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Abstract
Ion-gated transistors employ ionic gating media (e.g. ionic liquids, polymer electrolytes,
aqueous saline solutions) to modulate the density of the charge carriers in the transistor
channel. Not only they operate at low voltages (ca 0.5-1 V) but they can also feature
printability, flexibility and easy integration with chemo- and bio-sensing platforms. Metal
oxides are transistor channel materials interesting for their processability in air, at low
temperature. Among metal oxides, tungsten oxide (band gap ca 2.5-2.7eV) stands out for its
electrochromic, gas sensing and photocatalytic properties. Here we demonstrate ion-gated
tungsten oxide transistors and phototransistors working in different ion gating media, such as
one hydrophobic ionic liquid and an aqueous electrolyte, fabricated both on rigid and flexible
substrates. lon-gated tungsten oxide phototransistors operating in aqueous media could be
used as photocatalytic sensors in portable applications.
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(Some figures may appear in colour only in the online journal)

Introduction photoelectrochemical cells [1-5]. They are used as transistor
channel materials for technologies such as active matrix dis-
Metal oxides are applied in a broad range of technologies, plays, due to their ease of process in air and at low temperature,
such as electrochromic windows, batteries, gas sensors and  charge carrier mobility, uniformity and transparency [6-12].
Ion-gated transistors (IGTs) employ ionic gating media
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(e.g. ionic liquids, polymer electrolytes, aqueous saline
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Figure 1. WO; films on PI treated at 300 °C. (a) 5 um x 5 pm AFM topographical image and (b) SEM image (5kV). The AFM image has

been taken in a crack-free portion of the film.

solutions) to modulate the density of the charge carriers in
the transistor channel. In IGTs, the high capacitance fea-
tured by the ion gating medium/transistor channel inter-
face (ca 1-10 uF cm~?) leads to high charge carrier density
(10'-10" ¢m~2), bringing about low-voltage operation (sub
1 V) [13-17]. Besides this last advantage, IGT-based technol-
ogies are interesting in terms of printability, flexibility, and
easy integration with chemo- and bio-sensing platforms.

Phototransistors are optoelectronic devices that combine
the switching and amplifying functions typical of transistors
with light response (photocurrent). Phototransistors are used
in light sensing devices, security systems and computer logic
circuitry [18]. In phototransistors, the density of charge car-
riers can be modulated not only by the electrical bias applied
to the gate electrode (conventional transistor modulation) but
also by the illumination conditions. Several metal oxides are
used in phototransistors, namely IGZO, ZnO, TiO, and CuO
(see table s1). [19-23] Among metal oxides, tungsten oxide
(bandgap ~2.5-2.7¢eV) stands out for its application in smart
windows, gas sensors and photocatalysis [2]. This oxide can
be easily processed by various techniques, including sol-gel
[24, 25].

We recently demonstrated ionic liquid (1-ethyl-3-meth-
ylimidazolium bis(trifluoromethylsulfonyl)imide ([EMIM]
[TFSI]))-gated transistors making use of channels of poly-
crystalline films of tungsten oxide [26]. We observed that
the doping process of the channel takes place by a combina-
tion of electrostatic and electrochemical mechanisms, paral-
leled by a structural transformation of the metal oxide from
the monoclinic to the orthorhombic crystal structure. To
extend the technological potential of tungsten oxide IGTs,
we explore their operation under suitable illumination condi-
tions (ion-gated phototransistors). Tungsten oxide ion-gated
phototransistors can be used as tools for a number of funda-
mental and applied studies. Besides the study of the com-
bined effect of ion-gating and light exposure on the channel
doping, their application as photocatalytic sensors, e.g. to
monitor water quality in portable devices, is foreseen. In this

last context, the processability of the transistors on light-
weight plastic substrates would represent a clear benefit for
the development of novel flexible sensing technologies [27,
28].

