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Abstract: The interfacing of two-dimensional materials (2DMs) with photochromic molecules
provides an efficient solution to reversibly modulate their outstanding electronic properties and
offers a versatile platform for the development of multifunctional field-effect transistors (FETs).
Herein optically switchable multilevel high-mobility FETs based on few-layer ambipolar WSe»
are realized by applying on its surface a suitably designed bicomponent diarylethene (DAE)
blend, in which both, hole and electron transport can be simultaneously modulated for over 20
cycles. The high output current modulation efficiency (97% for holes and 52% for electrons)
ensures 128 distinct current levels, corresponding to a data storage capacity of 7 bit. The device
is also implemented on a flexible and transparent polyethylene terephthalate substrate,
rendering the 2DMs/DAEs hybrid structures promising candidates for flexible multilevel

nonvolatile memories.
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Atomically thin two-dimensional materials (2DMs) combining exceptional electronic, optical,
and mechanical properties, as well as chemical stability, are promising candidates as key
components for various applications spanning from (opto)electronics,!!*! photonics, !

[5. 61 to ultra-flexible and wearable electronics,[’! in the post-silicon era. In the past

sensing,
decade the scientific community has witnessed the booming of fundamental studies as well as
technological advancements in the field of 2DMs. Alongside exploring their intrinsic properties,
various physical and chemical modification strategies have been adopted in order to tune the
2DM’s functions and device performances.!'% 'l Among them, achieving a tunable control over
the electronic properties of 2DMs without introducing any defects still remains a major
challenge,!' 131 which is at the same time highly appealing for the development of practical

multilevel stimuli-responsive electronics.[14-1¢]

The interfacing with molecular systems
possessing tunable structures and functionalities constitutes an efficient and versatile approach
to provide different charge carrier doping levels and thus to reversibly modulate the opto-

17.18] For example, it has been demonstrated that photochromic

electronic properties of 2DMs.!
molecules, capable of undergoing reversible isomerization between two different states induced
by light stimuli,['”! can serve as optically-responsive components when employed to
functionalize unipolar 2DMs.!2% 21 Importantly, such hybrid structures take full advantage of
the ultra-high sensitivity of 2DMs to any subtle environmental change,'® which will emerge
as an additional molecular-driven photoresponsivity. This enables the 2DMs/photochromic
molecules hybrid structures to serve as active components in superior multifunctional
transistors/memories that can optically be addressed and operated due to efficient and highly
sensitive ON/OFF switching upon irradiation with light at defined wavelengths.?>21 We have
recently demonstrated the unipolar modulation of either electron transport in few-layer WSe»
or hole transport in few-layer black phosphorous-based optically switchable field-effect

transistors (FETs) by interfacing suitable photochromic molecules as optical switching

elements.?®) However, the simultaneous photo-modulation of both electron and hole transport
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in the target 2D materials has not been achieved before. It would be of utmost importance for a
practical multilevel transistor as well as for the development of responsive organic
complementary circuits (CMOS like) and photo-tunable inverters. As a consequence the
applicability of such 2DMs/photochromic molecules hybrid systems could largely be extended.

In our previous work, we focused on WSe> flakes possessing an n-type dominant
ambipolar behavior, with its electron current (10> A) three orders of magnitude larger than the
hole current (10® A). Therefore, the modulation of hole current by operation of the
photochromic molecule was not visually distinguishable. Inspired by the phenomenon that the
main type of charge carrier in WSe> changes with its thickness, ranging from p-type, ambipolar
to n-type,l*”] in this work we tackle full ambipolar switching of charge transport in
2DM/photochromic molecule blends. For this purpose, we target few-layer WSe; flakes with a
more balanced ambipolar behavior, with its electron and hole current on the same scale (10
A). We propose an optically switchable multilevel FET by interfacing WSe, with a
bicomponent DAE blend consisting of two DAE molecules with specific energy levels, which
are engineered in order to be capable of trapping either the electrons or the holes of WSe:. The
device is demonstrated to be able to modulate both electron and hole transport simultaneously
by remote light stimuli. The photo-modulation is demonstrated to be efficient and reversible
with negligible switching fatigue after over 20 illumination cycles. Noteworthy, the output
current modulation for holes is as high as 97%, while for electrons the modulation amounts to
52%. Moreover, such current modulation ratio can be readily tuned by controlling the light dose,
which means by adjusting the irradiation duration the FET device can reach a multitude of
current states. In particular, the balanced ambipolar characteristic of WSe: enables our device
to attain 64 distinct current levels for both holes and electrons, as evidenced through a precise
control and fine-tuning over the output current thereby highlighting its potential to be further
developed into multilevel memories with data storage capacity of 7 bit.[?8] Additionally, by

