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Abstract

Molybdenum disulfide (MoS,) is a compelling candidate for visible-light detection due to its
strong optical absorption and tunable bandgap, yet the development of high-performance
MoS, photodetectors remains limited by challenges in scalable integration, low-voltage
operation, and efficient photoresponse. Here, we report an ion-gel-assisted transfer strategy
that enables the fabrication of large-area MoS,/ion gel films that are suitable for low-
power phototransistor applications. The transferred MoS,/ion gel stack is laminated
onto an indium-tin-zinc-oxide (ITZO) layer on a glass substrate to fabricate a MoS, /ITZO
heterojunction phototransistor, with the ion gel serving as an ultrathin, high-capacitance
gate dielectric. The resulting phototransistor exhibits a field-effect mobility of 4.12 cm?/Vs,
an on/off current ratio of 4.9 x 10°, and a subthreshold swing of 0.17 V/dec. Under 635, 520,
and 405 nm illumination with a power density of 4.5 mW /cm?, it achieves responsivities of
0.58, 1.82, and 5.56 A W~ and detectivities of 5.90 x 10%,1.86 x 1019, and 5.68 x 10'° Jones,
respectively. These findings demonstrate that the ion-gel-assisted transfer process offers a
robust route to high-performance, low-voltage photodetection and provides a promising
platform for next-generation optoelectronic technologies.

Keywords: phototransistor; MoS,; large-area transfer; ion gel; low voltage

1. Introduction

Two-dimensional (2D) materials have been extensively investigated for a wide range
of applications, including optoelectronics, photonics, sensing, and energy storage, due to
their excellent optical and electrical properties [1-5]. Among these materials, molybdenum
disulfide (MoS,) has received significant attention in the field of optoelectronics, benefiting
from its tunable bandgap, high carrier mobility, and excellent absorption capabilities [6].
By controlling the number of layers, the bandgap of MoS; can be adjusted, transitioning
from 1.29 eV (bulk) to 1.80 eV (monolayer), resulting in a shift from an indirect to a di-
rect bandgap due to quantum confinement effects [7]. MoS,-based phototransistors have
demonstrated very high photoresponsivity and detectivity [8-12]. Notably, MoS, can be
effectively integrated with a range of oxide semiconductors to form high-performance
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heterojunction phototransistors [12,13]. Recently, Jin et al. reported an IGZO/MoS; het-
erojunction phototransistor that outperforms standalone MoS, devices because the IGZO
layer provides additional photocarriers primarily through the photoionization of oxygen-
vacancy-related defect states. These supplementary carriers, combined with the enhanced
electrostatic modulation enabled by the heterojunction, strengthen the photogating effect
and ultimately lead to improved responsivity and detectivity.

Phototransistors based on mechanically exfoliated MoS; flakes have demonstrated
remarkable photoresponsivity [14]. However, such flakes are not suitable for large-area
electronic applications. Consequently, substantial research efforts have focused on devel-
oping alternative large-area deposition methods for MoS, thin films, including sputter-
ing [10,15,16], atomic layer deposition [17], and chemical vapor deposition (CVD) [18-20].
Nevertheless, the as-grown MoS; films produced by these methods often require transfer
to a target substrate for subsequent device fabrication [21].

The transfer of MoS, films has been extensively investigated using a polymer
supporting layer, such as polymethylmethacrylate (PMMA) and polydimethylsiloxane
(PDMS) [21,22]. PMMA-assisted transfer is the most widely used and established technique,
enabling precise control of the transfer process [21]. However, it commonly requires harsh
chemical etchants to remove the growth substrate, which can introduce cracks, wrinkles,
and polymer residues in the MoS; film [21-23]. In contrast, PDMS-assisted transfer offers
a simpler, etchant-free alternative [21,24]. In this approach, a PDMS layer is applied to
the as-grown MoS,; and mechanically peeled off due to surface-energy differences. Suc-
cessful transfer requires that the MoS,—substrate adhesion exceed that of the PDMS-MoS,
interface, where higher adhesion corresponds to higher surface energy [25]. However,
mechanical detachment of PDMS after transfer can result in incomplete film release [21,26].
To mitigate this limitation, strategies such as surface-energy modification of PDMS [27] or
water-assisted lift-off processes [24] have been introduced.

