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Indium oxide (In,Os3) can be employed as an active semiconductor component in phototransistor
devices. However, the large bandgap of In,Os restricts its wavelength detection range to blue or UV
light. Therefore, methods are required to facilitate detection of longer wavelengths. To this end, this
work demonstrates the encapsulation of rhodamine 6G or phloxine B organic dye within a matrix of
In,O3 semiconductor, to form a composite photosensitizing material that is patterned by the scalable
fabrication pathway of inkjet-printing. This composite material is found to enhance the optoelectronic
performance of inkjet-printed In,Os3 thin film transistors in response to green light (565 nm). Specifically,
the devices containing a rhodamine 6G/InO, composite top layer present good electrical performance
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Accepted 16th September 2022 photosensitivity of 4.1 x 10°, and responsivity of 250 A W2, Its photoconductive state is returned to the
initial condition by applied positive gate voltage pulse. The approach presented in this work could be

applied for production of large area optoelectronics to enable applications such as displays, photo-
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1. Introduction

Thin-film transistors (TFTs) based on metal oxide semiconductors
benefit from optical transparency,’ flexibility,> and high charge
carrier mobility,® with fabrication possible using low temperature*
and scalable processes such as printing.”> Oxide TFTs are known to
experience voltage shift in response to incident photons,® resulting
in measurable changes to the drain current (I3), which enables
their use as light detectors.” However, many oxide semiconductors
such as indium oxide (In,O3) have a large bandgap >3 eV which
results in a wavelength detection range limited to blue or UV light.?
Therefore, methods are required to enable photosensitization
for detection of longer wavelengths. Photoelectric performance
of oxide phototransistors can be enhanced by charge carrier
engineering,”'° for instance, by exploiting metal oxides,®''™*>
perovskites,’®*® or quantum dots'®>" for photosensitization.
Since first demonstrated in TiO,-based photovoltaics,”* photo-
sensitizing of oxides with small molecule dyes has been broadly
studied in dye-sensitized solar cells. Photosensitization of oxide
transistors has been demonstrated with small molecule dyes
such as chlorophyll-a,>® copper phthalocyanine,** and D102.%*2°

“VTT Technical Research Centre of Finland Ltd., Tietotie 3, Espoo, FI-02150,
Finland. E-mail: liam.gillan@vtt.fi, fei.liv@vtt.fi, jaakko.leppaniemi@vtt.fi

P YTT Technical Research Centre of Finland Ltd, Kaitovéyld 1, Oulu, 90590,
Finland. E-mail: sanna.aikio@vtt.fi

i Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d2tc02054h

+ These authors contributed equally.

15126 | J Mater. Chem. C, 2022, 10, 15126-15136

However, these reports have studied capping of the oxide
semiconductor with photosensitizing agents. We propose an
alternative approach of encapsulating the photosensitizing agent
within a matrix of In,0; semiconductor. Blending of In,0; with
organic species has previously been reported for tuning of charge
transport properties, both through the organic/In,O; composite
material and as an interfacial layer between stacked material
films.””° Inspired by these earlier reports, the motivation
for the dye/InO, composite interlayer approach during this work
was to (i) to protect the dye molecules from degradation due to
direct exposure to air or mechanical delamination from the
semiconductor surface, and (ii) indium oxide content providing
atomic similarity, acting to improve interface characteristics
such as charge injection to the In,O3; semiconductor channel.

To realize practical applications for dye-sensitized oxide
phototransistors, there is a need to develop scalable patterning
methods for the dye layers, such as additive patterning by inkjet
printing, to enable circuit integration of the phototransistors
and large area fabrication.

In this work, we exploit the dyes rhodamine 6G (R6G) and
phloxine B (PB) as photosensitizing agents for enhancing the
optoelectronic performance of inkjet-printed In,O; photo-
transistors. The dyes were inkjet patterned over the TFT chan-
nel region either intrinsically or encapsulated within an InO,
matrix as composite materials. This work demonstrates that the
inclusion of R6G and PB dyes increases the optoelectronic
performance metrics of In,O; TFTs in response to green light
(565 nm used in this work), which is commonly emitted by the

This journal is © The Royal Society of Chemistry 2022
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! such as

scintillator films used in indirect X-ray detectors,’
doped gadolinium oxysulfide. The combination of scalable
patterning over large area and photosensitivity at 565 nm,
renders the phototransistors applicable as sensing components

