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Abstract

Group IVB transition metal dichalcogenides (TMDCs) have attracted significant
attention due to their predicted high charge carrier mobility, large sheet current density,
and enhanced thermoelectric power. Here, we investigate the electrical and optoelectronic
properties of few-layer titanium diselenide (TiSe;)-metal junctions through spatial-,
wavelength-, temperature-, power- and temporal-dependent scanning photocurrent
measurements. Strong photocurrent responses have been detected at TiSe,-metal junctions,
which is likely attributed to both photovoltaic and photothermoelectric effects. A fast
response time of 31 ps has been achieved, which is two orders of magnitude better than HfSe,
based devices. More importantly, our experimental results reveal a significant enhancement
in the response speed upon cooling to the charge-density-wave (CDW) phase transition
temperature (7¢cpy = 206 K), which may result from dramatic reduction in carrier scattering
that occurs as a result of the switching between the normal and CDW phases of TiSe;.
Additionally, the photoresponsivity at 145 K is up to an order of magnitude higher than
that obtained at room temperature. These fundamental studies not only offer insight for the
photocurrent generation mechanisms of group IVB TMDC materials, but also provide a
way to engineering future temperature-dependent, two-dimensional, fast electronic and

optoelectronic devices.
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Introduction

A new dimension of materials research was opened up with the successful isolation
and characterization of graphene.! Its variety of excellent mechanical, electrical, and
optical properties as well as its semimetallic nature have fueled many different applications
and served as a platform to investigate nanoscale science. This has propelled the search for
other similar two-dimensional (2D) materials. A class of materials known as transition
metal dichaclogenides (TMDCs) has garnered intense interest for their superior electronic?
3 and optoelectronic properties.* > Though these materials are characterized by the X-M-X
structure where the X represents a chalcogenide (S, Se, Te) and M represents a transition
metal from groups IVB through VIIIB, the group VIB TMDCs (e.g. MoS;) have received
the most attention. Looking deeper into this class of materials one finds that group IVB
TMDCs (M= Ti, Zr, Hf and X= S, Se, Te) have received relatively little attention in their
single- or few-layer form even though they possess unique optical, electrical,
optoelectronic, and thermoelectric properties.® Strong light absorption properties in the
visible to the infrared region as well as enhanced thermoelectric performance with high
power factors have been show in TiS,”- 8 An exceptionally high charge carrier mobility of
~2,000 cm?V-!s'! as well as a sheet current density up to 8000 A um-', much higher than
those of MoS,, have been predicted for ZrSe,.” ' And the semiconducting HfSe, has a
high predicted mobility of ~3,579 cm?V-'s"1.1% Furthermore, phototransistors fabricated out
of HfSe, have shown strong responsivity in the visible to ultraviolet regimes in the range
of hundreds of amperes per watts but with a slow response time on the order of milliseconds
and only achieved under large gate voltages.!! In addition to these materials, the nearby

group VB semimetallic and semiconducting charge-density-wave (CDW) materials of
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TaSe, and TaS; have recently demonstrated extremely fast, ultra-broadband response and
ultra-high responsivity.!? 13 All these fundamental studies hold promise for the further
exploration of the optoelectronic properties of group IVB materials, such as TiSe,. Many
investigations have examined the optical and electrical properties of few-layer TiSe,,
showing a relatively high CDW phase transition temperature, 7¢cpy, of ~200 K as well as
the ability to precisely control this transition temperature using an electric field.!#'® But,
previous work on optoelectronic properties of TiSe, have been focused on either angle-
resolved photoemission spectroscopy measurements that reveal detailed understandings of
the CDW phase transition and associated band structure!®-22 or other work that explores the
observation of spontaneous gyrotropic electronic order.?? This encourages but leaves open
the exploration of few-layer TiSe, optoelectronic devices.

Here we fabricate few-layer TiSe,-metal junctions using a metal transfer technique
and subsequently explore their electrical and optoelectronic properties via scanning
photocurrent microscopy. Strong photocurrent responses have been observed at the TiSe,-
metal junctions under 650 nm and 1064 nm illumination, respectively. Further studies have
revealed that both the photovoltaic effect (PVE) and the photothermoelectric effect (PTE)
contribute to the photocurrent generation. At 145 K, the photoresponsivities are 4.8 mA/W
and 1.4 mA/W for 650 nm and 1064 nm illumination, respectively. Moreover, temporally
resolved scanning photocurrent measurements demonstrate that rise and decay time
constants are 31 us and 32 ps, respectively, which are two orders of magnitude better than
HfSe, based devices.!! More importantly, we have found that the response times are two
times slower when the temperature increases to 225 K. Additionally, there is up to an order

of magnitude of reduction for the photocurrent responsivity at room temperature. The
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significant temperature-induced changes are likely attributed to dramatic reduction in
carrier scattering that occurs when TiSe, is changed from the normal to CDW phases at
Tepw (~ 206 K). These results signify the depth and breadth of knowledge gained from
continually exploring and assessing 2D materials for optoelectronic devices and advance
the understanding of group IVB TMDCs. Furthermore, this work sheds light on the critical
aspects of 2D material-metal junctions for engineering future temperature-dependent fast

optoelectronic devices.