These limitations highlight the importance of engineering interfacial adhesion during
transfer. Recent studies on adhesion-assisted transfer printing for nanoparticle monolay-
ers [28] and liquid metal particle films [29] have demonstrated that controlled adhesion can
enable reliable pickup and release. However, extending such strategies to continuous 2D
materials like MoS, poses additional challenges. Unlike discrete nanoparticles, MoS; forms
an atomically thin yet laterally continuous film, making it highly susceptible to wrinkling,
cracking, and contamination during transfer. Therefore, precise control of adhesion is
essential to maintain film integrity.

In this study, we employ an ion-gel-assisted transfer method for MoS; that is en-
hanced through surface-energy modification. Specifically, an ion gel intermediate layer is
introduced between PDMS and MoS; to increase the interfacial adhesion to MoS,. This
surface-energy-assisted approach effectively overcomes the intrinsically weak adhesion at
the PDMS-MoS; interface, enabling more reliable and complete film transfer. Initially, ion
gel solutions are drop-casted onto the as-grown MoS; film on SiO, /Si and then attached
to the PDMS stamp. Remarkably, the ion gel film exhibits strong adhesion to MoS, after
curing with UV exposure (354 nm, 150 mW /cm?). Following curing, the PDMS stamp can
be detached, resulting in the MoS, /ion gel film being mechanically peeled off without any
wrinkles, cracks, or polymer residues. By employing this ion-gel-assisted transfer method,
we achieve perfect transfer of MoS,/ion gel films onto the target substrate to fabricate
ITZO/MoS; heterojunction phototransistors. Importantly, the ion gel fulfills a dual role,
acting as the transfer medium for MoS, and the gate dielectric for the phototransistor. The
integration of ITZO and MoS, significantly enhances photosensitivity, thereby establishing
a promising foundation for the development of high-performance phototransistors.
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2. Materials and Methods
2.1. MoS; Synthesis

The solution consisted of two Mo-precursors: ammonium molybdate tetrahydrate
(AMT, Sigma-Aldrich, St. Louis, MO, USA), and sodium molybdate dihydrate (SMD,
Sigma Aldrich), along with a promoter, NaOH (#306576, Sigma Aldrich), and a surfactant,
iodixanol (Opti, Sigma Aldrich). These mixtures were dissolved in deionized (DI) water,
with a mixing ratio of NaOH: SMD = 3:0.25 and AMT: Opti = 1:0.25. The liquid precursor
solution was then dropped onto the SiO, /Si substrate, followed by a spin-coating process at
1000 rpm for 30 s. For synthesis, the sulfur-precursor source (S powder, Sigma-Aldrich) was
placed in a ceramic boat in zone 1, while the liquid-solution-coated substrate was placed in
zone 2 of the CVD chamber. Zone 1 and zone 2 were heated to 320 and 800 °C, respectively.
Subsequently, with N, carrier gas flowing at a rate of 200 sccm, the sublimated S from
zone 1 reacted with the spin-coated film in zone 2, resulting in the successful synthesis of
MoS, film.

2.2. Ion Gel Synthesis

The UV-curable precursor was formulated by combining poly(ethylene glycol) diacry-
late (PEGDA) and the photoinitiator 2-hydroxy-2-methylpropiophenone (HOMPP) at a
weight ratio of 2:1, followed by stirring for 12 h. To introduce ionic conductivity, 1-ethyl-
3-methylimidazolium bis(trifluoromethylsulfonyl)imide (EMIM-TESI) was incorporated
into the UV—polymer solution at 50 wt%. The resulting ion gel mixture was stirred until a
uniform and fully homogeneous solution was obtained.

