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Abstract

The presence of in-plane chiral effects, hence spin—orbit coupling, is evident in the changes in
the photocurrent produced in a TiS3(001) field-effect phototransistor with left versus right
circularly polarized light. The direction of the photocurrent is protected by the presence of
strong spin—orbit coupling and the anisotropy of the band structure as indicated in NanoARPES
measurements. Dark electronic transport measurements indicate that TiS3 is n-type and has an
electron mobility in the range of 1-6 cm?V ~!s~!. -V measurements under laser illumination
indicate the photocurrent exhibits a bias directionality dependence, reminiscent of bipolar spin
diode behavior. Because the TiS; contains no heavy elements, the presence of spin—orbit
coupling must be attributed to the observed loss of inversion symmetry at the TiS3(001) surface.

Supplementary material for this article is available online

Keywords: chiral photocurrent, transition metal frichalcogenide, spin—orbit coupling,
phototransistor Materials, anisotropic band structure
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1. Introduction

Spin-polarized photocurrents have been predicted for trans-
ition metal dichalcogenides (TMDs) [1-4] and there are
indications that circularly polarized light can create spin
selective excitations in monolayer TMDs, due to large spin—
orbit coupling in these systems. For example, polarized pho-
toluminescence appears in atomically thin MoS, when excited
by circularly polarized light, whereas the photoluminescence
is not polarized in bilayer MoS, [5]. Xie and Cui created a
spin-polarized photocurrent in WS, and detected the polariz-
ation using a lateral spin-valve [6]. Spin polarized photocur-
rents in high Z materials is not unexpected but it would be
unusual in low Z materials, as spin—orbit coupling is generally
not significant for materials with Z less than Cu [7]. For sensor
and device applications, the TMDs are far from ideal however.

In reality, few materials are perfect and in the limit of the
very small, imperfections can have disastrous effects, espe-
cially on device performance in say a transistor. For example,
it has become evident that edge functionalization can have a
profound effect on transport in 2D materials [8]. The great
advantages of graphene, i.e. its low electron effective mass
and high carrier mobility, are lost when conduction channel
widths shrink so much that the band gap opening associated
with the size reduction below 50 nm is accompanied by an
increase in electron effective mass [9, 10] and a loss in car-
rier mobility [8, 11-13]. These edge scattering effects will
also dominate the TMDs, with MX, composition (M=Mo,
W; X=S, Se, Te), with the additional complexity that edge
states will make these materials less semiconducting by ‘filling
in’ the band gap [14, 15]. It is predicted that transition metal
trichalcogenides (TMTs) offer several interesting new aspects.
TMTs from the MX3 and the IngsX3 (M=Ti, Zr, Hf; X=S,
Se, Te) class of materials contain van der Waals-like bound
2D layers, i.e. weak interlayer adhesion, which are similar to
the layered structure of TMDs with weak interlayer van der
Waals interactions and strong intralayer covalent interaction
[16-19]. As with TMDs [20-23], the layers of single crystal
TMTs can be mechanically or chemically exfoliated to pro-
duce single- and few-layer sheets for electrical and optical
measurements [16—18, 24-41]. However, while 2D layers of
TMDs are relatively isotropic, layers of TMTs are strongly
anisotropic [41-43], which can be advantageous.

Recent studies [16, 18, 27] have shown that the MX3 TMTs
are formed from one-dimensional (1D) chains of MX3 prisms
which do not possess detrimental dangling bonds and func-
tional groups commonly found in TMDs. The absence of
such edge effects suggests TMTs will maintain desirable elec-
tronic properties as the channel width scales down, making
TMTs suitable materials for electronic device size reduction
[16, 19, 29, 44, 45].

