the chain
direction. The direct band gaps at I'- and X-points are larger than the indirect fundamental band
gap by 0.19 eV and 0.04 eV and have values of 1.59 and 1.44 eV, respectively. The indirect nature
of the band gap is consistent with a significant tail in optical absorption, as discussed below. Figure
S1 shows the evolution of band structures when the thickness of HfS; increases from one to six
monolayers. Figure 2c summarizes these results and shows the evolution of the fundamental band
gap and the direct band gaps at I'- and X-points of the Brillouin zone. The nature of the band
structure remains the same upon changing the thickness of a HfS; crystal, even though the band
gap slightly increases upon decreasing thickness from 1.40 eV in bulk to 1.61 eV in a monolayer,
which indicates relatively weak quantum confinement effects.*3 The calculated effect of SOC
results in the overall band gap reduction by 14 meV in bulk and 6 meV in a monolayer. The direct
band gap at the I'-point also shows weak confinement effect, whereas the band gap at the X-point
shows stronger confinement effects. The observed effect is related to the stronger weight of the

orbitals like d,2 and p, with the lobes pointing to the confinement direction at the X-point.

Few-layer HfS; flakes for the device fabrication were prepared by mechanical exfoliation
of bulk crystals using an adhesive tape.** We previously applied the same exfoliation procedure to
TiS; crystals to produce thin flakes and study their properties.® % 4> When layers of HfS; or TiS;
were peeled from bulk crystals using an adhesive tape and then transferred onto Si/SiO, substrates,

it was noticeable that the exfoliated HfS; flakes were more commonly found compared to similarly
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prepared TiS; flakes. In order to support this experimental observation, we employed DFT to
calculate the energies required for the separation of a single layer from a bulk crystal of HfS; or
TiS;. Similar calculations were also performed for the exfoliation of a single graphene layer from
a graphite crystal, which was used as a reference representing a prototypical 2D material. Figure
2d shows the calculated cleavage energies for the (001) planes of HfSs, TiS; and graphite crystals
as a function of the layer separation. The energies required for the complete cleavage of 2D layers
from crystals of HfS; (0.36 J/m?) and TiS3 (0.39 J/m?) were found to be comparable to the cleavage
energy of graphene (0.35 J/m?), suggesting that both TMTC materials should be relatively easy to
exfoliate. The slightly smaller calculated cleavage energy of HfS; compared to TiS; also agrees
with the experimental observations. The calculated energy for the cleavage perpendicular to the b
direction of the quasi-1D chains (Figure 1a), i.e. for the (010) planes of HfS; crystal, is 2.50 J/m?,
which is much larger than for the (001) planes. This result agrees with the previous study of the
exfoliation of TiS;,° which demonstrated that the cleavage proceeds along the planes that split a
crystal between the weakly interacting quasi-1D chains, such as the (001) plane, while the cleavage
that proceeds across these chains and breaks their covalent bonds (e.g. the (010) plane) would be
much more energetically expensive. Because the cleavage across the quasi-1D chains is unlikely,
these crystals typically exfoliate into thin nanoribbon-like flakes with their long axes
corresponding to the b direction of the chains. It should be noted that the cleavage energy results
for TiS; and graphite slightly deviate from those reported previously in Refs. 6, 46 due to the use
of DFT-D3 dispersion corrections which provide more accurate results for interlayer separation.*’
However, all qualitative conclusions regarding the general ease of exfoliation of TMTC materials
or the relative differences between different cleavage planes appear to be the same for both

computational approaches.
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A field-effect transistor (FET) device with HfS; channel has been fabricated to study its
optoelectronic properties. A scheme of the device is shown in Figure 3a, and it depicts an exfoliated
HfS; flake bridging source (S) and drain (D) 60-nm-thick gold electrodes. The device was
fabricated on a heavily p-doped Si substrate covered with a 300-nm-thick layer of dielectric SiO,.
The conductive Si layer served as a global gate (G) electrode in electrical measurements. The
microscopic optical image of the device is shown in Figure 3b and demonstrates that thin HfS;
flakes have blue color rather than orange in thicker samples. A similar change in color occurs with
other chalcogenides and mostly reflects the thickness of the flake rather than its optical properties.
However, we noticed that thinner flakes tend to have a more bluish color. To measure the flake
thickness, we employed atomic force microscopy (AFM) in tapping mode. The resulting image is
demonstrated in Figure 3¢ with the corresponding height profile of the flake shown in Figure 3d.
The profile reveals an uneven thickness of the HfS; flake with heights ranging from 5 to 16 nm. It
is notable that the flake has several parallel terraces with a minimal step height of about 1 nm,
which is in good agreement with the c lattice parameter of the HfS; structure. Similar features were
observed in the AFM images of other anisotropic quasi-1D trichalcogenide materials, such as TiS;°
and InsSe;.3® We estimate the average thickness of this flake to be about 10.5 nm, while the length

and the width of the HfS; channel in this device segment are 1.7 um and 1.1 um, respectively.