In this work, we report on ion-gated phototransistors based
on tungsten oxide films deposited by the sol-gel method,
on rigid (SiOy/Si) and flexible (polyimide, PI) substrates.
The films were investigated for their morphological, struc-
tural, optical and electrochemical properties by atomic force
microscopy (AFM), scanning electron microscopy (SEM),
x-ray diffraction (XRD), UV-vis spectroscopy and cyclic
voltammetry, prior their characterization in transistor con-
figuration. We used both the ionic liquid [EMIM][TFSI] and
aqueous electrolyte solutions as the gating media for our tran-
sistors, which were characterized both in the dark and under
solar light illumination conditions.

Results and discussion

Film characterization

Prior to device characterization, we gained insight on the
morphological, structural and optical properties of the
WOs; films. We initially prepared the films on conventional
rigid substrates (SiO,/Si), and we treated them at 550 °C.
Afterwards, we found the suitable conditions to fabricate
transistor channel films on polyimide (PI), considering the
limitations on the temperature of thermal treatment when
overgrowing films on such polymer substrate, i.e. ca 300 °C.
As expected, AFM, SEM and XRD indicate that the effect of
the nature of the substrate and the temperature of the thermal
treatment on the morphological and structural properties of
the films is remarkable. AFM and SEM images of WO3 films
treated at 550 °C on SiO,/Si show that WO3 nanostructured
films feature a smooth surface (figure sl (stacks.iop.org/
JPhysD/52/305102/mmedia)) [25, 26]. XRD patterns (not
shown) confirm that these films have a monoclinic crystalline
structure [26]. As opposed to nanostructured films on SiO,/
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Figure 2. Process flow for the fabrication of transistors investigated in this work, gated with ionic liquids and aqueous electrolytes.
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Figure 3. Device schemes of (a) ionic liquid-gated and (b) aqueous electrolyte-gated transistors investigated in this work.

Si treated at 550 °C, films on PI treated at 300 °C feature
cracks (figure 1) that, nevertheless, do not prevent prom-
ising IGT performance (vide infra). From AFM images, we
deduced a root mean square (rms) surface roughness of about
1.6 £ 0.4nm in regions excluding the cracks, significantly
lower than that of nanostructured films treated at 550 °C.
XRD patterns (not shown) indicate that these films are amor-
phous. UV-visible spectra reveal that the visible light absorp-
tion starts at about 470nm for films treated 550 °C and at
about 435 nm for film treated at 300 °C (figure s2).

lon-gated phototransistors based on WO3 fims treated
at 550 °C on SiO./Si

Prior to transistor characterization, we studied the cyclic
voltammetry behavior of the transistor channel material,
on both SiO,/Si and PI substrates (figures 2, 3 and s3). The
voltammetry was carried out in situ, in transistor configura-
tion. The channel material included between source and drain
electrodes acted as the working electrode and the high surface
area (1000-2000 m? g’l) activated carbon paper, featuring a
specific capacitance of 100-200 F g~!, as both the counter and



J. Phys. D: Appl. Phys. 52 (2019) 305102

G V De Oliveira Silva et al

0.7 10.0 T
4 Dark e —— Dark .
0.6 - (a) - = = Illumination i ~F 6 (b) - - = Illumination 7
0.5 4
‘é 044 ‘é
vm - %
—° 034 -
0.2 1
0.1 7T —T——T7"——T 77
-04 -02 0.0 0.2 04 06 08 10 1.2
v, (V)
4.0
0.4 4
@99 48
(c) ° " - ] @
o 3.2
5. 0 o Wl— ° . : : g 454 Vacuum
= I+ o 1
2 " g r24 2 _ 42 s
e 0.2- G § 3 Y y
3 ° * 16 6 T, 39
o * Al =3 _3
°© Qo * 1
£ 014 a2 i B 364
® i 1 _Off
1 * g 33
0.0 1 ——T————r——7——7—7——7 0.0 Y T
-04 -02 00 02 04 06 08 10 12 0 1000 2000 3000
vV, (V) Time (s)

Figure 4. [EMIM][TFSI]-gated phototransistors based on WO3 films treated at 550 °C on SiO/Si. (a) Transfer characteristics at Vg5 = 0.2
V, Vg scan rate 1 mV - s~!; dark (continuous) and illumination (dashed) conditions, under vacuum. (b) Output characteristics in the

dark (continuous) and under illumination (dashed) conditions, Ve, = 0, 0.4, 0.6, 0.8, 1.0, 1.2'V, Vi, scan rate 1 mV - s~1, in vacuum.

