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ABSTRACT

To develop a stable and reliable two-dimensional (2D) tungsten disulfide (WS;)-based
photodetector (PD), it is essential to address the issue of interfacial defects that are unavoidably
formed at an interface between WS, and metal contact, as such defects can markedly deteriorate
photo-response characteristics. In this work, this drawback is mitigated by adopting a facile
technique for passivating a WS, surface with an ultrathin TiO, film. The TiO, interlayer is
deposited on the 2D-WS, surface via twenty cycles of atomic layer deposition (ALD) prior to
proceeding with photolithography and contact metal deposition. Advanced characterizations
reveal that TiO,/WS, PD exhibits enhanced photo-response compared to bare WS,. Much higher
photo-responsivity (~10 times higher at 1 mW/cm?) and faster recovery (~124 times faster at 0.1
V) is obtained from TiO,/WS, PDs relative to bare WS, PDs. The mechanism underlying the
enhanced PD performance is faithfully demonstrated. The computational density functional theory
(DFT) using Heyd-Scuseria-Ernzerhof (HSE) approach demonstrates the significant role of
TiO,/WS, interface in facilitating the charge transfer, and improving the PD performance
compared to the bare device. This approach paves the way for developing reliable and high-

performance 2D WS,-based optoelectronic devices.
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m INTRODUCTION
Photodetectors (PDs), as essential elements of optoelectronic systems, are widely utilized in
imaging, optical communications, and sensing applications.!”” Recently, two-dimensional (2D)
materials with superior optoelectronic properties based on strong light—matter interaction® have
attracted considerable attention of researchers and industry practitioners as next-generation
photodetection platforms. These 2D materials are readily exfoliated or grown into atomically thin
layers due to a weak Van der Waals force, facilitating their use in versatile optoelectronic devices
requiring 2D material properties. In this regard, 2D graphene with a high carrier mobility and wide-
band absorption spectrum has been actively studied. However, its zero bandgap and high
transmittance (~97% in the visible range) are significant drawbacks for optoelectronic
applications.””!! Consequently, graphene-like transition metal dichalcogenides (TMDCs),'? in
particular 2D-tungsten disulfide (WS,), are potential candidates for high-performance PD
development due to the existence of their bandgap. WS, has a high light extinction coefficient of
105~10% cm™!, a layer-dependent tunable bandgap of 1.3~2.1 eV, and a large phonon-limited
mobility of > 10° cm?/V - s at room temperature, making it ideal for PD applications.!3-1> WS,-
based PDs exhibiting such excellent properties have yielded promising performance.'®-20
Furthermore, various device architectures have been studied to elicit new WS,-based PD
functionalities.?'2> However, PDs based on 2D-WS, are still unstable for practical applications.
PD-based WS, performance degradation stems from numerous factors, many of which are
related to the thermodynamically unstable properties of 2D materials.>* During metal contact
fabrication, interfacial defects are unavoidably introduced onto 2D material surfaces. Such defects
on the metal contact interface facilitate adsorption of water or gas molecules, which can degrade

photo-generation and carrier transport.>* To overcome this issue, a technique for passivating a
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whole 2D molybdenum disulfide (MoS,) device with a hathium dioxide (HfO,) thin film as a final
fabrication step was recently reported.?’” This approach was shown to yield improved PD
performance by preventing adsorption of undesired gas molecules onto the MoS, surface. However,
it was ineffective in controlling interfacial defects between contact metal and photodetection
material. Thus far, many studies related to interfacial engineering have been conducted, focusing
on other 2D materials (e.g., graphene and MoS, platforms), due to which there is an evident paucity
of studies on the interfacial defect control aimed at enhancing the WS, PD performance. However,
the enhanced photo-response and optical properties of WS, functionalized by TiO, interlayer
inserted below the metal contact and the effect of its interface with WS, have never been studied.
In addition, the effect of TiO2/WS2 interface on the PD characteristics and enhancement
mechanism have not been investigated yet.