such as dosimeters in flexible, large-area X-ray imaging.***

2. Results and discussion

Three key criteria were employed to guide the selection of
organic dye to act as photosensitizing agent. (i) The lowest
unoccupied molecular orbital (LUMO) of the dye should
be higher than the conduction band minimum of In,O;
(—3.98 eV**). As depicted in Fig. 1a, this enables photo-induced
electrons to be transferred from the LUMO of the dye to the In,0;
conduction band, resulting in increased TFT I4.*’ (ii) The absor-
bance spectrum of the dye should exhibit large response to green
light (specifically 565 nm, the source used during this study),
because this is typically emitted by scintillator films used in
indirect X-ray detectors and sits beyond the shorter wavelength
region of blue to UV light where In,O; is known to be intrinsically
photosensitive.® (iii) To enable patterning by inkjet printing, the
dye must have sufficient solubility in a solvent vehicle with
suitable viscosity and surface tension for stable ink droplet
formation to produce a layer of material with continuous coverage
after drying. A series of organic dyes are presented along with
their relevant properties in Table S1 (ESIT). Based on the above-
mentioned criteria, R6G (LUMO = —3.14 €V°°) and PB (LUMO =
—2.64 eV*’) were selected as the most suitable candidates from
Table S1 (ESIY).
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Earlier reports on oxide-based phototransistors have typi-
cally studied the effects of applying discrete layers of photo-
sensitizing agent, for instance as a capping layer over the oxide
semiconductor material.'6>12472638~41 [ this work we also
investigate this discrete layer approach by inkjet-patterning of
dye over the TFT channel region (Fig. 1c). In parallel to this,
we propose and study an alternative strategy of encapsulating
the organic dye molecules within an InO, matrix, inkjet-printed
as a composite interlayer between In,O3; semiconductor and
source/drain top contact electrodes (Fig. 1d).

Fabrication of TFT devices requires consideration of thermal
treatment following inkjet-patterning of inks containing the
dyes. It is important to treat the inks with sufficient tempera-
ture to remove solvents and, in the case of the dye/InO,
composite, ensure sufficient decomposition of materials such
as nitrate from the indium nitrate hydrate reagent. However,
given that the dyes are organic small molecules, elevated
temperature could lead to thermal decomposition of the active
photosensitizing agent. The inkjet-printed In,0O; semiconductor
is known to start to perform when annealed at 250 °C, and
performs optimally with at least 300 °C annealing temperature.**
Based on this, we identified annealing temperature of T; = 70 °C
for drying of bare dye containing inks dissolved in ethanol for
devices shown in Fig. 1c. T, = 200 °C and T3 = 250 °C were
selected for investigating the curing of dye-InO, inks shown in
Fig. 1d. Finally, T, = 300 °C was selected for ensuring sufficient
annealing of In,0; component in dye/InO, composite inks
shown in Fig. 1d. To assess whether thermal curing of the dye-
containing inks would cause significant thermal decomposition
of the dye constituents, thermal gravimetric analysis (TGA) was
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(a) Schematic band diagram depicting the photo-induced mechanism of electron transfer from the LUMO of the rhodamine 6G or phloxine B dye

to the conduction band of the In,O3 semiconductor. (b—d) Illustrations (not to scale) of different TFT device configurations investigated during this work,
including (b) reference dual layer inkjet-printed In,Os3 structure, (c) TFT channel photosensitized by an overlayer film of inkjet-printed rhodamine 6G or
phloxine B dye, and (d) rhodamine 6G or phloxine B dye/InO, photosensitizing composite material inkjet-printed between In,Os semiconductor and Al
source/drain contact electrodes. Each different architecture relies upon SiO, as gate dielectric atop p-type Si gate electrode.
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Fig. 2 Thermal gravimetric analysis at 10 °C minute™ ramp rate in N, of (a) rhodamine 6G and (b) phloxine B dye powders, with red lines marking ink
annealing temperatures of T; = 70 °C (@ = 99.5 wt%, b = 97.6 wt%), T, = 200 °C (a = 98.8 wt%, b = 93.5 wt%), Tz = 250 °C (a = 90.2 wt%, b = 93.2 wt%),

and T4 = 300 °C (a = 82.8 wt%, b = 92.1 wt%).

performed on solid R6G and PB powders, with results presented
in Fig. 2a and b, respectively. R6G experienced the first major
thermal decomposition event from around 220 °C to 275 °C,
across T3, where mass loss was 9.8 wt%. The next major decom-
position event occurred after 7,, from around 300 °C to 375 °C,
with mass loss of 17.2 wt% at 300 °C. PB mass loss at T; was
2.4 wt%, increasing to 6.5 wt% at T, then 6.8 wt% at T3, and
slightly increasing further to 7.9 wt% at T,. These results suggest
that the majority of both R6G and PB materials remain after
thermal treatment at T,, T,, T5; or T,. However, the second
decomposition event observed for R6G suggests that extended
duration at 300 °C might lead to material degradation. This
assertion was confirmed by further TGA analysis, ramping at
10 °C minute™ " up to 300 °C for R6G, and 250 °C for PB, with
these temperatures held fixed for a period of 60 minutes. The
results for R6G and PB are plotted in Fig. Sla and b (ESIY),
respectively. For R6G, the mass loss when the temperature
reached 300 °C was 21.6 wt%. After 5 minutes of fixed tempera-
ture, mass loss was 53.8 wt%, which further increased to
73.4 wt% after 10 minutes before stabilizing at around 75 wt%
from around 11.5 minutes for the remaining 48 minutes. For PB,
mass loss was 7.0 wt% at the start of the fixed 250 °C condition.
This decreased marginally to 7.3 wt% after 5 minutes, 7.4 wt%
after 10 minutes, and 8.1 wt% after the 60-minute period. Clearly
the PB suffered less thermal degradation than the R6G, however
even the R6G was not entirely decomposed even after one hour at
300 °C. It is possible that encapsulation of dye within the
protective matrix of InO, would restrict exposure of dye material
to air and thereby act to reduce the extent of thermal decom-
position. Electrical measurements presented in later parts of this
paper reveal that TFT devices performed best where dye/InO,
composite films were processed at 250 °C for PB and 300 °C
for R6G, so these were selected as thermal treatments for each
material.