TMTs also have promising semiconductor properties, with
a band gap comparable to that of silicon (1.1 eV) in the case
of TiS3 [34, 46]. Calculations for TiS; find the band gap to
be robust, independent from layer thickness, vertical strain
[35], and ribbon width [34]. Furthermore, electron mobility
along the TiS3 chains was predicted to be ~10 000 cm? Vs~!
[27]. Although experimental electronic measurements have

revealed field-effect mobilities in the 1-50 cm? V~'s~! range
[16, 17, 29, 36—40], ON/OFF ratios of ~103 [18], and the
sub-threshold swing (S) values of up to ~44 V dec™! [16].
Low experimental mobility is still an issue and the origins of
the low mobility may be due to phonon scattering as recently
suggested [18] rather than device contact issues [40], yet TiS3
been gaining attention from a number of researchers. Other
properties of TiS3 in devices have been demonstrated includ-
ing a model pn-junction constructed of a TiS; monolayer [24]
that showed promising negative differential resistance and
diode rectification behavior. With these device properties, TiS3
appears to be a promising electronic material that can be pos-
itively compared with other more intensively studied mem-
bers of the TMD family. While phototransistors based on TiS3
[29], ZxS5 [25], and HfS3 [26] have been previously discussed,
demonstration of a spin polarized photocurrent is absent. Yet,
if spin—orbit coupling is turned on, within the 2D semicon-
ductor channel, new functionality is added.

In this study, we present compelling evidence for chiral
effects in TiS3(001) crystals. Our results strongly suggest the
existence of symmetry-protected photocurrent in the plane of
the quasi-1D TiS3(001) crystals. This is distinct from the spin—
orbit splitting in the electronic bands in the related MX,Y
(X#£Y=S, Se) Janus 2D monolayers perpendicular to the
plane [47].

2. Results and discussion

The x-ray diffraction (XRD) measurements, shown in sup-
porting information (figure S1), indicate that the TiS; nano-
whiskers conform to a monoclinic structure, with space group:
P2;/m, and lattice constants a = 4.849 A, b = 3.326 A,
¢ =8.801 A and a cant angle of § = 97.3° in agreement with
previous studies, but slightly different from earlier reported
studies values of: @ = 4.949 A, b =3.379 A, c = 8.748 A, and
cant angle of 8 = 97.62° [16, 36]; a = 4.973 A, b = 3.433 A,
¢ =8.714 A can’t angle of 3 = 97.74° [39]; and a = 4.958 A,
b =3.4006 A, c = 8.778 A, and 3 = 97.32° [48]. This data
suggests that the bulk crystal is centrosymmetric, but the sur-
face cannot possess inversion symmetry as 3 # 90°.

Indeed, the presence of broken symmetry at the surface
such that the surface exhibits a non-centrosymmetric envir-
onment, as compared to the centrosymmetric bulk crystal,
allows for the possibility of spin—orbit coupling of the sur-
face weighted electronic structure. Spin—orbit coupling of the
surface weighted electronic structure, in semiconductors, can
heavily influence the band dispersion and optical properties
and lead to symmetry protected spin current transport proper-
ties. In previous studies [41, 42], measurements of the valence
band energy-momentum dispersion in TiS3(001) along I'-Y
and along I'-B indicate that although the crystal nominally
exhibits P2;/m symmetry, the surface Brillioun zone lacks
mirror plane inversion symmetry, in agreement with the hypo-
thesis produced from the XRD analysis. The absence of the
inversion symmetry at the surface is indicated in the con-
stant energy contour photoemission intensity plots [42] and in
detailed analysis of the crystal structure (i.e. a non rectilinear
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cant angle) that suggests an absence of perfect mirror sym-
metry at the surface when travelling along the critical points.
Additionally, the same study [41] indicated that the band struc-
ture is highly anisotropic as is expected, in other words the
band structure along the chains (b direction) differs from the
band structure across the chains (a direction). The lack of mir-
ror plane inversion symmetry at the surface suggests, as noted
above, that there should be some spin—orbit coupling in the
valence band structure [46, 47, 49].

There are several calculations of the band structure for this
system, [27-29, 33,41, 47, 50] but key is that the experimental
effective masses have been determined. Indeed, much of the
theoretical modeling along with the experimentally measured
band structures indicate that the top of the valence band is com-
posed of the S 3p, and Ti 3d,, orbitals while the bottom of the
conduction band is composed of hybridized Ti 3d and S 3p
orbitals with large Ti 3d weighting [50, 51].