taking advantage of the thermal bistability of DAE molecules in both photo-isomeric states, !
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the device is shown to possess a prolonged retention time exceeding 20 days in the dark. This
result outperforms the current state-of-the-art memories based on other photochromic

30311 and is highly promising for applications

molecules, such as spiropyrans and azobenzenes,
as non-volatile memories.l*?l Remarkably, taking full advantage of the superior mechanical
properties of ultra-thin 2D WSe», our device is also able to be operated on a flexible and
transparent polyethylene terephthalate (PET) substrate, without losing its optical switching
capability, which is attractive for future generation of multifunctional wearable electronics.
When compared with memories based on organic semiconductors blended with DAE
molecules,®3 our memories based on 2DMs show similar features while hold higher mobilities
and miniaturizing size at the atomic level thickness.

The WSe: flakes are produced by mechanical exfoliation, which enables to preserve the
outstanding electronic properties with an ambipolar transport behavior, suggesting the presence
of both abundant free electron and hole charge carriers in the channel. The WSe> channel is
further incorporated with a spin-coated blend film containing two DAE molecules possessing
engineered energy levels, namely DAE 184 and DAE_2,1%1 both of which feature tunable
lowest unoccupied molecular orbital (LUMO)/highest occupied molecular orbital (HOMO)
energy levels above or below conduction band (CB) and valence band (VB), respectively, of
WSe».[% Therefore, we are able to utilize the optically responsive nature of the photochromic
molecules to modulate the charge transport of both electrons and holes in the WSe> channel.
Figure la illustrates the detailed energy-level diagram of DAE 1, DAE 2, and WSe:. The
yellow bands represent the CB/VB of few-layer WSe;. The electron transport modulation is
realized by DAE 1, since the conduction band minimum (CBM) of WSe> (-3.5 eV) lies
energetically between the LUMO levels of the open isomer (DAE 1o, -2.7 eV) and the closed
isomer (DAE _Ic, -3.7 eV). The lower LUMO of DAE _1c behaves as electron-accepting level
(trapping the transferred electrons from WSe:, thus reducing the current to gain modulation),

while higher LUMO energy of DAE lo impedes the electron transfer from WSez (no
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modulation). Similarly, the valence band maximum (VBM) of WSe; (-5.1 eV) is located
between the HOMO of DAE 20 (-5.4 eV) and DAE 2c¢ (-4.7 V), enabling the modulation of
hole transport. DAE 2c behaves as a trapping site (modulation) while DAE 20 only represents
a scattering center for the holes (no modulation) travelling in WSe:. In general, upon ultraviolet
(UV) irradiation at 312 nm, both DAE molecules are converted to their closed photo-isomeric
states, accompanied with a simultaneous transfer of electrons and holes from WSe> channel to
DAE:s, inducing a decrease of charge carrier density in the FET device as well as the current.
Conversely, upon visible (vis) light irradiation at 530 nm the DAE molecules switch back to
their open isomer states, resulting in full recovery of the charge carrier density within WSe> and
the current. Note that in order to largely preserve the intrinsic electrical properties of WSe> and
to minimize the perturbation of DAE molecules, the DAE blends are simply spin-coated onto
the substrate in order to interact with WSe: flakes in a non-covalent fashion.