In this work, we address this gap in extant research by passivating a surface of exfoliated
WS, with an ultrathin titanium dioxide (TiO,) interlayer through atomic layer deposition (ALD).
Subsequent investigations demonstrate that WS, PDs with the TiO, interlayer exhibit enhanced
photo-responsivity compared to bare WS, PDs as a reference. We also studied the PD photo-
response characteristics to reveal the mechanism underlying the enhanced performance induced
by the TiO, interlayer. Computational density functional theory (DFT) calculations using Heyd-
Scuseria-Ernzerhof (HSE) functional further explain the mechanisms of the performance
enhancement.
m EXPERIMENTAL DETAILS

TiO; interlayer deposition via ALD process. WS, flakes were exfoliated and transferred

onto a 200-nm-thick SiO,/ 4-inch p-type Si wafer by using a 3M tape. One ALD cycle was

performed at 200 °C under oxygen (O,) plasma ambient, and subsequently was purged under argon
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(Ar) plasma ambient (Oxford Instruments Equipment). Further ALD cycles were carried out until
5 nm thickness was attained. Ti precursors were bubbled from liquid titanium isopropoxide
Ti(OC5H5), at 40 °C before placing them into a reaction chamber. For further device optimization,
post-annealing has been performed on the fabricated device. We carried out electrical
measurements on WS, field effect transistors (FETs) under three annealing (at 200 °C for more
than 2 hrs) conditions—ambient, in vacuum, and in vacuum maintained for 14 h—to examine the
transfer characteristics, as shown in Figure S1 in Supporting Information. We found that the best
results were obtained for the samples annealed in vacuum for 14 h, since the absorbed chemical
species are removed, due to which field effect mobility improved from 3.48 cm?V-!s™! to 3.95
cm?V-lsl,

Photo-response analysis. Devices were connected to a Keithley 2400S by using probes
and electrical feed-through. Electrical signals were recorded and monitored using a LabView
software prepared for current—voltage (I-V) measurements. A white light, calibrated at 100
mW/cm?, was generated by a solar simulator (AM 1.5G spectra, ReRa Solutions) and the devices
were illuminated directly from the top. To modulate the power density (Pg4), neutral-density (ND)
filters with different transmittances (100, 40, 25, 15, 10, 1, 0.7, 0.3, and 0.1%) were used in
combination. To precisely control every ON/OFF cycle, an automatic shutter was placed beneath
the solar simulator window.

Raman spectra measurement. To excite the WS, samples, a 473 nm laser equipped with
the Horiba Aramis Jobin Yvon micro-Raman system was used at room temperature. The focused
laser power was 5 mW and the grating was 600 g mm-!.

Computational details. The calculations related to a 2H-WS, and WS,/TiO, structures

were carried out by adopting the DFT simulation, as implemented in the software package
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VASP,?%2 whereby Perdew-Burke-Ernzerhof approximation (PBE)° was adopted for an
exchange correlational function. An electron—ion interaction was described by a projected-
augmented wave approach. An orthorhombic unit cell was adopted to model a TiOy/WS,
heterostructure.! To form TiO,/WS, interface, we considered a 1 x 3 x 1 2D lepidocrocite-type
Ti0O, supercell on top of a 1 x 4 x 1 2D WS, supercell. The valence states included 3p, 4s and 3d
for Ti; 5p, 6s and 5d for W; 2s and 2p states for O; and 3s and 3p for S. All atoms in the supercell
were relaxed until force on each atom declined below 0.01 eV/A and a total energy convergence
of 1073 eV was achieved. A plane wave cutoff energy of 500 eV was chosen. A Monkhorst k-point
grid of 11 % 3 x 2 was adopted to sample the first Brillouin zone of the TiO,/WS,; heterostructure.
A vacuum layer of more than 15 A was subsequently considered in z-direction. In order to correct
the bandgaps obtained from PBE, the HSE functional®> was used, setting the Hartree-Fock
Exchange mixing parameter to 0.13 and the PBE fraction to 0.87. This approach has been
successfully used in prior studies to predict the bandgaps for 2D systems.3! The effect of Van der
Waals interactions was included by using DFT-D3 dispersion scheme.?334
m RESULTS AND DISCUSSION