High resolution angle-resolved photoemission, taken along
the chain direction, as indicated in figure 1(a), provides evid-
ence of the predicted [27, 38, 39, 41] heavy mass and light
mass carrier bands at the top of the valence band along the high
symmetry I'-Y direction, as the experimental band structure is
shown in figures 1(b) and (c). This direction is coincident with
the b direction in the real space, i.e. the propagation direction
of the S-S chains of the nano-whiskers, Parabolic fits of the
valence bands indicate the effective hole mass from the heavy
hole band and light hole band are m*, = —0.84 % 0.03 m,
and m*y, = —0.21 £ 0.02 me, respectively. The heavy hole
mass agrees with values determined in our previous work [38,
42, 43] and with theoretical explanations [27, 38, 39, 41], as
noted above. The energy separation, AE, between the heavy
and light hole bands is AE = 0.07 eV. The heavy and light
hole bands have contributions from the sulfur 3p,, 3p,, 3p; and
titanium 3d,, states [SO]. Within instrument resolution there is
no direct evidence of appreciable spin—orbit splitting from the
electronic band structure, but this does not negate its existence.
If there is appreciable spin—orbit coupling in the valence band
then the possibility of producing a symmetry protected spin-
polarized photocurrent exists [1-6, 52-55].

One way to explore the influence of spin—orbit coupling
and chiral effects generally is through scanning photocurrent
microscopy (SPCM) using circularly polarized light. SPCM is
an in-situ technique capable of spatially resolving the in-plane
photocurrent response of a field effect transistor (FET) device,
here with a spatial resolution on the order of approximately
460 nm. SPCM is well known for its ability to extract inform-
ation in photosensitive materials related to interfacial band
bending between the FET semiconductor channel and the elec-
trodes, as well as the dynamics of charge generation, and the
spatial distribution of the induced photocurrent [29, 54, 56—
63]. The SPCM experimental geometry is shown in figure 2(a)
for the TiS; phototransistor channel and described in the meth-
ods section. The TiS3 back gated phototransistor channel is
approximately 4 pym long, 10 nm in height, and 80 nm in
width, as indicated by the atomic force microscopy topography
image, shown in the inset of figures 3(a) and S2. Before meas-
uring photocurrent response in the transistors, electronic trans-
port measurements were performed without incident light in

Figure 1. (a) Schematic of nanoARPES taken along the chain
direction of TiS3 (001) nano-whiskers, (b) nanoARPES band
dispersion of the valence band maximum along I'-Y direction of
TiS3(001) indicating heavy and light mass carrier bands at the top of
the valence band, and (c) same data as in (b) with fitting curves
(solid red) for heavy mass and light mass bands.

order to extract device characteristics of the TiS; FET, as
shown in figure 2(b). The profiles for the dark drain-source
current (Ipg) versus gate bias (V) at low applied drain-source
bias (Vpg), illustrated in figure 2(b), indicate an n-type mater-
ial at the contact interface. The n-type behavior is expected
from the placement of the valence band maximum [42-44],
as seen in figure 1(c), and the transistor characteristics [16,
17, 19, 26-28, 30, 36, 39, 45]. The profiles for dark Ips
versus low Vg at high applied Vps, see supporting inform-
ation, indicate that the Ti/Au contacts exhibit an extremely
small Schottky barrier due to an almost completely linear
trend in the -V curve. An electron mobility, in the range of
1.2-6 cm*V~! s~!, was estimated from the transfer curves,
which is consistent with previously reported mobilities [16,
17, 29, 36-38, 40]. It has been suggested that phonon effects
have a major role in reducing the mobility [38, 64], but also
in enhancing chirality [55]. Photoinduced strain generation is
also known but are unlikely to be sufficiently large to cause
the effects seen here [55].

A typical photocurrent image using non-polarized light,
for zero bias (Vps = 0) and no gate voltage (Vg = 0) is
shown in figure 3(a). A photocurrent is clearly evident in the
TiS; semiconductor channel near the source and drain elec-
trodes, upon laser illumination. Photocurrent measurements
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Figure 2. (a) Schematic of scanning photocurrent microscopy on a
TiS3 (001) phototransistor using linear polarizer (LP) and quarter
wave plate (QWP) to produce right and left circularly polarized light
and (b) dark (no illumination) transfer curves indicating behavior of
Ips versus Vg.