To investigate the properties of dye materials, films from
bare dye and dye-InO, inks were spin-coated onto glass carrier

15128 | J Mater. Chem. C, 2022, 10, 15126-15136

substrates and studied with a series of characterization
methods. Details of materials and processing steps for the
spin-coated samples is provided in Table S2 (ESIt).

Surface morphology was studied by optical surface profilo-
metry, with results presented in Fig. S2 (ESIt). Samples with
InO, component annealed at 250 °C present greater average
surface roughness (all >1.54 nm) than those annealed at
300 °C (all <0.75 nm). It is plausible that observed greater
roughness in the lower temperature treated films due to
insufficient thermal energy for complete conversion of pre-
cursors from the InO, ink component, resulting in films of
insufficiently densified material, with greater porosity than
films annealed at a higher temperature.”® This assertion is
supported by observations of InO, ink precursor components in
Fourier transform infrared (FTIR) analysis, as described below.
The bare R6G dye film was observed to have the greatest
roughness of all spin-coated films at 1.97 nm, much higher
than the bare PB film of 0.45 nm. For both R6G/InO, and
PB/InO, blends, the dye appeared to be mixed inside the InO,
matrix with no sign of phase-separation or large agglomerates.
Similarly, as for the reference device discussed above, the
surface roughness was decreased when the annealing tempera-
ture was increased from 250 °C to 300 °C. This could indicate
that the smoothening of dye/InO, films is also due to InO, ink
precursor conversion. The lowest value of 0.14 nm was observed
for R6G/InO, annealed at 300 °C indicating an ultra-smooth
surface.

Homogenous amorphous phase is desirable for metal oxide
semiconductor materials because it does not suffer from
grain boundary scattering limitations of polycrystalline phase
material.” Grazing incidence X-ray diffraction (GIXRD) was
performed on oxide-based films. Results shown in Fig. S3 (ESIY)
reveal that the materials appeared amorphous in all cases,
presenting no evidence of polycrystallinity, within the limit of
the XRD analysis, induced by incorporation of R6G or PB dye
materials in the oxide matrix.

This journal is © The Royal Society of Chemistry 2022
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(a and b) UV-Vis absorbance spectra of films spin coated on glass. (c) FTIR spectra of spin coated films, annotated with peak assignments for the

oxide-based materials. (d) Fluorescence intensity difference of samples to glass substrate reference under excitation wavelength of 532 nm with an

emission filter at 570 nm.

Ultraviolet-visible absorbance spectroscopy (UV-Vis) of spin
coated PB and R6G treated at 70 °C yielded signature peaks
between 450 and 650 nm shown in Fig. 3a and b, which
are in agreement with those in earlier reports on these
materials.*®**™** Bare InO, films treated at either 250 °C or
300 °C do not show absorbance peaks in this range. PB/InO,
composite material treated at 250 °C exhibits absorbance peaks
within the studied region, but with lesser peak magnitude than
that of dye film treated at 70 °C. This reduced absorbance
signal could be caused by partial thermal decomposition of the
dye material, leading to reduced concentration of dye within
the films. An absorbance peak is not seen from R6G/InO,
composite material treated at 300 °C. It is plausible that the
small quantities of dye present in the dye/InO, composite
material samples (<4 wt% dye:In,03) are insufficient to gen-
erate clear signal using the selected UV-Vis instrument, but the
dye is present in sufficient quantities to act as a photoactive

This journal is © The Royal Society of Chemistry 2022

material that improves the optoelectronic performance of the
In,0; semiconductor.