Prior to electronic transport measurements, the device was kept in a vacuum chamber of a
probe station at a base pressure of about 2x10 Torr for at least 48 h. The long evacuation was
important to desorb molecular adsorbates, such as water molecules, that deposit on devices when
they are exposed to air.*® We have previously shown that the removal of these surface adsorbates
is important to reveal the intrinsic n-type character of the transport in HfS;, which appears to be

p-type if measured in air.?3 The electronic transport was assessed under white light illumination
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using a two-terminal device configuration, and the drain-source current (/ps) was measured with
varying drain-source voltage (Vps) and gate voltage (V). Figure 3e shows Ips-Vps curves
measured at different V5 values ranging from -80 V to +80 V. The Ips-Vps curves show nonlinear
behavior originating from non-Ohmic contacts between the metal of electrodes and semiconductor
HfS3.2® Under white light illumination, the resistivity of the device shown in Figure 3b was
6.3x10'° Q/sq at V=80 V and 3.0x10'! Q/sq at V= 0. When the electrical conductivity was

assessed in darkness, the device did not show a measurable current.

The transfer characteristics, or the Ips — Vg dependences of the HfS; device, were recorded at
Vps =5V, see Figure 3f. The Ips of the device is about 5 pA at V5 =-80 V, but it increases to
about 55 pA at Vg = 80 V, resulting in an ON/OFF ratio of 11. The increase of the device current
with the gate voltage is consistent with the n-type conductivity of HfS;.2> The HfS; devices also
exhibit a significant hysteresis in the transfer characteristics (Figure 3f), which is a common feature
of FET devices based on trichalcogenides and is caused by charge trapping of electrons, primarily
at the SiO, interface. The field-effect mobility (upg) was calculated using the formula pgg = C4~*
x dp ~1/0V, where C, is the capacitance of a 300-nm-thick SiO, dielectric layer and p is the
resistivity of the HfS; device channel. The mobility extracted from the slope of the room-
temperature Ips-V dependence is 1.2x10-° cm? V-1s'!, which is on the same order of magnitude
as the reported mobilities for ZrS; ** We made an attempt to perform four-terminal measurements
to eliminate the effect of contact resistance, see Figure 3b. However, due to the overall low
conductivity, these measurements were not successful. The low ON/OFF ratios and field-effect
mobilities in the tested devices could be related to the non-Ohmic contact between HfS; and Au
contacts,”® and further research on contact materials for HfS; could lead to improved transport

properties.

10
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The inset in Figure 3f demonstrates the effect of the environment on the transfer characteristics
of HfS; devices. The red curve in the inset in Figure 3f shows an Ips-V dependence for the HfS;
device, which was measured in vacuum and demonstrated the n-type transport. However, when a
HfS; device is measured in air, it shows a p-type behavior, as demonstrated by the black curve in
the inset in Figure 5f. This has been explained by the physisorption of molecular species, such as
H,O and O,, on the surface of HfS;.2> These adsorbates are known for their p-doping effect on
other two-dimensional (2D) materials, such as reduced graphene oxide, that also exhibits p-type
transfer characteristics when measured in air’%-52 but shows an n-type behavior when measured in
vacuum.*®-31-33 Similarly, evacuation of a HfS; device at about 2x10° Torr for 48 h results in the
removal of the majority of physisorbed oxygen species from the surface of HfS;, restoring the n-
type behavior (Figure 3f). It is important to note that while the volatile oxygen species could
reversibly adsorb and desorb, there is also chemisorbed oxygen on the surface of HfS; device
channels with a similar p-type doping effect.?? Therefore, while the measurements performed in
vacuum demonstrate the overall n-type behavior, the hole contribution to the transport properties
of HfS; cannot be disregarded, especially for device channels based on few-nm-think nanobelt-

like crystals with a high volume fraction of a partially oxidized surface layer.