with non-polarized light and changing photon intensity, indic-
ate an asymmetry in the photocurrent direction, especially at
low incident light intensities, as shown in figure 3(b). At a light
intensity of 10.3 uW, the black curve in figure 3(b), the asym-
metry is most noticeable. Within the semiconductor channel,
(at = 6 pum in figure 3(b)) near the electrode the photocur-
rent generated has a higher intensity than near (at ~ 2 ym in
figure 3(b)) the opposite electrode, where the generated photo-
current is negligible. As the intensity increases from 10.3 uW
to 59 uW (blue curve) the directional asymmetry in the gener-
ated photocurrent begins to diminish, although still present. In
brief, the ratio between the left and right photocurrents along
the TiS; semiconductor channel is reduced with increasing
light intensity. The asymmetry is also present and reverses
when the drain-source bias is reversed. Additionally, the mag-
nitude of both the right and left photocurrent peaks scale lin-
early with incident light intensity, see supporting figure S4,
which is characteristic of a photocurrent unperturbed by con-
tact problems [52], suggesting the asymmetry is not a contact
issue. This is consistent with the observation that gold contacts
to TiS; are largely Ohmic [28, 30].

An asymmetry in the photocurrent is most likely due to
a combination of the photothermoelectric effect and photo-
voltaic effect [65]. The origins of the photoresponse and the
resulting electronic transport in TiS; have been reported to
be solely due to the photovoltaic effect [29]. In the current
devices it is difficult to distinguish the dominant effect, either

photovoltaic or photothermoelectric effects, but the data sug-
gests both are present in the system. The photothermoelectric
effect, also known as the Seebeck effect, is photoexcitation of
carriers due to a photothermal voltage produced by a temper-
ature gradient across the interface of two materials with dif-
ferent Seebeck coefficients [66]. The gold electrode and the
TiS; conduction channel have different Seebeck coefficients
and upon illumination, with the small laser beam profile, will
produce a photothermal voltage due to local heating from the
light source. The photothermal voltage acts to drive the car-
riers along the conduction channel. Although the temperat-
ure change produced at the surface by the light source will
be small, on the order of a few Kelvin, it may nonetheless be
sufficient to produce an photothermal voltage [29]. The lack
of a photocurrent sign change as the gate bias changes from
positive to negative, see figure S5, as is typical for the photo-
voltaic effect, is indicative of the presence of the photother-
moelectric effect [64]. The magnitude of the photothermoelec-
tric effect scales with an increasing temperature difference and
thus as the photon intensity increases we should expect to see
increased photocurrent at both ends of the device, as we see in
figure 3(b), dramatically reducing the photocurrent asymmetry
along the channel near the electrode interface.

The photovoltaic effect is the separation of photoexcited
electron-hole pairs via a built-in electric field located at the
interface of a p—n junction or at a Schottky junction [66]. In the
present case, we know the interface between the electrode and
the TiS3 conduction channel may possess a small contact bar-
rier, see figure S3, although Au contacts are generally expected
to be Ohmic [38, 40]. The photovoltaic effect will also scale
with increasing photon intensity and result in increased pho-
tocurrent as shown in figure 3(b). More direct evidence for
the presence of the photovoltaic effect is seen in figure 3(c),
through the positive to negative photocurrent sign change with
changing drain-source bias, typical of the photovoltaic effect
in phototransistors. Moreover, for the photovoltaic response
from a metal/semiconductor junction, the position of the max-
imum photocurrent is expected to shift with the gate voltage.
As the gate bias increases this effectively increases the deple-
tion width of the Schottky barrier and so you would expect
to see movement of the peaks inward toward the channel and
away from the electrode [66], as seen in figure S5. From these
observations it is clear both the photovoltaic and photothermo-
electric effects are present in our devices.

The asymmetrical photocurrent effect has been reported
elsewhere for symmetry protected photocurrents [5], where
the reduced asymmetry at higher incident light intensity is
believed to be due to a thermal heating effect. In fact, sim-
ilar photocurrent asymmetry, to that seen here, has been seen
in atomically thin WS, FETs [6] and in MoS, FETs [1-5].
Even minimal heating of the surface would diminish the
effects of the spin—orbit coupling within the valence band and
thus pose problems for optical-spintronic device applications
where higher photon intensity could be used to create larger
photocurrents.