2.3. Ion-Gel-Assisted Transfer Process

First, the MoS, layer was grown on a SiO; /Si substrate via CVD. The ion gel solution
was then drop-cast onto the MoS; and pressed with a PDMS stamp, forming a 60 pm
ion gel film between MoS, and PDMS. The PDMS stamp was prepared according to a
previously reported method [30]. Subsequently, UV light exposure (354 nm, 150 mW /cm?)
was employed to cure the ion gel film. The transfer is governed by interfacial adhesion [31]:
owing to its liquid-rich and compliant nature, the ion gel forms intimate contact with
MoS;, resulting in stronger adhesion at the MoS, /ion gel interface than at the MoS, /SiO,
interface. Consequently, the MoS; /ion gel/PDMS stack can be mechanically delaminated
from the SiO, /Si substrate. Finally, the PDMS stamp can be readily peeled off due to its
intrinsically low surface energy and weak interfacial interaction with the ion gel [31,32],
yielding a freestanding MoS, /ion gel film for subsequent phototransistor fabrication. The
detailed steps of this ion-gel-assisted transfer process are illustrated in Figure 1.

2.4. Fabrication of MoS,/ITZ0O Phototransistor

First, a 10 nm ITZO film was deposited on glass substrates by RF sputtering, using
an ITZO target (InpO3: SNOy: ZnO = 4:1:4 mol%) at room temperature. The deposition
was carried out with RF power of 25 W in an Ar gas ambient. The as-deposited ITZO
film was subsequently annealed in air at 250 °C for 1 h. Next, 50 nm Al source/drain
(S/D,) electrodes were formed by thermal evaporation. The width and length of the ITZO
channel were 1000 and 50 pm, respectively. Then, the MoS; /ion gel film, obtained using
the ion-gel-assisted transfer method, was laminated onto the ITZO layer with pre-patterned
Al S/D electrodes. Finally, a silver (Ag) paste was applied on top of the ion gel film to form
the top gate electrode of the ITZO/MoS; phototransistor.
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Figure 1. MoS, /ion gel freestanding film fabrication using the ion-gel-assisted transfer process.

2.5. Device and Film Characterization

The transfer and output characteristics of the device were measured using a semicon-
ductor parameter analyzer (4200 SCS, Keithley, Solon, OH, USA). Raman and photolumi-
nescence (PL) spectra were performed confocal Raman/PL system with a 532 nm laser
(Xperam S500, Nanobase, Seoul, Republic of Korea). A UV-Vis spectrophotometer was
used to obtain the optical bandgap of ITZO film (Mega-V600, Scinco, Seoul, Republic of
Korea). The specific capacitance of the ion gel film was measured using an LCR meter
(E4980A, Keithley). All measurements were carried out in ambient air at room temperature.

3. Results and Discussion

The optical microscope images of as-grown and transferred MoS; flakes are depicted
in Figures 2a and 2b, respectively. The transferred MoS, film presents a smooth surface
without any wrinkles or cracks. Figure 2c displays the Raman spectroscopy of both as-
grown MoS; film and MoS, /ion gel film obtained via the transfer method. The frequency
difference between the two Raman modes (Elzg and A1) corresponding to as-grown MoS;
film is 18.24 cm !, indicating a monolayer film [33]. The transferred MoS; film shows a
frequency difference of 18.33 cm ™!, along with shifts of 0.52 cm ™! for the E! 2¢ peak and
0.43 cm ™! for the Aqg peak, relative to the original peak value of the as-grown MoS; film.
These slight changes in the peak positions may be attributed to variations in substrate-
induced strain or charge transfer and electronic interactions between the MoS, film and
different substrates [34]. Both the as-grown and transferred MoS, exhibit a dominant peak
at approximately 665 nm (Figure 2d), indicative of a 1.86 eV band gap.
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Figure 2. The optical microscope images corresponding to (a) as-grown MoS;, (b) transferred
MoS, /ion gel freestanding film. (¢) Raman and (d) PL spectra of MoS; film before and after the transfer.