For an investigation of the optical properties of HfS;, we prepared its suspension in ethyl
acetate. The as-prepared HfS; crystals were sonicated in ethyl acetate, which was preliminarily
dried using a 3 A molecular sieve to prevent oxidation of the material. Likewise, during the
sonication, the solvent with the HfS; crystals was kept in a tightly sealed round bottom flask under
continuous bubbling of inert Ar gas. After sonicating for 24 h, the suspension was transferred into
a separate vial. The resulting suspension of HfS; had an orange color, as shown in the inset in

Figure 4a. The concentration of the HfS; suspension was determined to be 4 mg/mL. The UV-vis-
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NIR absorption spectrum of a freshly prepared HfS; suspension is shown in Figure 4a. The optical
absorption significantly decreases when the wavelength of visible light increases (i.e., energy
decreases), and the blue and green light absorb better than the red light, hence the bright orange
light of the HfS; crystals. Tauc plot drawn in 4v — (ahv)? coordinates (Figure 4b) reveals the optical
direct band gap of HfS; of about 2.3 eV. Similarly, from the plot in 4v — (ahv)"? coordinates, we
conclude that HfS; has an indirect band gap of about 2.0 eV (Figure 4c). The results are in line
with the previously reported values, which for optically measured direct band gap are in the range
from 2.2 eV3!-35 up to 3.0 eV,>* and for indirect band gap are in the range from 1.73 eV3! to 2.1
eV.>* Furthermore, the DFT calculations (Figure 2a-c) also predicted the existence of direct and

indirect band gaps in HfS;3, which is consistent with the spectroscopic observations.

The optical band gap of HfS; at modest photon energies in the visible offers an opportunity to
study the modulation of electrical conductivity of HfS; FETs, i.e., photoconductivity, as a function
of various photon energies. The photocurrent measurements obtained on the HfS; device shown
in Figure 3c are presented in Figure 5. Figure 5a shows the photocurrents induced in this device
by three different visible lasers, red (685 nm), green (520 nm), and blue (406 nm), which were set
at the same power of 0.5 mW. All three lasers induced photocurrent in the device. However, while
the use of the blue and green lasers resulted in very reproducible cycles with /pg ON/OFF ratio
1000 and 500, respectively, the photocurrent in the presence of 0.5 mW red laser is barely
noticeable (ON/OFF ratio is 2). This observation correlates well with the UV-vis-NIR spectrum of
HfS; solution (Figure 4a), which shows that the blue and green parts of the visible spectrum have
maximum light absorption, while the red (685 nm) laser has a lower energy than the direct optical
band gap (2.35 eV or 528 nm) of HfS;. However, the energy of the red laser is close to the measured

indirect gap, suggesting the possibility of some optical excitations at 685 nm. In addition, defects

12
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and the p-type layer at the surface of HfS; caused by the surface oxidation?* > could add states at
the band edge, making the HfS; optically active at energies lower than the band gap. Thus, the
generation of photocarriers using the red light source is plausible and consistent with the laser
energy dependent phototransistor measurements, which show very small photoresponse at 685 nm

compared to the green and blue lasers with energies larger than the direct optical band gap of HfS;.

There is also a noticeable dependence of photocurrent on laser power. Figure 5b shows the
photoresponse of the HfS; device to red and green lasers at 0.5 mW and 5 mW. The Ips for both

lasers benefit from increased power, increasing the photocurrent by order of magnitude.

The experimental setup for the optical photoconductance anisotropy measurements is
shown in Figure 5c. In brief, a polarized laser beam was focused on the HfS; device channel, and
the polarization angle (@) was controlled using a half-wave plate. The angle-resolved
photogenerated current (,;, = IE9" — [B¢™%) at Vps = 5 V as a function of ¢ is shown in Figure 5d
for the green laser at a power of 5 mW. The photocurrent exhibits sinusoidal dependence on the

incident polarization angle and can be fitted by the following equation,
[ph ((P) = [max'cos2((P - 6) + Imin'Sinz((P - 6) (1)