Chiral effects require a breaking of inversion symmetry
which leads to excitation that favors one circular polarization
over the other [1]. This is satisfied by the TiS; crystal, as
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Figure 3. (a) The scanning photocurrent microscopy image of FET at light intensity of 10.3 W indicating asymmetry of photoinduced
current intensity near contacts. The white dashed line indicates the electrode edges and the white solid lines are the TiS3 conduction channel
where the line-cuts were taken in figure (b), inset: AFM image of the FET structure, (b) incident photon intensity dependence of
photocurrent along channel, Vg =0V, Vps = 0 V and (c) drain-source bias dependence of photocurrent versus position along the TiS; FET
conduction channel, Vg = 0 V. All light used in the above measurements was non-polarized.

indicated by XRD and experimentally realized by the inclu-
sion of a linear polarizer and a quarter wave plate to induce
circular polarization, described in the methods section. The
photoexcitation from TiS3(100) is sensitive to the circular
polarization of the incident light, producing a directional pho-
tocurrent, as illustrated in figure 4.

The absolute value of the photocurrent, for 100 W incident
circularly polarized light, is plotted as a function of distance
along the device conduction channel in figure 4 which shows a
polarization dependence of the photocurrent for the phototran-
sistor. Notice there is a marked difference in the photocurrent
intensity upon switching the polarization from right (blue) to
left (red) circularly polarized. This dichroitic property is not
due to the polycrystalline metal contacts, as even with con-
tact problems (asymmetry, etc) producing a favored current
flow between the contacts it would be independent of light

polarization. Currently, substrate effects cannot be excluded
by the data. It is expected that random defect and substrate
contributions would only serve to diminish the chiral effects
and mobility. It is plausible that the substrate has significant
effects, such as the introduction of defect/impurity scattering
and loss of inversion symmetry, enough to enhance the spin—
orbit coupling but it would need to perturb more than just the
interface TiS;3 layer. Defects would tend to be anisotropically
distributed diminishing any possibility that this contributes to
the observed chiral effects [67]. This is expected as the intro-
duction of defects would not necessarily allow for the preser-
vation of symmetry. In the extreme limit, as in an amorph-
ous material, there is no inversion symmetry but also no net
chirality. It is acknowledged that this is not the only way to
lose mobility as phonons could also contribute to the loss of
mobility.
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Figure 4. Absolute value of background corrected photocurrent
between the electrodes, blue(red) is with right(left) circularly
polarized light, solid triangle (Vps = —0.1 V), open squares

(Vps = 40.1 V), the gold rectangles near the plot edges represent
the position of the drain (D) and source (S) electrodes, Vg =0 V.

This light polarization dependent switching of the photo-
current is more comparable to the circular photogalvanic effect
[68] and the circular photon drag effect [69], although typ-
ically an applied bias is not present. Theoretically, both of
these circular polarization dependent effects suggest the pres-
ence of strong spin—orbit coupling. Indeed, within the con-
duction channel the magnitude and polarization dependence
of the photocurrent are observed to change with a change
in bias direction similar to bipolar spin diode behavior [70],
as shown in figure 4. At Vps = — 0.1 V (solid triangles),
the photocurrent produced with left circularly polarized light
(red) dominates near the drain electrode, whereas the photo-
current produced with right circularly polarized light (blue)
dominates near the source electrode. The opposite trend is true
when the bias switches from Vpg = — 0.1 V to +0.1 V. We
believe the bias dependent switching is due to symmetry con-
siderations. As mentioned earlier, in a previous study [42] we
determined that not only is there a lack of inversion symmetry
in the band dispersion but also the band structure is aniso-
tropic such that a preferred carrier direction along the chains
rather than across the chains is present. The bias direction
and change in weighted intensity is similar to the anomalous
hall effect where opposite spins experience asymmetric scat-
tering due to the effective spin—orbit coupling of the electron
[71]. Interestingly, a bias dependence of the spin current was
shown in calculations of F:TiSs/Li:TiS3 p—n heterojunctions,
although the weighted intensity does not switch from spin-up
to spin-down when the bias is reversed, which is attributed to
a dominant spin-up quantum mechanical transmission func-
tion near the Fermi level [24]. Although the linear polarization
dependent photocurrent in TiS3 has been observed previously
[50], this is the first report of circular polarization depend-
ence of the photocurrent and helps support the existence of

spin—orbit coupling at the surface. Chiral optical effects are
very much consistent with the very specific band symmetries
of TiS; noted elsewhere [50]. We note that TiS; is not the
only chiral 2D material as chiral tellurium is also known [54].
The system that TiS; most resembles are the dichalcogenides
and chiral tellurium as in [55, 72-75], although these systems
exhibit chiral effects, this is not the result of optical transitions
between electronic state but rather transitions between phonon
bands.