To assess the photo-switching ability of DAE molecules after physisorption on WSez,
UV-vis absorption spectra of the DAE blend/WSe> film was initially recorded on quartz
substrates. As displayed in Figure Slc, following UV irradiation, the intensity of the peak
around 312 nm corresponding to open isomers clearly decreases, while another peak around
530 nm originating from the closed isomers appears. The original absorption features are
recovered after vis irradiation. Therefore, the DAE molecules in the solid-state blended film are
still able to undergo reversible photo-isomerization when physisorbed onto the surface of WSe..
Importantly, both DAEs show similar molar absorptivities, speed of photoisomerization
(quantum yields), and almost quantitative formation of the ring closed isomer under UV
irradiation,®* allowing for their fully simultaneous operation in the device.

Back-gated FETs with patterned top-contact Au electrodes onto Si/SiO; substrates were
fabricated based on few-layer WSe> flakes by means of well-established photolithography
(details provided in the Supporting information). Atomic force microscopy (AFM)

topographical imaging of WSe> (Figure S2¢) enabled to visualize the flakes and quantify their
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thickness as ~4.3 nm. In order to explore the photo-modulation of the electrical properties of
WSe2, a DAE blend solution with mix weight ratio of 1:1 was spin-coated on top of the
fabricated device. The surface roughness of WSe, flake was enhanced after molecular
deposition with the average thickness increasing to ~6.9 nm, thereby indicating a thickness of
the DAE blend film of ~2.6 nm (Figure S2d). Figures 2a and 2b display the evolution of forward
gate sweeping transfer characteristics of the FET devices under different light irradiation, in
both linear and logarithmic scale. All the devices on Si/SiO» substrate are measured at drain-
source voltage Vgs =2 V and gate voltage V, ranging from -90 to 90 V. The initial WSe: device
without DAE molecules features a typical ambipolar behavior with pristine hole mobility of
71.5 cm? V' 57! and electron mobility of 21.6 cm? V! s'!. Once the DAE blend is physisorbed
on the WSe; surface, the threshold voltages for both holes and electrons move towards negative
directions, whereas the hole mobility decreases to 49.2 cm? V! s'! and the electron mobility
increases to 25.1 cm? V! s'l. These phenomena indicate that the DAE blends, with both
photochromes in their open state, induce an n-type doping effect on WSe». As a result of UV
irradiation, a decrease of mobility can be observed for both holes (p,+ = 2.1 cm? V- s7!) and
electrons (Y- = 16.9 cm? V' s7!), accompanied with a downshift of threshold voltage for holes
A Vi, _p+=-4.8 V and a upshift for electrons A Vy,_.- = 19.1 V. Therefore, the closed-form of
DAE in the blend simultaneously deplete electrons and holes from WSe> with A nj+ = 3.8 X
10" cm2and A n,-= 1.5 x 10'? cm ™2, indicating a n-type doping effect on hole transport while
p-type doping effect on electron transport. The modulation process was proven to be reversible
by successive vis light irradiation. In this process, switching the DAE molecules back to the
open-form fully restores the initial electrical performance. An additional backward gate
sweeping measurement is illustrated in Figure S3, which shows the same trend as the forward
sweeping, proving that the hysteresis has no influence on the carrier transport modulation. To
eliminate the contribution from WSe», transfer curves of the reference device with pristine
WSe; were also measured, which shows no variation under dark and after UV/vis illumination

7
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(Figure S4a). In order to prove the reproducibility of such current modulation, we investigated
8 devices each based on WSe: flakes with similar thicknesses. The devices show stable current
modulation efficiencies under the same experimental conditions, with hole current modulation
efficiencies varying from 95% to 98% and electron current modulation efficiencies varying
from 48% to 53%. Such minor differences can be attributed to the interface quality between
WSe: and DAE blends.