Here, the I,,x and /,,;, represent the maximum and minimum photocurrent, respectively, ¢ (deg.)
is the angle between the electric field of the linearly polarized incident light and the
crystallographic b axis of the HfS; crystal, and 6 (deg.) is the angle between the b axis of the HfS;
channel and the initial orientation of the incident light. For the excitation source of 520 nm, the
Linax = 148.0 pA and I, = 104.2 pA, which results in the dichroic ratio /. /Inin= 1.42 for the green
laser. The dependence of the photocurrent on the polarization angle is also presented as a 2D

contour plot (Figure Se, scattered data points) along with its fit (red curve) using Eq. 1.
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The temperature-dependent X-ray photoelectron measurements of HfS; crystals provides
some insight into the type of charge carriers that contribute to the photocurrent. Figures 6a and 6b
show XPS spectra of S 2p and Hf 4f core levels, respectively, measured at temperatures varying
from 180 to 300 K. The S 2p spectra at 180 K was fitted with four peaks which correspond to S*-
2p3n and S? 2py and S»% 2p3p and S,* 2pipat 161 £0.1 eV, 162.2+0.1 eV, 162.2 +0.1 €V and
163.4 + 0.1 eV, respectively.?? Of key significance is that X-ray photoemission core level peaks
exhibit very little shift in binding energy with decreasing temperature. The emission of electrons
during the data acquisition in the photoemission process leads to a positive charge build-up on or
near the sample surface, i.e., photovoltaic charging, both in insulators and semiconductors.® >’
The charging, in turn, is known to shift the measured spectral positions of XPS peaks. This effect
should be especially pronounced at low temperatures, where the mobility of the surface charge
carriers is expected to decrease, hence shifting and distorting the XPS peaks.>® 37 The normal
incidence XPS spectra of S 2p and Hf 4f core levels exhibits a negligibly small shift in the peaks
at different temperature. This negligible photovoltaic charging in XPS indicates that recombination
is suppressed at the HfS; sample surface, and the hole mobility is significant, consistent with the
light hole masses.>” 38 The inference is that conventional photoexcitation creates both electrons
and holes, with significant conductance contribution due to the hole carriers. Significant hole
mobility suppresses surface charging effects caused by the trapped charges on the surface of the

HfS; sample.

Understanding the electronic structure of the conduction band assists in the understanding
of the optical excitations.?® X-ray absorption (XAS) spectroscopy provides a tool to probe the
electronic bands contributing to the unoccupied density of states in trichalcogenides.’® Figure 7

shows the X-ray absorption spectra taken for the 2p core level edge of S and 4ds/, edge of Hf. The

14
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Fermi level (Er) has been placed at the base point of the absorption peak, in a similar way as in the
analysis of absorption edge spectra of TiS; and ZrS;.3° The XAS S 2p core level spectrum (Figure
7a) has been fit with four peaks, which we attribute to the Hf 5d contributions to the bottom of the
conduction band. The p — p optical transitions are not allowed, which means that within 1 eV of
the conduction band bottom, the sulfur weighted 3p states are strongly hybridized with the Hf 54,
as indicated in the calculated HfS; band structure of Figure 8. The effect is similar to the metal d
to chalcogenide p hybridization in TiS; and ZrS3.3° Extra atomic excitations can circumvent optical
selection rules so long as the angular momentum of the hybrid band allows for Al=+1.5° As seen
in the Hf 4d;s,, edge spectrum in Figure 7b, there are strong Hf weighted states at about 1.7 eV and
2.3 eV above the conduction band minimum. These intense XAS features result from very flat,

minimally dispersing Hf-S hybrid states, as seen in Figure 8.

For the Hf 4ds,, absorption spectra, the two allowed transitions are d — p and d — f. The
calculated band structure and partial density of states of HfS; shown in Figure 8 indicates extensive
S-p — Hf-d hybridization at the bottom of the conduction band minimum. Figures 8b and 8c show
that the unoccupied density of states within 1 eV above the conduction band minimum have an
almost equal contribution from Hf-d and S-p bands. The upper part of the conduction band from
~ 1.5 eV and above has significant contributions from Hf-p, Hf-s, and S-s bands. It is also
worthwhile noting that the top of the valence band is predominantly formed by S-p contribution.
Such electronic structure of HfS; confirms that the features seen in the S core edge XAS spectrum
originate from the transition from S 2p to the unoccupied S 3p — Hf 5d hybridized band. Here, the
p-d hybridization of S and Hf, respectively, enables the S 2p — Hf 5d transition, circumventing the
otherwise forbidden sulfur 2p — 3p transition. The fact that strong and significant band

hybridization permits optical excitations to occur, that might otherwise be disallowed, has long
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been recognized.>® This relaxation of some selection rules does not apply to symmetry restrictions

imposed by the band symmetry as the optical excitations are strongly dichroic, as discussed above.