(c) Photosensitivity and photoresponsivity versus Vg at Vys = 0.2 V. (d) Transient measurement under chopped light (time interval 600s) at
Vis = 0.2V and Vg = 0.1V, in vacuum (white region) and O, atmosphere (grey region).

quasi-reference electrode [29]. The voltammograms suggest
that our IGTs can be safely operated within an interval of gate-
source voltage (V) values included between —1.2 and +1.2V.
The transfer and output characteristics of transistors based on
films treated at 550 °C, measured in the dark under vacuum,
show a typical n-type behaviour (figures 4(a) and (b)). The
linear transfer characteristics (source-drain voltage, Vg, equal
to 0.2 V) show a significant hysteresis, likely due to slow ionic
transport during doping/dedoping of the films.

After the characterization in the dark, we measured
the transistor characteristics under solar light illumina-
tion conditions. These confirmed that WO; films are
photosensitive (the apparent threshold voltage, Vi, was
0.1 V in the dark and —0.1 V under illumination). We
extracted the channel charge carrier density in the linear

regime (p, charge carrier/cm?) using the relationship
p=0Je-s=[[(IxdVy)] /[(dVy/dt) - € 5], where Q is
the doping charge obtained by integrating the gate-source
current, Iy, versus time, f, during the forward scan of the
transfer curves (—0.5 V < Vg < 1.2 V), e is the elemen-
tary charge and s is surface area. A debate is still open on
whether the geometric area (in our present case 0.36cm?, i.e.
the area of membrane soaked with [EMIM][TFSI]) or the
Brunauer—-Emmett—Teller (BET) surface area (in our present

case 10.6cm? [26]) should be used for the calculation of the
charge carrier density in IGTs presenting nanostructured
channels. As this debate is off topic with respect to the pre-
sent manuscript (that is the demonstration of tungsten oxide
ion-gated phototransistors making use of rigid and flexible
substrates, working in hydrophobic and aqueous media), we
calculated the charge density using both the geometric and
the BET surface areas. The characteristics of our devices are
summarized in table s4(a) (values obtained using geometric
area) and s4b (values obtained using BET surface area).

Using the geometric area, we obtained a charge carrier
density of about 8 x 10'3 in the dark and 1 x 10'® cm~2 under
illumination. Density values obtained using the BET surface
area were of 2.6 x 10'*in the dark and 3.3 x 10'* cm~2 under
illumination. The electron mobility, y, was then calculated in
the linear regime according to the formula o =L - Iy/(W - e -
p - Vqs), where L is the transistor channel length (10 xm) and
W is the channel width (4000 pm). Obviously, the approach
adopted to choose the surface area s affected this calculation
too (being the mobility calculated using the value of the
charge carrier density). The obtained values were ca 5 x 1073
cm? V-1 s~ ! both in dark and illumination conditions, when
using the geometric area, and ca 0.15cm? V~! s~ when using
the BET surface area.
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Figure 5. [EMIM][TFSI]-gated phototransistors based on WOj films treated at 300 °C on polyimide. (a) Transfer characteristics at

Vis = 0.2V, Vg scan rate 10 mV - s~!; dark (continuous) and illumination (dashed) conditions, under vacuum. (b) Output characteristics in
the dark (continuous) and under illumination (dashed) conditions, Vg, = 0, 0.4, 0.6, 0.8, 1.0, 1.2V, Vi scan rate 10 mV - s~! under vacuum
(c) photosensitivity and photoresponsivity versus Vi at Vgs = 0.2 V. (d) Transient measurement under chopped light (time interval 200s)
at Vgs = 0.2V and Vg = 0.1 V under vacuum. With respect to 550 °C-treated films, the scan rate is here is higher (1 versus 10 mV - s7h,

likely due to the increased ion permeability of the films.