Figure 3a shows a schematic illustration of a phototransistor featuring an ion gel-gated
ITZO/MoS; heterojunction. The detailed fabrication process is described in the experi-
mental section. Here, the ion gel serves as both the transfer medium for MoS, and the
gate dielectric for the phototransistor. The ion gel dielectric enables low-voltage operation
by forming an electric double layer (EDL), which is capable of accumulating a significant
amount of charge, resulting in a high capacitance [35,36]. Figure 3b schematically illus-
trates the EDL-gating mechanism under a positive gate voltage (V). When a positive
Vg is applied, cations in the ion gel migrate toward and accumulate at the MoS, /ion gel
interface, while anions move toward the gate electrode. Applying a negative Vg reverses
the direction of ion migration, leading to opposite ionic accumulation at the respective
interfaces. The frequency-dependent specific capacitance of the ion gel is measured using
a metal/ion gel/metal structure, as shown in Figure S1. Notably, the ion gel exhibits a
maximum specific capacitance of 3.41 uF/cm? at 50 Hz. As the frequency increases, the
capacitance decreases, which is attributed to the ion mobilities restrict the polarization
response time at higher frequencies [30]. The single-sweep transfer and output character-
istics of the phototransistors are shown in Figures 3c and 3d, respectively. A dual-sweep
transfer curve, highlighting the hysteresis behavior, is provided in Figure 52. As expected,
the phototransistor enables ultra-low voltage operation at 1 V, due to the high specific
capacitance of the ion gel dielectric film. The field-effect mobility (yrr) and subthreshold
swing (5S) of the ITZO/MoS, device were obtained from the transfer curve using the
following equations [37]:

__8ul
UFE = CoN VD 1)
dlog(I -1
SS = ( d%/(GD) | max> (2)
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where L is the channel length, W is the channel width, Co, is the capacitance per unit
area, Vp is the drain voltage, g, is the transconductance, and Ip is the drain current. The
ITZO/MoS; device shows a ppr of 4.12 cm?/Vs, an SS of 0.17 V/dec, an on/off current
ratio of 4.9 x 10°, and a low turn-on voltage (V,,) of —0.59 V.
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Figure 3. (a) Schematic illustration of the ion-gel-gated MoS, /ITZO TFT. (b) EDL-gating mechanism
under a positive gate voltage. (c) Transfer and (d) output characteristics of the ITZO/MoS, TFT.

We conducted an assessment of optical transmittance using an UV-Vis spectrometer
to derive the bandgap of ITZO film for the phototransistor. The bandgap of ITZO can be
related to absorption coefficient by the following equation [38]:

Nl—

ahv = (hv — Eg) 3)

where o is the absorption coefficient, & is the Planck constant, v is the incident photon
frequency, and Ej is the bandgap. Based on the plots of (ahv)? against photon energy hv,
the band gap is determined by extrapolating from the straight-line part of the plot (see
Figure S3). This extrapolation yields an ITZO band gap of 3.26 eV. The electron affinity
of MoS, is approximately 4.2 eV [39], while that of ITZO is estimated to be around 4.0 eV
based on a previous report [40]. Using these values, the ITZO/MoS; energy band diagrams
before and after heterojunction formation were constructed, as shown in Figure 4. As
illustrated in Figure 4b, a large conduction-band offset at the ITZO/MoS; interface creates
a potential well that confines electrons at the heterojunction without light illumination.
Figure 4c—e illustrate the wavelength-dependent photo response of the devices under red
(635 nm, 1.95 eV), green (520 nm, 2.38 eV), and violet (406 nm, 3.05 eV) illumination. Under
illumination, these electrons from both MoS, and ITZO accumulate in the heterojunction
potential well. Photons with energies above the MoS, bandgap generate electron-hole
pairs in the MoS, channel layer, while oxygen vacancies (Vo) in the ITZO layer can be
photoionized, releasing electrons to the conduction band and converting to Vo* or Vo* [41].
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Under red-light illumination, the photocurrent originates primarily from electron-hole
pairs generated in the MoS; layer. The ITZO layer contributes minimally because the photon
energy (1.95 eV) is insufficient to significantly ionize Vp. Under green-light illumination,
which provides a higher photon energy (2.38 eV), the photocurrent still mainly arises from
MoS;, but the ITZO side contributes slightly more due to the increased photoionization of
Vo. In contrast, violet light delivers the highest photon energy (3.05 eV), enabling photo-
generated electrons from both MoS; and ITZO to accumulate within the heterojunction
potential well.
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G F €
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3.26¢V 186eV | |3.26eV
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Figure 4. (a) Energy band diagram of bilayer ITZO/MoS, channel before contact, (b) after contact
without light illumination, (c) after contact with red light, (d) after contact with green light, and
(e) after contact with violet light.