An in-depth study of TiS; and ZrS; found that the unoccupied states of the conduction band is
dominated by sulfur p to transition metal d and, to a lesser extent, sulfur s to transition metal d
hybridization,*® consistent with previous predictions.*® For HfSs, this strong S 3p — Hf 5d
hybridization in the conduction band is far more extensive and extends well above the conduction

band minimum, to far higher energies than seen for either TiS; and ZrS;.%°

Besides explaining the transitions in the XAS spectra, the calculated band structure also shows
the origin of the theoretical indirect band gap of about 1.8 eV (Figure 8a), which agrees with the

experimentally observed indirect band gap of 2 eV (Figure 4c¢) in the optical absorption.

3. Conclusions

In summary, this study reports on electrical and optical properties of HfS; nanoribbons and
provides some insight into their electronic structure. The optical absorption measurements indicate
that HfS; has a direct optical band gap of about 2.3 eV and an indirect band gap of about 2 eV,
which is supported by the calculated band structure. Based on the DFT results, both monolayer
and few-layer HfS; crystals have direct and indirect band gaps that decrease with increasing the
number of layers. The DFT calculations, along with X-ray absorption spectroscopic studies of the
unoccupied states, reveal that the conduction band minimum is formed by the hybridization of S
3p and Hf 5d levels, and it has a larger contribution from the S 3p in HfS; than in TiS; and ZrS;.%
The temperature-dependent photoemission studies demonstrated negligibly small surface charging

due to possibly highly mobile hole carriers or low recombination of the hole carriers generated
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during the photoemission process. The FET devices based on mechanically exfoliated few-layer
HfS; nanoribbons exhibited strong dielectric behavior in the absence of light but showed an n-type
conductivity and a large photo-response to white light and several wavelengths in the visible range
of the spectrum. These characteristics are achieved when the HfS; FETs were studied in vacuum,
because if measured in air, the devices showed a p-type response, which is likely caused by
physisorbed and chemisorbed oxygen species. The device photocurrent exhibited a strong
dependence on the direction of polarization of the excitation laser, which is related to the highly
anisotropic quasi-1D crystal structure of HfS;. The results of this study suggest a potential

application of HfS; in polarization-sensitive photodetectors.

4. Experimental

Synthesis of HfS;. About 0.2 g of hafnium foil (Alfa Aesar, 99.9% metal basis excluding Zr; Zr —
nominal 2%) and 0.3 g of sulfur powder (~15% excess relative to stoichiometric HfS3; Alfa Aesar,
325 mesh, 99.999%) were sealed in a quartz ampoule under vacuum of about 200 mTorr. The
ampoule was placed in a tube furnace, with one side of the ampoule located near the edge of the
furnace to create a temperature gradient. The ampoule annealed in a furnace at 650 °C for 14 days
and then slowly cooled down. The excess of sulfur accumulated at the colder end of the ampoule,
while millimeter long HfS; crystals were found on the hafnium foil and in some locations on the
quartz surface. As discussed in our previous works,?> > HfS; is susceptible to surface oxidation,

so the crystals were stored in a nitrogen glove box before the use.

Materials characterization: HfS; flakes were imaged using a FEI Tecnai Osiris scanning

transmission electron microscope equipped with a HAADF detector and a X-FEG high brightness
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Schottky field emission gun. The accelerating voltage was 200 kV. For TEM characterization, a
sample of HfS; was sonicated in ethanol for 2 min to separate small and thin crystals from the
larger ones, and then the suspension was drop casted on a lacey carbon coated Cu TEM grid. SEM
was performed using a Zeiss Supra 40 field-emission scanning electron microscope at the
accelerating voltage of 5 kV. XRD pattern of a HfS; powder was collected using a PANalytical
Empyrean Diffractometer in the Bragg-Brentano configuration with Ni-filtered Cu Ka radiation
operated at 45 kV and 40 mA. Quantitative Rietveld refinement of the powder XRD pattern was
performed using JANA2006 software,®® employing internal tables for X-ray atomic form factors.
AFM of HfS; flakes was performed using a Bruker Dimension Icon atomic force microscope in a
tapping mode. UV—vis—NIR absorption spectra of a suspension of HfS; crystals in ethyl acetate

were recorded using a Jasco V-670 spectrophotometer.