Figure la depicts the facile process adopted in this study for fabricating a WS,-based PD
with an ultrathin TiO, interlayer. The multilayered WS, was exfoliated from a bulk WS, target
before being transferred onto a 200 nm thick silicon dioxide (SiO;)/heavily doped p-type silicon
(Si) substrate. The thickness of the exfoliated WS, used for either PD or FET devices ranged from
approximately 9 nm to 20 nm. After depositing the ultrathin TiO,; interlayer through ALD cycles
at 200 °C, photolithography, electron beam evaporation, and lift-off processes were sequentially
carried out to form titanium (Ti) electrodes for source-and-drain contacts with a channel length

and width of 5 um and 140 um, respectively. Note that the real channel width of the WS, device
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is determined by the WS, sample dimensions. For gate biasing, the same Ti was deposited on the
back Si side of the substrate. Figure 1b shows a cross-sectional transmission electron microscopy
(TEM) image of three layers comprising of Ti/Ti0,/WS,. The spacing between two adjacent WS,
layers along the [0001] direction at a hexagonal close-packed lattice was about 0.65 nm, as shown
in the TEM image. The thickness of the ALD-processed TiO, interlayer was approximately 5 nm,
on which the 60 nm thick Ti as the source and drain electrodes were deposited. In a previous report,
the ultrathin TiO, interlayer (for transistor devices)3® was found to be very effective in minimizing
the formation of undesired defects—such as vacancies, dislocations, and edge boundaries at the
interface between 2D and Ti—due to ordered stacking of diffused Ti and O atom:s.

Atomic force microscopy (AFM) was carried out to examine WS, morphology and
roughness. Figure 1¢ shows the AFM image of bare WS, with a thickness of ~9 nm and a good
root mean square (RMS) value (1.3 nm) is revealed. Note that surface coverage is a critical issue
when depositing an insulating material through ALD. According to the findings yielded by related
studies,3¢-37 depositing a 3-nm-thick TiO, is sufficient to fully and smoothly cover the WS, surface.
Here, we opted for a 5-nm-thick Ti0O, layer, in consideration of an engineering deviation stemming
from the equipment employed in this work.

To confirm the structural and chemical properties of the WS, samples after TiO, deposition,
Raman spectroscopy was performed on the same WS, samples based on the optimized thickness.
This measurement allowed us to examine the effect of TiO, on the quality of WS, samples. Figure
1d shows Raman spectra of a set of representative samples (TiO,/WS, and bare WS;). The
characteristic peak of E,, at ~357.3 cm! and A, at ~421.6 cm™! originating from in-plane and
out-of-plane vibrational mode,*® respectively, are clearly visible in Figure 1d. No significant

changes in the Raman spectra were observed after the TiO, deposition (Figure S2 in Supporting
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Information), confirming that the initial WS, crystallinity was well maintained without stresses®®:
40 that might be induced by the high-temperature ALD process. This finding reveals that the
deposited TiO, with the optimal thickness of 5 nm maintains the structural quality of the WS,
samples.

To evaluate the TiO, effect on electrical properties, [-V characteristics were analyzed. This
electrical measurement was carried out at room temperature and under normal atmosphere. Figure
2a and 2b show output characteristics of the bare WS, and the TiO,/WS, device, respectively,

under gate voltages (V) that were increased from -50 V to 20 V in 5 V steps. Prominent

differences in both I-V behavior and series resistance (Rgp) were clearly observed for both devices.

The drain current (Ip) of the bare WS, device failed to gradually increase with the Vg, and it barely
approached 1 pA under the drain voltage (Vp) of 1 V (Figure 2a). However, as shown in Figure
2b, the Ip values of the TiO,/WS, device increased linearly with the V, and readily surpassed 1 p
A under the same Vp, = 1 V, as its turn-on gate voltage is more negative than that of the bare WS,
device. This substantial difference in the subthreshold electrical properties was attributed to the
reduction in interfacial defects following TiO, deposition, which was further confirmed by
performing a discharging test where a gate-stress was applied for 10 s at V, =20 V (Figure S1b in
Supporting Information).