Due to the full recovery of all the electrical characteristics of the FET device after
subsequent vis light irradiation, more illumination cycles can be launched to test the stability
of such photo-modulation of the current. In Figure 2¢ we plot the normalized drain current Igs
for both holes and electrons taken from the transfer curves obtained during the 10 measured
cycles (Io is the current value measured in step 0, which corresponds to the current initially after
molecular deposition. Figure S5 plots the detailed transfer curves.). The hole current is collected
at Vg =-90 V and the electron current is collected at Vo= 90 V. The current modulation is as
high as 97% for holes and 52% for electrons, showing a more efficient trapping for holes than
for electrons. Note that different mix weight ratios of the two DAE molecules are tested (from
1:10 to 10:1), but the current modulation efficiency remains unchanged. Therefore we attribute
the observed difference of modulation efficiency to the fact that the energy difference between
the VBM of WSe> and the HOMO of DAE 2c¢ (0.4 eV) is larger than that between the CBM of
WSez and the LUMO of DAE 1c (0.2 eV), thus triggering the a more efficient trapping of holes
when compared to electrons. This result is also in accordance with our previous established
models when DAE molecules are blended with different organic semiconductors.?”) The
absence of degradation after 10 illumination cycles shows that our devices possess reasonable
stability and robustness.

Figure S6 displays the output measurement of the FET based on DAE blend decorated
WSe,. The curves present a linear and symmetric correlation between the drain current I¢s under

different drain biases Vs, demonstrating a low contact resistance of WSe> with Au electrodes
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regardless of the photo-isomeric state adopted by the DAE molecules. The current also shows
similar modulation tendency as the results obtained from transfer curves, i.e. under the same
applied gate voltage: the current for DAE ¢ modified WSe> exhibits a downshift when
compared with DAE o modified WSe:.

To better illustrate the photo-modulation of the DAE blend-WSe: FET device, Figure
2d displays the dynamic behavior of drain current for holes at -90 V gate voltage during 20
illumination cycles and Figure S7¢ shows one single cycle (each cycle includes four steps, i.e.
5s UV, 30 s dark, 40 s vis, 30 s dark). The red boxed region is the period when UV is on and
the blue boxed region indicates when vis is on. The same measurement performed for electron
current at 90 V gate voltage is shown in Figures S6d and S6e. Note that the curves are corrected
for gate bias stress effect to single out the sole contribution of molecular switching (original
curves and gate bias curves are provided in Figures S7a and S7b).1*¥! By comparing the curves
obtained, we find that the electron and hole current show the same modulation tendency under
light irradiation. When the light is switched on and off, the current displays a sudden increase
or drop behavior, which is described as the photocurrent triggered by the generation and
relaxation of electron-hole pairs.*) During the illumination of UV light, the conversion of open
to closed isomers is a time-resolved process, which leads to a gradual depletion of electrons and
holes from the WSe, channel, resulting in a gradual decrease of the current. Conversely, under
subsequent vis light illumination the current increases gradually owing to the relaxation of
molecules from closed to open isomers. At the end of each cycle, the current recovers to the
original value confirming that all the charge carriers are transferred back to WSe». In Figure 2d
and S7d, we observe that after over 20 illumination cycles the modulation shows no noticeable
fatigue, indicating the excellent endurability of our device. The control experiment on pristine
WSe:> device is also performed under the same UV/vis illumination conditions. As displayed in
Figure S4b and S4c, the device exhibits only photoresponse upon light exposure whereas no

significant modulation is observed. Moreover, the photocurrent in pristine WSe; is one order
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of magnitude smaller than that decorated by the DAEs. Therefore, the photo-modulation of
charge transport in WSe: can be ascribed to the molecular photoswitching behavior.