The performance of phototransistors can be expressed by two
figures of merit, i.e. photosensitivity, S = (g5, tight — Lds,dark)/
Igs dark, and photoresponsivity, R = (Igs, tight — lds,dark)/P - S,
where g, gark and Igg, jigne are the drain-source current under
dark and light conditions, P is the power of the incident
light and s is the geometric area of the channel (10 pm X
4000 pm = 0.0004 cm?). In photosensitivity versus Vs plots
we observe a maximum at ca 0.35 V (figure 4(c)). At Vg =
0.35 V the transition between photodoping and electrochem-
ical doping mode likely takes place. The dependence of the
photosensitivity on Vg can be exploited to control the light
response of the phototransistors. The photoresponsivity as a
function of Vs shows an increase of about 45 times between
Ves=—05V((R=008AW )and 1.2V (R=36AW ).

The photoresponsivity of transistors based on inorganic
gating media (both conventional or high-x) is generally
higher than that of IGTs (table s1). Our values of the pho-
toresponsivity are similar (table s2) to those reported in the
literature for ion-gated phototransistors. Nevertheless, IGTs
have the advantage to operate at lower voltages (see tables sl
and s3, the latter describing tungsten oxide-based photodetec-
tors). Furthermore, it is worth noticing that the originality of
our results is the demonstration of ion-gated phototransistors

that have the potential to be used, when operated in aqueous
media, as photocatalytic sensors for portable applications,
based on the photocatalytic properties of tungsten oxide (vide
infra, results on aqueous electrolytes).

The transient characteristics of WO3; phototransistors
in dark and light conditions reveal fundamental aspects
of their operational behavior. The current in dark con-
ditions increases by about 30% (from 33 to 47 pA) after
600 s-long light exposure (figure 4(d)). Surprisingly, the
current remains almost unchanged (at ca 46 pA) after the
light is switched off. This observation can be attributed
to a phenomenon known as persistent photoconductivity
(PPC). PPC, already reported for WOs3, is observed when
the electrical conductivity under illumination persists after
the removal of the illumination [30-33]. The PPC of our
WOs films is dramatically reduced in O, atmosphere: a drop
of the current of about 15% (from 46 to 40 pA) is observed
in the dark, after 600s. Upon light exposure in O, atmos-
phere for 600 s the current increases by ca 7% (from 40 to
43 pA). PPC, attributable to the absence of recombination
paths at low O, concentrations, has to be carefully taken
into account for practical applications of WO5; phototransis-
tors, e.g. as photosensors. [33]
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lon-gated phototransistors based on WQOj3 fims treated
at 300 °C on polyimide

With the aim to develop flexible devices, we fabricated WO3
phototransistors on plastic polyimide (PI) substrates (figures
2, 3(a) and 5). These devices featured ON/OFF ratio of ca 30 in
the dark (extracted within the interval —0.5 V < Vg < 1.2°V).
This value is considerably higher than that observed for WO;
films on SiO,/Si treated at 550 °C (about 3) and is mainly
ascribed to the lower I, on polyimide. The apparent Vi,
changed from 0.8 V in the dark to 0.7 V under illumination. In
the dark, we deduced a charge carrier density of ca 3 x 10'
cm~2 and a mobility of ca 5 x 10~* ecm? V~! s~! (for samples
treated at 300 °C on PI we used the geometric area for the
calculations of the density, considering the morphology of the
samples). Under illumination, the ON/OFF ratio was ca 50,
the charge carrier density 4 x 10" cm~2 and the mobility ca
8 x 107 *em?V—!s7L

A maximum photosensitivity of ca 20 and photorespon-
sivity of ca 0.05 A W~! were extracted (figure 5(c)). The
photosensitivity versus Vg plot shows that there is an interval
of Vg where the values of the photosensitivity are higher
(between about 0.7 V and 0.8 V); this interval can be asso-
ciated to the shift of the apparent Vi under illumination
versus dark conditions. The high value of the photosensitivity
constitutes a significant improvement with respect to the value
obtained with films on SiO, and can be explained by the low
value of the dark current. The photoresponsivity increases
by a factor of ca 130 when V increases from —0.5V to 1.2'V.
The transient characteristics of the WOs5 films on PI show that
the photocurrent, after a spike followed by a gentle increase
in the first seconds after the light is switched on, reaches a
saturation value such that the current increase by ca 80%
(from 0.5 to 2.5 nA) upon light exposure (figure 5(d)). WO3
phototransistors on PI operated under vacuum conditions do
not show PPC, in agreement with their lower surface area with
respect to 550 C°- treated films [33].