FTIR spectrum obtained from 250 °C treated InO, film
(Fig. 3c) contains (i) broad O-H stretching signal around 3200
to 3600 cm™ ", due to surface hydroxylation and/or adsorbed
water, (ii) C-H stretching signal around 2700 to 2900 cm™ ",
which could arise from residual ethylene glycol solvent,
(iii) O-H bending signal around 1500 to 1800 cm ', from
adsorbed water, (iv) N-O stretching signal around 1300 to
1500 cm ™', which is attributed to residual nitrate precursor.*>*®
PB/InO, composite treated at 250 °C shows the same peaks as
the 250 °C treated InO, film, but with slightly lower absorbance
intensity. In agreement with our earlier observations,*>*® the
magnitude of these absorbance signals greatly reduces when
the InO, material is treated at a greater temperature of 300 °C
(Fig. 3c) as the coated film shifts towards more complete

precursor conversion to form In,O;. Presence of N-O stretching

J. Mater. Chem. C, 2022, 10, 15126-15136 | 15129
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signal can be explained by the 15 minute thermal treatment
being of insufficient duration for decomposition of the nitrate
component of the precursor ink. The R6G/InO,, material treated
at 300 °C exhibits a very similar absorbance spectrum to the
300 °C treated InO, material. However, when viewing a more
detailed narrow wavenumber range shown in Fig. S4 (ESIY), the
R6G/InO, presents a slightly greater absorbance from 1800 to
1550 cm ™' than that of InO,, plausibly caused by presence of
R6G because the pure dye presents peaks in this region. Fig. 3¢
shows that pure PB and R6G films treated at 70 °C present
minor absorbance peaks at wavenumbers less than 1800 cm ™"
and they do not present the C-H or O-H stretching signal seen
from the oxide films at high wavenumbers due to absence of
ethylene glycol (only ethanol was used to solubilize the pure
dyes) and hydroxyl functionality, respectively. Fig. S4 (ESIt)
presents absorbance peak assignments for PB and R6G films
treated at 70 °C, which are in good agreement with spectra from
earlier studies of the same materials.***"~*°

A series of films spin coated onto glass substrates (Table S2,
ESIT) were analyzed by fluorescence measurements at a laser
excitation wavelength of 532 nm, with an emission filter at
570 nm (Fig. 3d and Fig. S5, ESIT). This revealed that intrinsic
InO, has a greater fluorescence intensity when annealed at
250 °C than when annealed at 300 °C, possibly caused by
defects such as residual precursor materials when the film is
incompletely cured. Inclusion of dye component in the films
significantly increases the fluorescence intensity. Both PB and
R6G containing films exhibit the same trend, where the largest
intensity arises from dye/InO, composite annealed at 250 °C,
followed by the pure dye, with the smallest intensity from dye/
InO, composite annealed at 300 °C. Major decomposition of
R6G was observed to occur at temperatures greater than 300 °C
in TGA analysis (Fig. 2a), suggesting that a certain quantity of
the dye material is likely to remain in spin coated films
thermally treated at 300 °C for 15 min. This is supported by
fluorescence analysis (Fig. 3d), where the measured intensity of
R6G/InO, film annealed at 300 °C for 15 min is approximately
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double that of dye-free InO, with the same thermal treatment
conditions.

TFT devices were fabricated with the structures illustrated in
Fig. 1b-d, incorporating In,0;, dye/InO,, or bare dye compo-
nents patterned by inkjet printing. The sample set includes PB
and R6G dye/InO, composite films that were annealed at
200 °C, 250 °C, and 300 °C. Fig. 4 and Fig. S6 (ESI{) present
current/voltage (I/V) transfer characteristics from sets of
TFT devices of each different architecture shown in Fig. 1b-d
measured in the dark, where the bias point of the photo-
transistor is identified as a gate voltage (V,) point prior to the
turn on voltage (Vop), Vg = Von — 0.5 V, to ensure that the device
is operating in the most sensitive subthreshold region. The
drain current at the bias point is used as the dark current (Iay.)-
The I/V metrics measured in the dark (without illumination) for
each device type introduced in Fig. 1b-d are presented in
Table 1. The devices with R6G/InO, and PB/InO, a layer had
tsac 0f 6.36 cm> V' s and 2.70 cm?* V' s~ and Vhyst 0.8 Vand
1.1 V, respectively. Notably, the results indicate improved
electrical characteristics for the devices incorporating dye/InO,
blend, when compared to the reference devices ug, of
0.86 cm” V' 57! and Vs 2.0 V. As shown in Fig. S7 and
Table S3 (ESIt), the semiconductor films were around 12.91 nm,
14.38 nm, and 17.97 nm thick for devices featuring a double layer
In,0; (reference), additional layer of R6G/InO,, (R6G/InO, 300 °C),
and additional layer of PB/InO, (PB/InO, 250 °C), respectively.
Based on this, the improved performance could partly arise from
to the increased semiconductor thickness,*® but also doping of
the semiconductor by the organic dye molecules®® is possible and
warrants further studies.