Although theoretically designing a metal-semiconductor (M—S) interface with ideal perfect
materials can facilitate carrier transport, real devices possess an abnormally formed potential
barrier in the interface due to the presence of interfacial defects, which causes a high contact
resistance (R¢), thus deteriorating PD performance. Therefore, controlling the interfacial defects
is an effective method of reducing the R¢ sufficiently, while removing the need for trial-and-error

experiments to find the optimal contact metal. A transfer characteristic was examined to compare
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the R values of FET devices based on both bare Ti/WS, and T1/Ti0,/WS, during the subthreshold
phase. Figure 2c clearly shows that the bare WS, device was governed by a bi-polar behavior,*!
whereas the TiO,/WS, device showed a more unipolar n-type depletion behavior. The appearance
of unipolar n-type mode is attributed to free electrons, which are generated by oxygen vacancies
in TiO, and then transferred to WS,,*? thus enhancing the carrier generation in TiO,/WS, PD as
will be shown later. In this case, hole conductivity is suppressed and the Fermi energy level is de-
pinned.3>* Therefore, the TiO,/WS, device turned on at lower voltage (Vg = ~ -37 V), and Ip
increased as Vg increased, and the I value saturated at a value exceeded 10”7 A under Vg = -20
V, due to the reduced R value after the TiO, deposition. However, In contrast to the TiO,/WS,
device, the Ip of the bare WS, device slowly decreased as the Vg approached -20 V, and the n-
type depletion mode with ~3 orders of the ON/OFF ratio appeared.

Figure 2d shows a plot of field effect mobility (ugg) as a function of V. The pgg is an

indicator of FET switching speed and was calculated using the following expression:

In= 3ttrsCoxy (Vo — V)V ()
where C,, denotes oxide capacitance, W represents channel width, L is channel length, and 7, is
the threshold voltage. For bare WS, and the TiO,/WS, devices, maximum pgg of 0.003 cm?/V-s
and 0.22 cm?/V's was measured at the Vg of approximately -10 V and -16 V, respectively,
indicating an enhancement in the prg value due to the insertion of TiO,. These FET characteristics
confirm the role of TiO; in enhancing the electrical properties of the TiO,/WS, device, leading to
higher photo-generation carrier density in TiO,/WS, PDs compared to the bare PDs.

Figure 3a and 3b show normalized photo-responses of the bare WS, and TiO,/WS, devices
when subjected to various power density (Py) values (defined as an incident light power per unit
projected area), which were analyzed using our home-made measurement setup (Figure S3 in
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Supporting Information). In the bare WS, device, photocurrent (I,,) gradually increased and the
recovery was incomplete even after 5 min, as shown in Figure 3b. On the other hand, the TiO,/WS,
device exhibited a gradual I, increase as well as fast recovery (within several seconds). The slow
and incomplete recovery at a low voltage or in self-powered operation mode can be typically
related to a long carrier lifetime and/or a small diffusion coefficient.** In the bare WS, device, the
interfacial defects could trap photo-generated carriers, thus hindering their releasement into the
electrodes. Similar FET and PD enhancement has been reported for TiO,/MoS, device, for which
faster switching and more stable recovery were observed compared to bare MoS, devcie.** Hence,
we expect a similar beneficial effect on the stability of TiO,/WS, devices.

To compare photo-response efficiencies, a photo-responsivity (Ry) value, defined as a ratio
of I, to incident light power, was calculated. As the white light illumination has recently been
employed for revealing the broadband PD characteristics, due to its potential applicaitons,*-47 as
a part of this investigation, our devices were studied under both white light (Figure 3) and
monochromatic light illumination at different wavelengths (Figure S4). As shown in Figure 3c,

the Ry, values of the TiO»/WS; device (e.g. 1.2 A/W at 1 mW/cm?) exceeded those pertaining to

the bare WS, device (e.g. 0.15 A/W at | mW/cm?) under all P4 values applied for the measurements.

We further investigated detectivity (D*) to assess the optical detection limit. The D* value of the
WS,/TiO, device (Figure S4a in Supporting Information) at 10 mW/cm? was 1. 1 x 0'! Jones which
is much higher than that of the bare WS, device (0.6 x 10!! Jones). This difference in D* values
signifies efficient generation and releasement of electron—hole pairs under illumination. In
addition, TiO,/WS; devices exhibited higher external quantum efficiency (EQE) compared to bare