Aqueous electrolyte-gated phototransistors with WO3 fims
treated at 550 °C on SiO,/Si

Considering that tungsten oxide in aqueous solutions is
chemically stable at acidic pH, aqueous electrolyte-gated
phototransistors were characterized using 5SmM H,SOj as the
gating medium (figures 2, 3(b) and 6) [34, 35]. Prior to the
transistor characterization, the electrochemical characteriza-
tion of the metal oxide films was carried out. We obtained
the typical voltammograms of tungsten oxide in this environ-
ment, indicating the reduction of the tungsten oxide (n-type
doping) paralleled by proton incorporation, ensuring film
electroneutrality (figure s4). The device characteristics clearly
show their photosensitivity. These transistors showed the
ON/OFF current ratio of ca 8 and 9, in dark and illumina-
tion conditions, extracted for 0 V < Vg < 0.8 V. The apparent
Vin changed from 0.4 V in the dark to 0.3 V under illumina-
tion. The photosensitivity and photoresponsivity of the 5 mM
H,S04-gated WO; phototransistors are shown in figure 6(c).
A linear, gentle increase in photosensitivity was observed 0 V
t0 0.45 V,; after this value, the slope of the plot increased and

the photosensitivity reached a quasi-plateau at ca Vg = 0.6 V.
A photoresponsivity values of ca 16 A W~! was observed
at 0.8 V; this value is 10 times higher than that observed at
0V (1.6 A W™!). Charge carrier density values of 6 x 10"
and 8 x 105 cm~2 were observed in dark and illumination
conditions, using the geometric area of the the PDMS well
used to confine the electrolyte (0.12cm?, Experimental). The
density values calculated using the BET surface area (3.5 cm?,
see Experimental) were 2 x 10" cm™2 and 3 x 10'* cm~2,
in dark and illumination conditions. Values of the electron
mobility of 1.3 x 1072 and 1.7 x 1072 cm?® V™! s7! were
extracted in dark and illumination conditions, using the geo-
metric area. Values of 0.4 and 0.5cm? V~! s~! were observed
in dark and illumination conditions, using the BET surface
area. There were no significant changes in the values of the
charge carrier density and electron mobility, between dark and
illumination conditions.

Conclusions

We demonstrated IGTs and phototransistors (illuminated with
simulated solar light), based on sol-gel tungsten oxide films,
capable to operate at about 1 V, making use of ionic liquid
and, for the first time, aqueous electrolyte gating media. To
develop, on the long term, lightweight and flexible technolo-
gies based on IG phototransistors for portable applications,
the films were deposited on polyimide and thermally treated at
300 °C, a temperature compatible with that plastic substrate.
At the fundamental level, work is in progress to evaluate the
effect of the frequency of the illumination, scan rate of the
electrical potential and advancement of the electrochemical
doping (possibly paralleled by electrochromism) on the per-
formance of the phototransistors. At the technological level,
work is in progress to develop ion-gated tungsten oxide
phototransistors working in aqueous gating media possibly
including redox active chemicals from industrial effluents
with the aim to use them to evaluate the quality of drinking
water.

Experimental

Materials

Na,WO04-2H,0, ethanol and Dowex 50WX2 hydrogen
form resin (100-200 mesh) were purchased from Sigma
Aldrich. Polyethylene glycol 200 (PEG 200) was purchased
from Fluka. The ionic liquid, 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide ([EMIM][TFSI]) was pur-
chased from IoLiTec, (purity >99%) and purified prior use
under vacuum (ca 10~® Torr) at 80 °C for 12h. The puri-
fied ionic liquid was stored in a N, glovebox (H,O and
0O, <7ppm) for a maximum of one day before use. Polyimide
(PolyFLE™ XF-102) sheets (125 pm thick) were purchased
from POLYONICS. The gate electrode for ionic liquid gating
consisted of carbon paper (Spectracorp 2050, 6mm X 3 mm)
coated with high surface area carbon ink made of acti-
vated carbon powder (PICACTIF SUPERCAP BPI10, Pica,
28mg ml~') and polyvinylidene fluoride (PVDF, KYNAR
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photoresponsivity versus Vg, at Vgo = 0.2'V.