1/V behavior of the TFT devices was studied in response to
varying intensity (1.4 pW cm™? to 1.41 mW cm ™ ?) of incident
photons from 565 nm wavelength light source, with results
presented in Fig. 4 and Fig. S6 (ESI{). Here, the general
observed trend is a negative shift of the V,, in response to
increasing light intensity, thus indicating an increasing charge
carrier concentration in the In,O; semiconductor channel in
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Fig. 4 Dark condition transfer measurements of a series of TFTs (left frames) with the dark current voltage listed for each device architecture being
indicated by the vertical arrow, alongside average transfer measurements of the same series of TFTs (right frames) in response to 565 nm light over a
range of intensities for (a) reference In,Os TFTs, (b) In,Os TFTs including a phloxine B/INO, photosensitizing layer, and (c) In,Oz TFTs including a

rhodamine 6G/InO, photosensitizing layer.
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Table 1 Key metrics from dark condition transfer characteristics from a
range of TFT device types. Parameters from n number of TFTs of each
device type are hysteresis voltage (Viys), maximum saturation mobility
(1sar), on/off ratio (Ionsof). and turn-on voltage (V). Error margin is + the
standard deviation of the mean. Data is processed as in an earlier report*®

n

(TFTS) Vhyst (V) Msat (sz V71 Sil) Ion/()ff V()n (V]

2.0 0.2 0.86 £ 0.15
1.9 +£ 0.1 0.55 £ 0.06
1.6 £ 0.2 0.71 £ 0.12
0.8 0.4 6.36 £ 1.22

Device type

~10” —1.8 £+ 0.3
~10" —1.8 £ 0.5
~10° —1.6 £ 0.1
~10° —2.5 £ 0.8

Reference In,0; 7
R6G bare dye 5
PB bare dye 8
R6G/InO, 7
300 °C

PB/InO, 250 °C 7 1.1 £ 0.1 2.70 £ 0.17 ~10° —1.2 + 0.2

response to increasing light intensity. This observation can be
explained by the mechanism illustrated in Fig. 1, where photo-
induced electrons are transferred from the LUMO level of the
dye to the conduction band of the In,0;. The bare dye devices
(Fig. S6a and b, ESIT) present a greater degree of V,, shift than
that of the dye/InO, composite devices (Fig. 4b, ¢, and Fig. S6c-
f, ESIT) in tandem with a slight increase in the off current (I,¢)
for increasing light intensity, in agreement with earlier reports
for bare dye on top of oxide semiconductor channel.>® The least
degree of photo-induced change in V,,, is observed from PB/
InO, composite devices annealed at 300 °C (Fig. Sé6d, ESIt).
Notably, the reference In,0; devices with an absence of photo-
sensitizer dye (Fig. 4a) only presents a marginal change in I/V
characteristics, even after illumination with the highest inten-
sity light (1.41 mW cm™?). Dark current measurements from
dye/InO,. composite devices annealed at 200 °C (Fig. S6c and e,
ESIYt) as well as R6G/InO, composite devices annealed at 250 °C
(Fig. S6f, ESIT) display poor performance with high inter-device
variability in V,, and on-current level that can be attributed to
incomplete annealing of the In,O; component of the compo-
site. Furthermore, the large variation in the V,, with very
negative values for some of the devices would prevent finding
a common bias point that could lead to optimal photodetector
circuit operation with all the phototransistors at the sub-
threshold region. For example, some of the PB/InO, devices
annealed at 200 °C (Fig. Séc, ESIT) appear to suffer from V,, at
very large negative V,; beyond —20 V. Due to this poor electrical
performance, dye/InO, devices annealed at 200 °C, R6G/InO,
devices annealed at 250 °C (Fig. S6f, ESIT), and the PB/InO,
annealed at 300 °C (Fig. S6d, ESIf) exhibiting limited photo
induced current shift were excluded from comparison of opto-
electronic performance metrics with other devices. The optimal
condition in terms of response to green light was found to be
250 °C for PB/InO, and 300 °C for R6B/InO, shown in Fig. 4b
and c, respectively, where the devices exhibit clear response to
varied light intensities and show low inter-device variation with
consistent, slightly negative V,,, that would allow assigning a
common bias point. The optoelectronic performance of these
optimal devices were studied in more detail in the following
section.

Earlier reports have shown that incomplete annealing of an
additional semiconductor film layer can enhance optoelectronic

This journal is © The Royal Society of Chemistry 2022
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811 To confirm that this is not the case

properties of oxide TFTs.
with our devices and that the observed improvement in opto-
electronic properties can be attributed to inclusion of dye, TFTs
were fabricated by the same processing conditions as those with
dye/InO,, films, but incorporating a film of In,O; annealed at
250 °C or 300 °C in place of dye/InO,. I/V characteristics presented
in Fig. S8 (ESIT) reveal that there is not a significant improvement
in optoelectronic performance due to the additional layer of In,0O3
when the dye is absent.