Results and Discussion

A schematic of a typical TiSe, device used in the experiments is presented in Figure
la. High quality TiSe, flakes were mechanically exfoliated from a bulk crystal onto
degenerately doped SiO,/Si substrates using the standard scotch tape method.! Sample
thicknesses were characterized using a Bruker Dimension Icon Atomic Force Microscope,
ranging from ~20 nm to ~49 nm. Au electrodes pre-patterned on a sacrificial silicon
substrate were then transferred onto TiSe, flakes to nearly eliminate the Fermi-level
pinning effect that has plagued many other TMDC material based devices.?* The inset of
Figure 1c shows a TiSe, device with a thickness of ~31 nm.

Raman spectroscopy has been used to identify the quality of TiSe, flakes. As shown
in Figure 1b two dominant peaks are located at ~134 cm™! and ~197 cm™!, respectively,
corresponding to the in plane (E,) and out of plane (A ;) vibrational modes of the Se atoms
in TiSe,, respectively.!>-17 No significant difference was noted in these peaks based on our
sample thicknesses. A weak peak is also seen at ~305 cm™!, likely resulting from acoustic
phonons in the underlying silicon substrate and potentially the combination of the two

different dominant modes.!3- 2526 Moreover, the absence of additional peaks indicates the
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pristine nature of the sample as it is common for peaks to arise during the oxidation process
associated with trigonal (~253 cm™') and amorphous (~233 cm™') selenium that replace the
dominance of the aforementioned active Raman modes.?’?° Temperature-dependent
electrical resistance measurements were further performed to characterize and assess
device performance. A broad resistance peak centered at ~180 K is observed (black in
Figure 1c), consistent with previous electrical transport investigations of TiSe,.!# 18, 27,30
This anomalous resistivity peak is attributed to a crossover between a low temperature
regime where electron-like carriers dominate the conductivity to a high temperature regime
where thermally activated hole-like carriers dominate.’! Additionally, a ratio for R,,../R3p
of ~1.3 is observed that is comparable to molecular-beam epitaxy grown TiSe, thin films,3°
indicating the high quality of the mechanically exfoliated TiSe, flakes. To determine the
CDW phase transition temperature (7¢py) in TiSe,, the derivative with respect to
temperature of the resistance-temperature graph is calculated (red in Figure 1c) and the
local minimum is found as ~206 K (T¢py), which is consistent with previous reports.!4 18
27, 30 To explore optoelectronic properties of TiSe,, spatially resolved scanning
photocurrent measurements were performed in an Olympus microscopy setup.>?> A
continuous wave laser beam (NKT Photonics SuperK Supercontinuum Laser) was expanded
and then focused by a 40X Olympus objective (N.A. = 0.6) into a diffraction-limited spot (~ 1
um). After that, the laser spot was scanned over the device using nanometer-scale spatial
resolution piezo-controlled mirrors. As shown in Figures 2a and Sla, remarkable
photocurrent responses were observed under 1064 nm and 650 nm illumination,
respectively. The corresponding reflection images (Figures 2b and S1b) that were recorded

simultaneously could be used to locate the positions of photocurrent signals. The electrodes
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are outlined in gray dashed lines, with D and S representing the drain and source contacts,
respectively. The TiSe, flakes are outlined in purple. Strong photocurrent signals
(Inc = Diaser — Lgark) are observed at the TiSe-metal junctions, likely due to the Fermi level
alignment at the junctions which leads to built-in electric fields that can efficiently separate
photo-excited electron-hole pairs (EHPs) to generate photocurrent signals. This suggests that
the PVE plays an important role in the photocurrent generation at TiSe,-metal junctions.?
When the laser scans across the drain (source) contact, photo-excited EHPs are separated,
generating a negative (positive) photocurrent due to the larger work function of the TiSe,
flake relative to gold contacts that produces downward band bending.3* To further clarify
the photocurrent generation mechanisms present in the TiSe,-metal junction, line profiles
of photocurrent intensity under 1064 nm illumination are extracted across the junctions at
145 K and 280 K (Figures 2¢ and 2d), respectively, where the photocurrent intensities were
normalized for clarity. By comparing the photocurrent profiles with the Gaussian fittings
(solid red curves), we notice a strong photocurrent “tail” in the gold electrode region for
the environmental temperature below the Tcpw as indicated by the blue arrows, suggesting
that the PTE also contributes to the photocurrent generation at the junction for TiSe, in
CDW phase.?> 36 This is consistent with previous reports that TiSe, possesses a high
thermoelectric power below Tepw >’ inducing heat gradients at the TiSe,-metal junction
and thus giving rise to a thermoelectric current.** Similar results are found under 650 nm
illumination (Figure S1).