Device fabrication and electrical measurements: A Zeiss Supra 40 field-emission scanning
electron microscope and a Raith pattern generator were used for electron beam lithography to
pattern electrodes on HfS; flakes. An AJA electron beam evaporation system at the base pressure
of ~8x10 Torr was used to evaporate 60 nm of Au at 2 nm/s rate. The HfS; devices were measured
in a Lake Shore TTPX cryogenic probe station at a base pressure of about 2x10° Torr. After the
evacuation, the devices were stored in vacuum for at least two days before the measurements to
minimize the effect of surface adsorbates on the electronic characteristics.*® The probe station had
a transparent window enabling optical excitation of HfS; devices that were electrically measured
in vacuum. The electrical measurements were performed using an Agilent 4155C semiconductor
parameter analyzer. For the white light illumination, we used a 150 W Phillips 14501 DDL 20 V
halogen light bulb. The emission spectrum of the bulb covered the entire visible range of

spectrum,®' which was confirmed using an Ocean Optics USB2000+XR1-ES spectrometer; the
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maximum light intensity at 600 nm was 6 mW c¢m2, which was measured using a Thorlabs S120C
standard photodiode power sensor. For the wavelength-dependent photoconductivity
measurements, we used a Thorlabs multichannel laser source with outputs at 685 nm (red), 520
nm (green), and 406 nm (blue) operated at the power of 5 mW and 0.5 mW. For the optical
photoconductance anisotropy measurements, a laser beam was passed through a polarizer, and
then the polarization angle (¢) was rotated using a half-wave plate; the rotation of the plate was

performed using a Thorlabs K10CR1 stepper motor rotation mount.

X-ray photoemission spectroscopic (XPS): The temperature dependent XPS studies of the HfS;
crystals were carried out to verify the existence of the photovoltaic effect at the surface of HfS;.

All the core level XPS measurements were carried out in ultra-high vacuum chamber using a

SPECS X-ray aluminum anode source (4v = 1486.6 ¢V) and PHI Model: 10-360 hemispherical

electron analyzer, at different temperatures ranging from 180 K to 300K by cooling down the

sample using liquid nitrogen.

X-ray absorption spectroscopy (XAS): The near—edge X-ray absorption fine structure spectroscopy
(NEXAFS) of hafnium at N5 edge and sulfur at L; and L, at the Advanced Light Source bending
magnet beamline 6.3.1 at the Lawrence Berkley National Laboratory.®> The XAS spectra were
collected using the total electron yield (TEY) mode, where the compensation current from ground

to the sample, which is proportional to the TEY from the sample, is recorded.

Computational details: The band structure of the HfS; bulk system and element-based orbital
resolved partial density of states of Hf and S was studied using density DFT as applied in Vienna
ab initio simulation package (VASP).% % The electron-ion potential is approximated using the

projected augmented plane wave (PAW) method.®> The exchange and correlation potential was
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calculated using the generalized density approximation (GGA). In these calculations, we used a
kinetic energy cutoff of 340 eV for the plane wave expansion of the PAWs and a 6x8x3 grid of £
points® for the Brillouin zone integration. The exchange and correlation, beyond GGA, were
considered by introducing an onsite Coulomb repulsion with a Hubbard U = 6.0 eV for the Hf 54
orbitals in rotationally invariant formalism,%” as implemented in VASP, to obtain matching of the
calculated band gap. The electronic structure, however, was found to be qualitatively similar to
those calculations carried out without the Hubbard U parameter. The van der Waals interaction
was included in the calculations to describe the interlayer separation.*’ As HfS; is an n-type
material, the Fermi level has been positioned at the conduction band minimum. DFT using
Quantum Expresso has been found to provide very good agreement with the experimental band
structure.!3 Also, the DFT approach that was employed here was successfully used elsewhere to
describe the strong hybridization of chalcogen’s p orbitals and transition metal’s d orbitals in TiS;

and ZrS;.%°
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Figure captions

Figure 1. Characterization of HfS; crystals. (a) Scheme of the crystal structure of HfS;. This
monoclinic ZrSe;-type structure with a P2,/m space group is also typical for other Group 4 TMTC
materials. (b) Optical photograph of as-grown HfS; crystals. (¢) SEM image of HfS; crystals. (d)
TEM image of a HfS; crystal along with its EDX maps for Hf and S. (e) High-resolution TEM
image of the same HfS; crystal as in panel (d). (f) SAED image of the same HfS; crystal as in
panel (d). (g) XRD pattern of a HfS; powder accompanied with the results of Rietveld refinement.