Two parameters that are commonly employed to describe
the optoelectronic performance of phototransistors are photo-
sensitivity (PS) and responsivity (R). PS is defined as the current
change which is normalized to the dark current (Iga)
according to

PS — Light — Tdark (1)
Idark

where Iz is the photon-induced Iy of the phototransistor
under illumination.?® It should be noted that the PS is normal-
ized to the Igay rather than the illumination power, which
results in difficult direct comparison between the different light
intensities. The definition of the responsivity is based on the
current change normalized to the total incident light power on
the whole channel area, which is expressed as

Ili ht — Idark A
R = et dark)© 2
PincAchzm |:W:| ( )

where Py, is the incident light power and A,y is the area of the
phototransistor channel.”® Even a small current change under
illumination over a small area can produce a large R since it is
normalized to the P;,., which is beneficial for determining the
performance of phototransistors. Transfer curve data in dark
and under illumination for individual devices in Fig. 4 and
Fig. S6 (ESIt) was used to calculate the PS and R values for
reference In,O; devices without dye, dye/InO,-sensitized, and
bare dye-sensitized In,O; phototransistors. The resulting aver-
age PS and R values are presented in Fig. 5 and Fig. S9 (ESIY).
The PS for all devices shows a non-linear, increasing trend with
increasing P/A. The R6G/InO, composite annealed at 300 °C
(from here on referred to as R6G/InO,) shows a higher PS than
the other types of devices across the range of tested light
intensities, reaching 4.1 x 10°. The R for all dye-sensitized
devices shows initial increase with increasing P/A until it starts
to decrease due to the TFT shifting away from the subthreshold
region at the bias point. Furthermore, the R values of the
R6G/InO, device were greater than that of all other device
architectures across the tested range of light intensities, reach-
ing 250 AW ™' at maximum. Both PS and R for all dye-sensitized
phototransistors regardless of the fabrication approaches in
Fig. 1 are larger than the pure In,0; devices (10* and 0.3 AW ™).
Therefore, with optoelectronic figures of merit of PS = 4.1 x 10’
and R = 250 A W !, the R6G/InO, was identified as the best
performing phototransistor device from the various architectures.
In a comparison with optoelectronic figures of merit reported
from other phototransistors presented in Fig. 1 of,”® the R6G/
InO, device demonstrated in this work performs well, even with
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Fig. 5 Optoelectronic figures of merit (a) photosensitivity, and (b) responsivity.

print-patterned In,O; and R6G/InO, constituents. This result
suggests that R6G/InO, devices could be adapted to find
applications in large area optoelectronics such as large-area
photo- or X-ray sensors.

Persistent photoconductivity (PPC) is a phenomenon where
photo-induced current shift remains in metal oxide semi-
conductors even after the illumination event has ceased.'®
Fig. 6a reveals evidence for PPC in both In,O; reference and
R6G/InO, devices. Here, dashed lines indicate that the I, for
In,0; is 1.1 x 10~ "> Aat Vy = —2 V, and for R6G/InOy it is 5.9 x
10 '* A at Vy = —7.5 V. In response to 8 minutes illumination,
dotted lines in Fig. 6a illustrate how Iqay increases to fijgne 1.4 X
107'% A for In,0;, and 9.4 x 10~° A for R6G/InO,. Once the
illumination source is deactivated, there is gradual reduction
in Ligne towards Iy, for each device. Presence of defect states
in a metal oxide semiconductor material can influence PPC.

a) 108 Resin0, 300°C luminated state b)
*— oo
R6G/InO, 300°C
decay
109} .
e
— In,O5 illuminated state pray
< 4ot <
- _©
In,O5 decay
1 0—11 |
R6G/InO, 300°C dark state
In,O; dark state
10—12 | 2= == == s
l aaad, . ol

10" 10®  10°
Time since illumination (s)

Fig. 6
(b) Increased I4 of a R6G/INO, device in response to 3 V LED illumination at
30V, and 40 V in an attempt to decrease /4 back to dark state condition.
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For instance, oxygen vacancies (V,) in the In,O; film may
become ionized by incident photons to V," or V,'", forming
defect trap sites. Ionized V, generate electrons which cause the
energy of the defect states to increase towards the conduction
band of In,0;, leading to increased channel conductivity which
may be observed as PPC.*>* However, this explanation applies
to intrinsic In,O; and photoexcitation with sufficiently low
wavelength (< ~400 nm)."> Moreover, as the exact origin for
the PPC in oxide semiconductors and the mechanisms leading
to its decay are not fully understood,’ especially the contribu-
tion of dye-sensitization to the PPC remains, to a great extent,
unexplored.*

Fig. 6a shows that for both device types, the decay is not
sufficient for Iy to reach I, even after more than 3 days
(2.79 x 10° seconds) duration. This suggests that PPC might
influence the results shown in Fig. 4, by contributing a

1x107°
14
_|d
8x107"° Vieo
Pulse 13
6x107° =
_2 B
4x10°1° -
‘ 41
2x10710 ‘ /
Ll i '. 10
0 100 200 300

Time (s)

(a) Illumination induced drain current (/) shift from dark state to illuminated state, then gradual decay towards original dark state condition.

1.41 mW cm™~2, followed by sequential applied gate voltage pulses of 20 V,
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cumulative effect to shift in I. To investigate the extent of this
cumulative PPC effect, a R6G/InO, device was subjected to
sequential repeat measurements at 5 different illumination
intensities covering the range from Fig. 4. Results presented
in Fig. S10 (ESIf) show that higher light intensities of
141 UW cm™ 2 and 1410 uW cm 2 do cause a shift towards
more negative V,, with the effect appearing to saturate with
repeated measurements. However, as a single I/V measurement
was performed for each illumination condition in order of
increasing intensity on a single device to generate data for
Fig. 4, any cumulative effects are expected to be negligible.