The transfer characteristics of the ITZO/MoS; transistor measured under dark condi-
tions and under illumination with red, green, and violet light (power density: 4.5 mW /cm?)
are shown in Figure 5a. Owing to the pronounced hysteresis of the ion-gel-gated phototran-
sistor (Figure S2), arising from ionic polarization [42], the photoresponse was evaluated un-
der fixed-bias conditions based on single-sweep measurements to reduce sweep-direction-
dependent variations. Relative to the dark state, illumination induces a substantial increase
in the drain current, with a distinct wavelength-dependent modulation that indicates effec-
tive photogating and carrier generation within the heterostructure. The responsivity (R)
and detectivity (D*) of the ITZO/MoS, transistor were determined using the following

equations [13]:
I

ph
ol 4
R=oa 4)
. AV2R
D = 17 (5)
(261d11rk)

where [, is photocurrent, which is defined as the difference between the drain current
under illumination and the drain in the dark, P is the incident light power density, A
is the device active area, and e is the elementary electron charge. The phototransistor
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exhibits R of 0.58, 1.82, and 5.56 A W1 at illumination wavelengths of 635, 520, and
405 nm, respectively, as shown in Figure 5b. Despite lower photoresponsivity compared to
high-bias phototransistors [14], our device operates at an ultralow voltage of 1 V, enabled
by ion gel gating. This low-voltage operation significantly reduces power consumption
and highlights the efficiency of EDL gating in modulating the channel at low bias.

(a) (b) (c)
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Figure 5. (a) Transfer curves of the ITZO/MoS; transistor under different light illuminations with a
fixed power density of 4.5 mW/ cm?. (b) Responsivity and (c) detectivity as a function of different
light wavelength.

The responsivity increases with decreasing wavelength, consistent with the higher
photon energies that generate more electron-hole pairs in the MoS; channel and more
effectively induce the photoionization of oxygen vacancies in the ITZO layer. Consistent
with this trend, the D* reaches 5.90 x 10%, 1.86 x 10!, and 5.68 x 10'° Jones at the same
wavelengths (Figure 5c). These values highlight the device’s broadband response and
demonstrate that the highest detection performance occurs under violet illumination,
where both intrinsic MoS, absorption and defect-assisted photogeneration in the ITZO
are maximized.

4. Conclusions

In summary, we demonstrated an ion-gel-assisted transfer strategy for fabricating
large-area MoS;/ion gel films optimized for low-power phototransistor applications.
By laminating the transferred MoS,/ion gel stack onto an ITZO layer, we fabricated a
high-quality MoS, /ITZO heterojunction phototransistor incorporating an ultrathin, high-
capacitance ion-gel-gated dielectric. The resulting devices exhibited excellent electrical and
optoelectronic characteristics, including a ypg of 4.12 cm? /Vs, an on/off current ratio of
4.9 x 10°, and an SS of 0.17 V/dec. Under illumination at 635, 520, and 405 nm with a
power density of 4.5 mW/cm?, the phototransistor achieved responsivities of 0.58, 1.82,
and 5.56 A W1 and detectivities of 5.90 x 10%, 1.86 x 101°, and 5.68 x 100 Jones, respec-
tively. These results validate the effectiveness of the ion-gel-assisted process for enabling
high-performance, low-voltage photodetection, and highlight its potential as a scalable
platform for next-generation optoelectronic technologies.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/mil7050574/s1: Figure S1: Specific capacitance characteristics of
Al-ion gel-Al device. Figure S2: Dual-sweep transfer characteristic of the ITZO/MoS, TFT. Figure S3:
Optical bandgap spectra of the ITZO film.
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