WS, devices, especially in the UV and deep UV wavelength range, as shown in Figure S4b.
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In general, the absolute amount of I, can be increased by bending the M—S energy band
under applied voltages (Figure S5 in Supporting Information). However, this may cause an
undesired dark current increase and/or a slow recovery because trap-assisted tunneling and
thermionic emission*® can occur through the interfacial defects as charge pathways.*® To evaluate
a voltage-dependent photo-response, three voltages (0.1, 0.5, and 1 V) were applied under
illumination. As seen in Figure 3d, as the voltage increased, the bare WS, device exhibited a dark
current increase [(0.9 nA) v = (1.6 nA)ysv = (9 nA);y] and the slower recovery behavior [(62
8)o.1v = (94 8)osv = (247 s)1v for a 90% decay]. On the other hand, the TiO,/WS, device showed
insignificant changes in both dark current [(0.3 nA)o;v = (0.6 nA)ysy — (1.5 nA);y] and the
recovery time [(0.5 s)o.1v = (2.5 s)g5v = (14.4 s),y for the same 90% decay], as shown in Figure
3e. Thus, photo-responsivity of TiO,/WS, PD was found to be ~10 times higher, while its recovery
time was ~124 times faster compared to bare WS, PDs.

To elucidate our findings, we performed wavelength-dependent photo-response
measurements on both bare WS, and enhanced TiO,/WS, devices based on different TiO, and
WS, thicknesses, as shown in Figure S6 in Supporting Information. Although a further in-depth
study is required, a very slight increase (at ~350 nm) in Ry, (which does not affect the total photo-
response) was observed in the wavelength range corresponding to UV radiation. This phenomenon
is probably associated with surplus electron—hole pairs generated within a band of TiO, (Figure
S6b in Supporting Information).

Figure 4a and 4b show transfer characteristics of the bare WS, PD and the TiO,/WS, PD
under various Py values, respectively. Both devices yielded greater I, as the P4 increased. However,
while the I, of the bare WS, device was unstable and exhibited severe fluctuations, the I, of the

TiO,/WS,; device increased gradually by following a trajectory similar to that of the dark current.
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The severe I, fluctuations of the bare WS, device indicate that photo-carriers are repeatedly
trapped and recombined at the M—S interface, and this issue becomes more pronounced as either
Vg or Py increases. As a result, the I, values of the bare WS, device were smaller than those of

the TiO,/WS, device across all applied voltages (Figure 4c). Under 100 mW/cm?, the bare WS,

device produced 475 nA, whereas 700 nA was measured for the TiO»/WS, device under | mW/cm?.

It is worth noting that we compared the samples of the same thickness and effective area.

Figure 4d and 4e show logarithm plots for the transfer characteristics of PD devices
presented in Figure 4a and 4b, respectively. As indicated in Figure 2, the WS, device suffered a
pronounced reduction in the drain current required to open the n-type channel, since the Fermi
energy was pinned at the M—S interface due to the defect states. Under dark conditions, the bare
WS, device turned on at the threshold voltage (Vy,) of -26 V, while the TiO,/WS, device opened
the electron channel at the Vy, of -30 V. Under illumination, as the P4 increased, the Vy, became
more negative in both devices, implying early formation of an electron channel by the photo-
carriers (Figure S7 in Supporting Information).

To evaluate the channel opening efficiency, a subthreshold swing (SS) was calculated using
the inversion of the subthreshold slope (Figure S8 in Supporting Information). The SS of the WS,
device increased with the P4, while it decreased in the TiO,/WS, device. This finding indicates
that the electron accumulation needed for the channel inversion is unstable in the bare WS, device
due to the presence of trap states. 4%

To understand the mechanism underlying the enhanced photo-response of the TiO,/WS,
device, we hypothesized the band diagrams shown in Figure 5 and Figure S6a in Supporting
Information. Typically, a thick multilayered WS, is an n-type material with a work function of

~5.3 eV, which is higher than ~4.3 eV of Ti, as shown in the flat-band model in Figure 5a. Due to
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the work function difference, both conduction and valence band of WS, would bend down toward
the Ti side. Under a negative gate bias (Figure 5b), the electron accumulation needed to open an
electron channel does not occur due to the metal/ WS, interface in the bare WS, device. A positive
gate voltage can elevate the Fermi energy beyond the conduction band edge of the WS,, forming
an electron channel (Figure 5¢). Under illumination, for bare WS, PD, gate electric fields do not
properly propagate and photo-generated carriers are trapped by defect states, thus hindering the I,
increase. However, defect density is reduced by introducing a TiO, interlayer, as shown in Figure
5d. As a result, photo-carriers can be readily released to the electrodes even at a low voltage.