One common strategy for alleviating PPC in oxide semicon-
ductors is by applying a positive V, pulse gathering electrons
towards the gate dielectric, to encourage recombination of
localized holes at ionized V, (V," and V,"") and achieve neutral
Vo /12937 Fig. 6b presents observed effects of a series of
3 second duration applied positive V, pulses on I of a R6G/
InO, device after excitation by high intensity (1.41 mW cm™?)
LED illumination (565 nm). The photo-induced exited state
resulting from 10 seconds illumination is around ljgne =
7 x 107'° A. The measured I decays to almost 5 x 107 '° A
during the 10 seconds after illumination is stopped. Then a
pulse of V, = 20 V is applied which reduces I3 to below
1 x 10, but is not sufficient to reduce I4 to the initial Igu
of around 1 x 10 ''. A second higher energy V, pulse of 30 V
reduces Iq to below that achieved using a V, pulse of 20 V,
however a third V, pulse of 40 V was required to force recombi-
nation and return the device to a condition similar to that of
initial dark state. It is known that sufficiently high electric field
in the form of V, pulse (>2 MV cm ') can be needed for
resetting of oxide phototransistors.">>® The need here for a
large electric field of ~4 MV cm™ " to erase the PPC, as observed
in Fig. 6b, could arise from the dye/InO, composite layer
residing on top of the device, thus further away from the
semiconductor-dielectric interface. Positive I3 creep follows
the V, pulses in Fig. 6b. This can likely be attributed to negative
bias stress where the measurement is undertaken using para-
meters of V4 =2 Vand V= —-15.5 V.

The device reset process for alleviating PPC facilitates reset-
table operation that could enable diverse applications including
wearable healthcare,®® displays,” or erasable photo memory,” as
outlined in a recent review article,'’ whereas the long retention
due to PPC could allow exploitation in personal dosimetry.*”

3. Conclusions

This work advances oxide phototransistors by exploiting phloxine
B (PB) and rhodamine 6G (R6G) organic dyes as photosensitizing
agents demonstrated to boost optoelectronic performance of
In,0; TFTs. The operation range was extended beyond the
typical UV/blue wavelength region for In,0;, to include green
light (565 nm). PB and R6G photosensitizing agents were
patterned by inkjet-printing both as an intrinsic layer of dye
material and as a composite with the dye encapsulated in an
InO, matrix. Optoelectronic properties were particularly improved

This journal is © The Royal Society of Chemistry 2022

View Article Online

Journal of Materials Chemistry C

by incorporating a R6G/InO, composite interlayer, which exhibits
photosensitivity of 4.1 x 10° and responsivity of 250 A W', The
observed persistent photoconductive state could be erased by
applying a positive gate voltage pulse. The solution-based deposi-
tion route for the composite photosensitizer material enables
additive patterning that would be challenging to realize using
sputtering deposition methods. Furthermore, print-patterning of
devices by inkjet process is a scalable patterning pathway towards
circuit integration of the phototransistor components and large
area fabrication. Potential opportunities that may be enabled by
this work include applications in imaging, dosimetry, biotechno-
logy and photo memory.

4. Experimental

In,O; precursor inks were prepared under nitrogen atmosphere
by dissolving indium nitrate hydrate (In(NOj3); x 2.5H,0,
Epivalence UK) in 2-methoxyethanol (anhydrous, 99.8%,
Sigma-Aldrich) to 0.2 M by stirring for 17.5 h at 75 °C, before
filtration through 0.2 pm polytetrafluoroethylene (PTFE) Acro-
disc, then finally adding 10 wt% of ethylene glycol (anhydrous,
99.8%, Sigma-Aldrich). For dye/In,O; composite inks, rhoda-
mine 6G (99%, Acros Organics) or phloxine B (85%, Biological
stain, Acros Organics) was added to In,O; precursor ink at
1 mg mL " and dissolved using vortex mixing. Dye inks were
prepared by adding 10 mg of rhodamine 6G (99%, Acros
Organics) or phloxine B (85%, Biological stain, Acros Organics)
into 10 mL ethanol (99.5%, ETAX, Altia Industrial) under
nitrogen atmosphere and dissolving with magnetic stirring at
RT, before adding 10 vol% ethylene glycol (Anhydrous, 99.8%,
Sigma-Aldrich) and stirring to mix.

For thermogravimetric analysis, dye powders were heated at
10 °C min~ ' ramp rate from 30 °C to 250 °C, 300 °C, or 500 °C in
nitrogen using a TA Instruments TGA Q500.