The drain current level for both holes and electrons are proportional to the population
ratio between DAE o and DAE_c molecules, which can be controlled by the light illumination
dose. In Figure 3a and 3d we portray the multilevel current for holes and electrons respectively,
which are obtained by illuminating the device at different fixed times at a well-defined areal
power density. We start from Level 1, at which the current state is the result of both two DAE
molecules in open forms. Later, Level 2 to Level 5 are reached after UV irradiation for 10 s,
20 s, 40 s, and 80 s, and Level 5 is the current state when all the molecules are in closed forms.
By subsequent vis illumination, the current value can be restored to Level 1. Such illumination
cycle is repeated for 5 times and the values obtained for each level are quite stable. Their
standard deviations are calculated to be below 1.5% of the total current difference (Ias_0 —lus_c),
thus demonstrating that the device can attain multiple current levels precisely by remote light
control (detailed values for each level are provided in Table S1 and S2). To further investigate
the number of levels our device can reach, we perform the Ig-time test by exposing the device
to a periodic UV light irradiation at intervals of 20 s (60 s — 540 s: 0.5 s per 20 s; 540 s — 860 s,
I sper20s; 860 s—1020s:2sper20s, 1020 s —1180s:4 sper 20 s; 1180 s — 1340 s: 8 s per
20 s). Figure 3b and 3e display the results: the current follows a progressive decrease after each
light dose and the value holds stable at that level, representing a continuous depletion of charge
carriers in WSe;. It was possible to attain 64 current levels for both holes and electrons with
clear current changes between adjacent levels. Figures S8 and S9 provide the detailed plots,
justifying the validity of each current level. Therefore, a 128-level-device with a data storage
capacity of 7 bit and a high accuracy readout was successfully built.

The unique thermal bistability of the DAE molecules can be expected to endow to the
devices a good retention capacity. By keeping the device in the dark, we independently measure

its hole and electron current after different storage times. The results are plotted in Figure S10.
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They reveal a highly reliable retention characteristic with the current remaining stable for both
isomer states over 20 days. For each current level, the standard deviation is below 1.5% of the
total current difference (Table S3), demonstrating a remarkable retention capacity, which is
essential for a commercial non-volatile memory.

To further elucidate the contribution of two DAE molecules individually, we perform
the electrical measurement on WSe: devices with only DAE 1 or DAE 2. As displayed in
Figure S10, the device with DAE 1 presents only electron transport modulation under
illumination conditions and hole current has no obvious variation. Comparatively, the device
with DAE 2 can only modulate hole transport. Their current modulation efficiencies
quantitatively match the results obtained in the DAE blend decorated device (~52% for DAE 1
and ~97% for DAE _2). These phenomena clarify that the two molecules work separately and
have no disturbance between each other.

In order to demonstrate the general adaptability of our multilevel device into future
flexible/wearable memories, the as-fabricated WSe; FET on Si/SiO; substrate is transferred
onto a flexible PET substrate with indium tin oxide (ITO) serving as back-gate electrode and
80 nm cross-linked poly(4-vinylphenol) (CL-PVP) as dielectric material. The detailed transfer
process is illustrated in Figure S12. Figure 4a shows a photograph of a typical flexible and
transparent device and the inset displays its corresponding schematic structure and optical
microscopic images. The device exhibits a hole mobility of 35.5 ¢m? V-'s'! and electron
mobility of 43.3 cm?V-!s!, which is comparable to values obtained on rigid Si/SiO; substrates,
suggesting that the transfer process does not significantly diminish the device’s electrical
performance. The transfer characteristics evolution after molecular deposition and light
irradiation is displayed in Figure 4b. The device retains its photo-modulation ability with a hole
current modulation of 96% and electron current modulation of 49%, being slightly lower than
the obtained values on Si/SiO2 substrate. We attribute this to the difference of interface quality

between the substrates. The dynamic electron current variation at 90 V gate voltage during 6
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illumination cycles is also investigated, revealing a similar trend as on Si/SiO; substrate: UV
light yields a sizable drop of the current while vis light triggers the current to return to the
original value. Furthermore, a series of bending tests are performed to investigate the influence
of bending cycles on the current modulation efficiency. Each cycle consists of 5 s of bending
at a bending radius of 8 mm, followed by 20 s of resting time. After specific bending cycles,
the device is exposed to one illumination cycle with alternate UV/vis irradiation and the
corresponding transfer curves are collected. As displayed in Figure 4d, the effect of bending
cycles on the current modulation efficiency is found to be negligible. Over 100 bending cycles
are monitored, both hole and electron currents can virtually preserve their modulation efficiency,
suggesting a good mechanical stability of our device on the flexible substrate (detailed transfer
curves collected are provided in Figure S13).