To elucidate the mechanism of the observed enhancements in the TiO,/WS, device and to
reveal the effect of the TiO,/WS,; interface in improving the photo-transport properties, DFT
calculations were performed for 2H-WS,, TiO,, and TiO,/2H-WS,. It is known that the PBE
functional underestimates the band gap values, whereas the HSE functional increases the
calculated bandgap values, approaching the experimental values.’!’> Thus, the PBE and the
corrected HSE calculations were applied to the TiO,/WS,; interface, as well as the bare WS, and
bare TiO,.

The approach adopted when modeling the heterostructure that includes WS, and TiO, layers
is shown in Figure Se. The optimized lattice parameters of the 2D TiO, orthorhombic unit cell are
3.02 and 3.76 A, and the WS, lattice constant is 3.18 A. Table 1 presents the calculated bandgap
values using PBE functional, including the corrected HSE values for bare WS,, bare TiO, and
WS,/Ti0; interface, showing that the bandgaps of freestanding WS, (TiO;) based on PBE (HSE)
are 1.78 (2.98) eV and 2.17 (3.81) eV, respectively. These values are in good agreement with the

previously reported results, including experimental findings.3!’> On the other hand, TiO,/WS,
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possesses small bandgap (0.42 and 0.81 eV, according to PBE approximation and HSE functional,
respectively) compared to the individual monolayers, as presented in Table 1.

In order to identify the origin of the bandgap reduction, projected density of states (PDOS)
for WS, and TiO,/WS, were calculated and the findings are presented in Figure 5f. The PDOS
plot shows that, for WS,, the valence band maximum (VBM) and conduction band minimum
originate from W-d states. When Ti0O, interacts with the 2H—WS,, Ti-d (dominant) and O-p (minor)
orbitals not only modify the band edges of both valence band and conduction band, but also
contribute to forming energy states within the bandgap, as shown in Figure 5f. The presence of
those additional states improved the conductivity at the M—S interface. These theoretical results
demonstrates that the TiO,/WS, interface assisted in improving the transport of the photo-
generated carriers and providing additional carrier density>*> as the fermi-level de-pinned in the
Ti0,/WS, interface due to the small bandgap of TiO,/WS,.

m CONCLUSIONS

In this work, we demonstrated that both photo-responsivity and recovery time can be
markedly improved simply by depositing TiO, at the interface between the WS, and the Ti
electrode. The TiO; interlayer was highly effective in resolving the issue of photo-carrier trapping
at the M—S interface, which was verified through power- and voltage-dependent photo-response
characterizations. Moreover, the origin of the enhancement was revealed by DFT calculations,
demonstrating that the TiO,/WS, interface bandgap facilitates both carrier transport and interface
conductivity, thus enhancing the PD photo-response, whereas metal/WS,; interface traps carriers,
leading to performance degradation. This work paves the way for achieving reliable, practical, and

reproducible PD performance without the need for finding an optimal contact metal. Furthermore,
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the findings reported here will aid researchers in finding suitable means of enhancing the
performance of other 2D-based optoelectronic devices.
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Figure 1. (a) The facile process adopted for fabricating the TiO,/WS, devices. (b) The cross-
sectional TEM image for the Ti-Ti0,-WS, device structure. (c) AFM image of a WS, flake. (d)

Raman spectra of the representative WS, samples before and after ALD-processed TiO,

deposition.
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Figure 3. Photo-response characteristics of the bare WS, and the TiO»/WS, device. Normalized
photo-responses of (a) the WS, and (b) the TiO,/WS, device under various P4 values and (c) their
corresponding photo-responsivities. Photocurrents of (d) the WS, and (e) the TiO,/WS, device

under various voltages.
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Figure 5. The theoretical and computational understanding for the enhanced photo-response of the
Ti0,/WS,; device. The band diagram for (a) flat-band, (b) negative bias, (c) positive bias without
the TiO,; interlayer, and (d) positive biased with the TiO, interlayer. (e) The heterostructure of
Ti0,/WS,; supercell and (f) the calculated total and projected DOS of TiO,/WS, using DFT

approach.

Table 1. Band gaps of WS,, TiO,, WS,/TiO; structures. All the band gap values are in eV.

WS, TiO, TiO,/WS,
PBE 1.78 2.98 0.43
HSE 2.17 3.8 0.81
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