(h) Raman spectrum of a HfS; crystal, measured using a 532 nm laser.

Figure 2. Cleavage energy and band structure of HfS;. (a, b) Comparison of band structures
for monolayer and bulk HfS; crystals (a) without and (b) with spin-orbit coupling. In each band
structure, the conduction band minimum at the center of the Brillouin zone was used as the zero-
energy level. (¢) Evolution of the HfS; band gap as a function of the number of layers. The results
are shown for direct and indirect band gaps calculated with and without spin-orbit coupling. (d)
Cleavage energy calculations for HfS; crystal along the (001) plane plotted as a function of the
plane separation. Similar cleavage energies for graphite and TiS; calculated using the same

computational approach are shown for comparison.

Figure 3. Electronic properties of HfS; single crystals. (a) Scheme of a HfS; FET device. (b)
Optical image of a HfS; device with four gold electrodes. (¢) AFM image of the central segment
of the device shown in panel (b). The Au electrodes are colored in yellow because their thickness

(60 nm) exceeds the height range. (d) Height profile measured across the HfS; device channel
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along the red dashed line in panel (c). (e) Ips-Vps curves measured in vacuum at different gate
voltages for the HfS; device shown in panel (c¢). The measurements were performed under white
light illumination. (f) Transfer characteristics for the same HfS; device recorded in vacuum at Vpg
= 5 V. The inset shows that the transfer characteristics of HfS; devices change depending on
whether the measurements are performed in air or in a vacuum, revealing either p- or n-type

behavior, respectively.

Figure 4. Optical properties of HfS;. (a) Optical absorbance spectrum of a HfS; suspension in
ethyl acetate. Inset: a photograph of a vial with the HfS; suspension in ethyl acetate. (b,c) Tauc
plots of the spectrum shown in panel a (b) in hv — (ahv)? coordinates and (c) in hAv — (ahv)!?
coordinates, where a is the absorption coefficient. The gray lines are linear fits that were used for

the band gap assessment.

Figure 5. Optoelectronic properties of HfS; devices. (a) The modulation of photocurrent in a
HfS; device with three different lasers, red (685 nm), green (520 nm), and blue (406 nm). All lasers
were set at the same power of 0.5 mW. The measurements were performed at Vps =5V and Vg =
0. (b) The modulation of photocurrent in a HfS; device with red (685 nm) and green (520 nm)
lasers at the power set at 0.5 mW and 5 mW. The measurements were performed at V'ps =5 V and
Vo = 0. (¢) Scheme of the optical excitation of HfS; devices in the polarization-dependent
photocurrent measurements. (d) Dependence of photocurrent in a HfS; device on the polarization
angle of green laser, set at the power of 5 mW. (e) The 2D contour plots of photocurrent

dependences of HfS; on the polarization angle of green laser, set at the power of 5 mW.
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Figure 6. The temperature-dependent XPS spectra of HfS;. (a, b) XPS spectra of (a) S 2p and
(b) Hf 4f taken at different temperatures as indicated. The core-level components of S 2p core-
level shown in the shaded region correspond to S* 2ps,, and S* 2py, (both in dark red shade) and

S»% 2p3; and Sy* 2p1; (both in green shade).

Figure 7. X-ray absorption spectra of HfS;. Absorption edge spectra for (a) S 2p and (b) Hf

4ds;, placed relative to the Fermi level, which is marked with a vertical black dashed line.

Figure 8. Electronic structure of HfS;. (a) Calculated band structure of bulk HfS; perpendicular
to the chain direction, i.e., between Y and I" points. The band structure indicates the hybridization
between Hf-d (red) and S-p (blue) orbitals in the conduction band. Hf-p bands start to contribute
significantly ~ 1.5 eV above the conduction band minimum. (b, ¢) Adjoining orbital resolved
partial density of states corresponding to Hf (b) and S (c). The s orbital contribution is very small

around the conduction and valence band edges.
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