In conclusion, we have successfully fabricated WSez-based optically switchable FET
by interfacing such 2DM with a blend of two photochromic DAE molecules acting as light-
sensitive components. Upon light illumination, the device can modulate hole and electron
transport simultaneously for at least 20 cycles with a good endurance. The electrical
characterizations provide unambiguous evidence that suitably designed DAE molecules with
phototunable frontier molecular orbital energy levels can systematically tune the charge
transport of the target 2DM. We clearly demonstrate the feasibility and generality of our
approach to optically control the transport of electrons, or holes, or both charge carriers,
depending on the nature of the target 2DM, thus it offers intriguing perspectives for optically
switchable ambipolar FETs based on photochromic molecules/2DMs hybrid systems.
Noteworthy, our device exhibits a combination of 128 distinct current levels with a high
accuracy readout and over 20 days of retention time, which is of paramount importance for
future applications as multilevel non-volatile memories. Our devices are also compatible to
work on flexible PET substrates as their light responsive properties are successfully preserved,

and thus offer a versatile platform for applications in flexible and transparent electronics.
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Experimental Section

Experimental details are available in the Supporting Information.
Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
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Figure 1: Energy level diagram, molecular and device structure. (a) Chemical structures of
DAE 1 and DAE 2, as both open and closed isomers. Energy level diagram of electron
transport between WSe»/DAE 1 and hole transport between WSeo/DAE 2. Energy level values
for WSe, are calculated in the screened exchange functional, and the values for DAEs are
measured by cyclic voltammetry. (b) Schematic illustration of the FET device architechture

based on WSe»/DAE blend on Si/SiO» substrate.
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Figure 2. Electrical characterization of WSe2/DAE blend FET device. (a) and (b) Transfer

evolution of pristine WSe>, WSe2/DAE blend as prepared and after UV/vis irradiation in (a)

linear and (b) logarithmic scale. (¢) Drain current I¢s modulation as both open and closed

isomers over 10 illumination cycles with alternative UV (red shaded areas) and vis (blue shaded

areas) light. All current values are normalized to the initial value obtained from the as prepared

WSe,2/DAE blend. The connecting lines are used as guides to the eye. (d) Dynamic lgs-time

measurement (corrected for bias stress effect) under alternative dark and UV/vis illumination

conditions at Vo =-90 V, V4 =2 V for WSe»/DAE blend duing 20 cycles.
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Figure 3. Multilevel characterization of WSe /DAE blend FET device. (a) 5 distinct current

levels over 5 illumination cycles for holes recorded at V,=-90V. The levels are obtained by

illuminating the device for different fixed times. (b) and (c) Dynamic hole current I, -time

curves (corrected for bias stress) under periodic UV irradiation per 20 s, (b) 64 levels are

achieved in total, (c) an enlargement of 5 levels. (d) to (f) Same measurements for electrons

recorded at Vg =90 V.
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Figure 4. Structure and electrical characterization of WSe2/DAE blend FET device on flexible
substrate. (a) Photograph of a typical flexible and transparent device on PET substrate. Inset:
Schematic (up) and corresponding optical microscopic images (down) of FET device. (b)
Transfer evolution of pristine WSe2, WSe2/DAE blend FET as prepared and after UV/vis
irradiation. (c) Dynamic I4s-time measurement under alternative dark and UV/vis illumination
conditions during 6 cycles at Vo, =90 V, Vs =2 V for WSe2/DAE blend FET. (d) Drain current

modulation efficiency as a function of bending cycles.
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