The photoresponse dynamics were also examined through temporally resolved
scanning photocurrent measurements for both above and below T-py. In these experiments,

the addition of an optical chopper to the light path allowed for the application of ON/OFF



Nanoscale

light modulation while photocurrent signals were recorded as a function of time. The limit
of the measurement circuit is around 8 ps.4!-4> Two cycles of a typical temporal response
under 1064 nm illumination at 145 K for the TiSe, device is shown in Figure 3a. The device
maintained consistency in its optoelectronic performance over thousands of cycles
demonstrating its reliability. Using a single exponential function to fit the rise and decay
portions of the time response curve, rise and decay time constants are found for both above
and below the CDW phase transition temperatures (Figure 3b). The photoresponse times
are significantly reduced upon cooling to T¢py. To further examine this difference
snapshots of the rise and decay curves are shown in Figure 3c and 3d, respectively. At 225
K (above Tcpw), rise and decay time constants are 60 pus and 66 ps, respectively. Moreover,
we have found that rise and decay time constants of 31 pus and 32 ps are achieved at 145 K
(below Tpw), which are as twice fast as those above Tpy, two orders of magnitude better
than HfSe, based devices.!! The greatly improved response times below the CDW phase
transition temperature is likely attributed to dramatic reduction in carrier scattering that
occurs as a result of the switching between the normal and CDW phases of TiSe,.* It is
well-known that two important factors that limit the response time of a device are RC time
constant and carrier transit time.** For TiSe, in CDW phase, the reduction in carrier
scattering results in short carrier transit time, leading to fast photocurrent response. To
determine the exact nature of these interactions further focus on the photodynamic response
of TiSe, is warranted.

Next we explore how the CDW phase transition influences the responsivity of
TiSe,-metal junctions under laser illumination (Figure 4a). Here, the laser beam with a

diffraction limit about 1 pm has been locally focused at the TiSe,-metal interfaces, which
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is different from some studies that the beam sizes are larger than the devices.!> 4346 Positive
and negative photocurrent signals are found at source and drain regions, respectively, in
which the positive response has been used to analyze the responsivity in Figure 4a. Our
experimental results reveal a significant enhancement in the responsivity of the devices
under cooling and a doubling of the rate of photocurrent increase below 7T¢py. Maximum
responsivities at 145 K have been achieved to be 4.8 mA/W under 650 nm illumination
and 1.4 mA/W under 1064 nm illumination, respectively, up to an order of magnitude
higher than those obtained at room temperature. The relatively small responsivity of TiSe,
under 1064 nm illumination is likely attributed to the lower optical absorption for 1064 nm
excitation than that for 650 nm excitation.*’ This further suggests that in the CDW phase,
the carrier scattering reduction leads to short carrier transit time,* 4 improving the
collection of photoexcited EHPs and thus enhancing the photocurrent generation
efficiency. Moreover, linear power-dependent relationships were observed for both 650 nm
and 1064 nm illumination at 145 K (Figure 4b). This linear trend is expected as the
increased number of incident photons from a higher power results in an increased

generation of EHPs.

Conclusion

We systematically investigate electrical and optoelectronic properties of few-layer
TiSe,-metal junctions. Remarkable photocurrent responses have been detected at the
TiSe,-metal junctions, likely resulting from both the PVE and the PTE. A fast response
time approaching to 31 ps has been achieved, which are two orders of magnitude better than
HfSe, based devices. More importantly, we have found that the photocurrent responsivity

and speed increase significantly upon the temperature cooling to Tcpwy, which is likely
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attributed to dramatic reduction in carrier scattering that occurs as a result of the switching
from the normal to CDW phases in TiSe,. Not only do these results further the
understanding of group IVB TMDC materials but also offer promise for future
investigations into these enticing class of materials, opening new avenues for future 2D

optoelectronic engineering.