Table S2 (ESIt) summarizes the processing of samples spin
coated during this work. Prior to spin coating, glass substrates
were cleaned sequentially at 45 °C in an ultrasonic bath with
deionized water, acetone, and isopropanol. Cleaned substrates
were plasma-treated (1 min, 0.2 mbar, O,, 200 W, Diener Nano)
immediately prior to spin coating at 1500 krpm for 60 s
(Laurell, WS-400B6NPP/LITE). Spin-coated inks were thermally
treated on a hotplate in air.

For inkjet printing, In,O; and dye/In,O; composite inks
were mixed for 15 min, before filtration (0.2 pm PTFE) into a
piezoelectric cartridge (30 °C, DMC-11610) and inkjet patterned
onto plasma-treated surface (1 min, 0.2 mbar, O,, 200 W,
Diener Nano) from 7 adjacent nozzles (7 m s, 75 pm drop
spacing, 339 dpi) with a Fuyjifilm Dimatix DMP 2831 printer,
using a trapezoidal waveform. Printed inks were thermally
treated on a hotplate in air. In,0; was dried (15 min, 130 °C)
and then annealing (30 min, 300 °C). Dye blends were annealed
for 15 min at either 250 °C (PB/InO,), or 300 °C (R6G/InO,). The
pure dye inks were mixed for 10 min by stirrer table and then
loaded into a piezoelectric cartridge (DMC-11610, 10 pL) using
a 1.0 pm PTFE filter. Plasma treatment (12 s, 0.2 mbar, Ar,
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200 W, Diener Nano) was carried out on the In,03; TFTs for both
dyes (rhodamine 6G and phloxine B). For Rhodamine 6G dye
ink, one layer was printed from 2 adjacent nozzles (5 m s,
38 um drop spacing). After printing, the sample was heated
(15 min, 70 °C) on a hot plate for drying. For phloxine B dye ink,
two consecutive layers without time delay between two-layer
printing were printed from 4 adjacent nozzles (5 m s~ ', 38 um
drop spacing). The printed ink was thermally heated under
the same drying condition (15 min, 70 °C) as the printed rhod-
amine 6G dye ink. Both dye inks were inkjet printed with a
Fujifilm Dimatix DMP 2831 printer, using a trapezoidal waveform.

TFTs were fabricated with bottom-gate architecture
composed of 625 um thick p-type Si as gate electrode with
~100 nm of thermally grown SiO, dielectric and dual layer
inkjet-printed In,0; semiconductor as previously reported.*®
Dye/In,0; composite films were inkjet-printed as a single layer,
directly onto In,O; semiconductor of the same pattern. A
customized shadow mask enabled patterning of Al source/drain
electrodes (60 nm thick) by resistive evaporation, providing a
channel length of 80 pm (L) and width (W) of 1 mm (W/L ~ 12.5).

Optical profiling for obtaining surface roughness and film
thickness was performed using a Sensofar S Neox 3D profiler in
phase-shifting interferometry mode. Attenuated total reflection
Fourier transform infrared (ATR-FTIR) spectra were obtained
using a ThermoScientific Nicolet S50i with a Ge crystal and a
grazing angle ATR accessory (Harrick Scientific Products Inc.
VariGATR). Grazing incidence X-ray diffraction (GIXRD) was
performed with a 0.5° incidence angle, using a PANalytical
X'Pert PRO MRD and Cu K, X-ray source. Ultraviolet-visible
(UV-Vis) spectra were generated with an Avantes spectrophoto-
meter (AvaSpec-2048 x 14 USB2) and halogen source (AvaLight-
DHS), using glass substrate as a reference. Fluorescence
intensity was measured with a scanner (Amersham Typhoon
RGB, GE Healthcare) using an excitation laser wavelength of
532 nm, emission filter 570BP20, photo multiplier tube voltage
500V, and a pixel size of 200 pm. Fluorescence intensities were
analyzed using ImageQuant TL Toolbox version 8.1 software
(GE Healthcare). For each sample, fluorescence intensity was
calculated as an average value within the area shown by the
green rectangle (width 20 and height 18 pixels) in Fig. S5 (ESIt).
Representative area, e.g. an area without visible contamination
such as dust or tape on the sample backside, was chosen for the
analysis from each sample. Untreated glass sample acted as a
reference, and the fluorescence intensity differences of the
processed samples to untreated glass were calculated. Electrical
characterization of TFTs was performed with a Keithley 4200
SCS at room temperature in air. Photo measurements with
varying light intensity (0 yW cm ™2, 1.4 uW cm ™2, 4.2 uW cm ™2,
14.1 pW cm ™2, 42.3 pW em ™2, 141 pW cm 2, 423 pW cm™ 2 and
1.41 mW cm™ ) were performed using a green LED light source
at ~10.5 cm distance (565 nm nominal peak intensity with
104 nm bandwith, M565L3, Thorlabs). For results presented in
Fig. 4, Fig. S7 and S8 (ESIt), a 30 s time delay was applied
between sequential measurements. Samples were stored in the
dark overnight to recover from the excited illuminated state to
ground dark state.
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