3. Conclusion

In summary, this study has shown that through inversion sym-
metry chiral effects appear at the surface of a TiS3(001) photo
conduction channel. This is evident from the crystal symmetry
measured with XRD and the photocurrent generated with cir-
cularly polarized light. The preferential direction for the pho-
tocurrent in TiS3, one that depends on the circular polariza-
tion, suggests not only the presence of chirality, but also a
loss of crystal symmetry and ultimately suggests the presence
of spin—orbit coupling. A preferential direction for the pho-
tocurrent is expected for the TMDs [1-6], and is similar to
the topologically protected photocurrents seen in topological
insulators, namely Bi;Ses [52, 76], (BipsSbos)>Tes [53], and
BiSbTeSe, [76]. The presence of anisotropy in the band struc-
ture suggests that symmetry protected spin-polarized photo-
current will occur and this will be useful for spintronic device
applications, especially in situations which call for low power
and high data egress [77]. The development of a TMT-field-
effect phototransistor means that the TMT-FET has applica-
tion as an optical sensor, while retaining potential utility of
these devices for logic computation.

4. Experimental methods

TiS; (001) micro-whiskers were grown following previous
work [16, 25, 36-38, 40, 42, 43, 50, 78-81], via the dir-
ect reaction of titanium and sulfur. Ti foil (0.1 g, 0.25 mm
thick) and S powder (0.2 g) are sealed in an evacuated (pres-
sure ~ 200 mTorr) quartz ampule and annealed in a tube fur-
nace for 5 d at temperatures up to 550 °C.

TiS; nano-whiskers were mechanically exfoliated from the
micro-whiskers and then transferred to a Si substrate with an
insulating top layer of SiO,. Metal contacts consisting of 5 nm
of Ti or Cr followed by 50 nm of Au were placed, roughly
4 pm apart, over a single nano-whisker using electron beam
lithography, photolithography, and physical vapor deposition
methods.

Nanospot angle resolved photoemission spectroscopy
(nanoARPES) measurements were performed on the Ant-
ares beamline of the synchrotron Soleil [82], Paris using a
MBS deflection analyzer, with an angular and energy resol-
ution of ~0.2° and ~10 meV, respectively. The small spot
size of ~350 nm allows for precise positioning and location
of small samples as well as the correct alignment required to
perform the angle resolved measurements [83, 84].
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SPCM was performed at the Center for Functional Nan-
omaterials at Brookhaven National Laboratory with a scan-
ning photocurrent microscope built on an inverted Olympus
IX 81 microscope equipped with a 50x, 0.5 numerical aper-
ture lens (Olympus America), a raster scanning stage (N-Point
NPXY400), and a single photon counting avalanche photodi-
ode detector (Tau SPAD Picoquant Germany) for reflection
imaging. A spatially resolved photocurrent image is simul-
taneously generated with a reflection image of the device by
using a 488 nm solid state laser (Coherent Sapphire 100),
the incident light impinges upon the device perpendicularly
after reflection from a dichroic mirror. Electrical signals from
devices are measured by a low-noise current amplifier (Femto
DLPCA), converted into voltage by a lock-in amplifier (Stan-
ford Research 830) and read by a SoftDB scanning probe
microscope controller equipped with GSXM software (Gnome
X Scanning Microscopy). The circular polarization of the light
source was achieved through the use of a linear polarizer fol-
lowed by a quarter wave plate at positive or negative 45° with
respect to the linear polarizer.

XRD measurements were performed in air at room temper-
ature with a Rigaku Smart Lab diffractometer equipped with
a Cu Ka source, A = 1.54 A.
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