Methods

Bulk TiSe, crystals from 2D Semiconductors were used to prepare the devices.
These bulk crystals were mechanically exfoliated using the scotch tape method onto
degenerately p-doped silicon substrates with 290 nm of thermally grown SiO,.! After
identifying thin flakes as targets for devices, an electrode transfer procedure was
performed.?* 4 First, 50 nm thick gold electrode patterns were created using standard
photolithography and electron beam deposition procedures. The sacrificial substrate was
then diced to facilitate manageable sized pattern transfers. The gold electrodes on the
sacrificial substrate were then treated with hexamethyldisilazane (HMDS) for 20 minutes
in a 180 °C sealed chamber. Two layers of 495 Al1 polymethyl methacrylate (PMMA)
were spin coated at 2500 RPM with an intermediate hard bake step. A
polydimethylsiloxane (PDMS) stamp on a glass slide was then used to pick up the PMMA
with the gold electrode pattern off of the sacrificial substrate. Using a home-built precision
transfer stage, the gold electrodes were able to be aligned with the target flake. After that,
the PDMS could be released from the fabricated device by heating the substrate and
subsequently raising the stamp. Devices were then mounted on chip carriers to facilitate
electrical and optoelectronic characterization in a Janis ST-500 microscopy cryostat under

high vacuum (=107 Torr).*°

10
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Figure 1. (a) A schematic illustrating the layout of a TiSe, device. (b) Raman spectrum of
a typical few-layer TiSe, flake at room temperature. Two strong peaks are seen at ~134
cm ! and ~197 cm™!, respectively, which match well with the E, and A, optical phonon
modes of 1T-TiSe,. An additional weak peak is observed at ~305 cm™!, which may result
from the overlap of the two phonon processes of TiSe, and a remnant of the silicon
substrate. (c) Temperature-dependent resistance measurements show the characteristic
resistivity peak (black). A broad maximum is noted at ~180K. A ratio for R,,,,/R309 of ~1.3
is observed, indicating the high quality of the mechanically exfoliated TiSe,. The first
derivative of the temperature-dependent resistance with respect to temperature is shown in
red. The minimum of this curve, ~206 K, corresponds to the CDW phase transition
temperature. The green background represents the CDW phase. Inset in (c) is an optical

micrograph of a TiSe, device. The scale bar is 10 pm.
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Figure 2. (a) Spatially resolved photocurrent and (b) reflection images of the device at 145
K show strong photocurrent responses at TiSe,-metal junctions. The power of the 1064 nm
laser is ~1.86 mW. The inset of (a) shows a circuit diagram of the TiSe, device depicting
the current direction for the respective laser scanning locations. The laser scan across the
drain (source) contact, resulting in the observed negative (positive) photocurrent signals.
Photocurrent responses across the TiSe,-metal junctions at (c) 145 K and (d) 280 K,
respectively. The black dots and red solid curves are experimental data and the related
Gaussian fittings, respectively. The photocurrent “tail” on the electrode is highlighted by

the blue arrow. The yellow backgrounds represent the positions of the electrodes.

14

Page 14 of 20



Page 15 of 20

Nanoscale
a b
70
o~ 65
Z
60
it
- £ 55
= S
. @ 50
< :
g 45
" Q
dEa 40
- -
= 35
30
C d
1.0}
0.8
_~ —~
= = 0.6
~ ~
- S
W
o4 o4
L] —
02F a - 145K E 0.2
sl ® s 225K| | 0.0
0.0 0.1 0.2 0.3 0.4 0.5
Time (ms)

v
4 Rise X 4
v Decay
v
A
Y
A
v
= v A X
I X
)4 I a%a
140 160 180 200 220 240
Temperature (K)
§ o 145K
> s 225K
n
.-
| |
o
u
L |
=]
e n 1
.%—“
0.0 0.1 0.2 0.3 0.4 0.5

Time (ms)

Figure 3. (a) Typical temporal response of the device at 145 K under 1064 nm illumination.

(b) Temperature-dependent response for the rise and decay time constants as shown in

black and red triangles, respectively. The green background represents the CDW phase. To

further elucidate this change, snapshots of the rise (c) and decay (d) time curves are shown,

respectively.
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Figure 4. (a) Temperature-dependent photocurrent measurements reveal a significant
increase in the responsivity of the device with decreasing temperature. The rate in which
the photocurrent changes approximately doubles below T¢py as indicated by the fitted
slopes. The green background represents the CDW phase. (b) Power-dependent
photocurrent measurements under 650 nm (red) and 1064 nm (black) illumination at 145

K show linear relationships with power.
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