HSV900, 1.4mg ml~!) binder in the solvent N-methyl pyrrol-
idone (NMP, Fluka, >99.0%). The gate electrode for aqueous
electrolyte consisted of carbon paper (Spectracorp 2050,
10 x 3mm) coated with high surface area carbon ink made
of activated carbon powder (PICACCHEM SUPERCAP BP9,
Pica, 28 mg ml~!) and Nafion (Sigma Aldrich, 1.4mg 171
binder in the solvent isopropanol.

Microfabrication

Polyimide substrates were cleaned by sequential sonication
in acetone, isopropyl alcohol (IPA), and deionized (DI) water
(10min for each step) and then dried using nitrogen flow.
They were then laminated on a glass slide pre-covered with
a 300 pum polydimethylsiloxane (PDMS) layer, to ensure sub-
strate flatness during the following photolithography steps.
Both SiO,/Si and polyimide substrates were pre-patterned by
photolithography with Ti/Au (5nm/40nm) source and drain
electrodes (channel width, W, 4000 um and length, L, 10 pym).
Prior to deposition of the tungsten oxide precursor, the sub-
strates were wet-cleaned again by sequential ultrasonic baths
in IPA, acetone and IPA followed by N, drying and UV-ozone
exposure for 15 min.

Film deposition

The films were deposited by casting the solution on the sub-
strate and gently spreading it using a glass slide. The films
were first dried at room temperature for 10min, then ther-
mally treated for 30 min at 550 °C (Si0,/Si) and for 5h at 300
°C (PI), in 80sccm of O,. Two sequential applications of the
tungstic acid, each followed by a thermal treatment, were car-
ried out on Si0,/Si. A single application was carried out on PI.

Assembly of the electrolyte-gated transistors

A Durapore GVHP membrane filter (4mm x 9mm = 0.36cm?)
soaked in the ionic liquid was placed on top of the tungsten
oxide film constituting the transistor channel. Afterwards,
the activated carbon paper gate electrode was placed beside
the channel. The distance between the gate electrode and the
channel was ca 0.5 mm. 5mM H,SOy electrolyte solution was
prepared by diluting 17.8 M H,SO4 (Sigma Aldrich) of stock
solution using deionized water. The electrolyte was confined
in the transistor channel using PDMS well (2 X 6 x 6 mm)
attached on the substrate. The gate electrode was immersed in
the electrolyte solution during the measurements.
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Characterization

AFM images were acquired in ambient conditions, in tapping
mode, with a Digital Instruments Dimension 3100. Tapping
mode was performed at a scan rate of 1 Hz using etched sil-
icon cantilevers (ACTA from Applied Nanostructures, Inc.)
with a resonance frequency around 300kHz, a spring con-
stant of 40N m~! and tip radius <10nm. SEM was carried
out using a JEOL 7500 equipped with a field-emission elec-
tron gun. XRD was performed by a Bruker D8 system with
Cu Koy and Cu Kas sources. A Perkin Elmer LAMBDA
1050 spectrophotometer equipped with an integrating sphere
was used to obtain the UV-visible spectra of tungsten oxide
films deposited on quartz substrates. The electrochemical
tests were performed using a PARSTAT 2273 (Princeton
Applied Research) potentiostat in a N, glove box (H,O and
O, < 7ppm). The optoelectronic characterizations were
conducted by using a probe station connected to a semi-
conductor parameter analyzer (Agilent B1500A), at room
temperature, in vacuum (ca 10~* Torr). A solar simulator
(SCIENCETECH SLB300A) with one sun illumination (100
mW cm~?) was used to characterize the devices in illumina-
tion condition.
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