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ABSTRACT: Fluorescence-based single-molecule detection has been
widely investigated and applied in biosensing and bioimaging due to its
ultrahigh sensitivity and specificity. However, bulky and expensive
commercial fluorescence microscopes are usually required. The Stokes
shift property of most commonly used fluorophores requires optical sets
such as dichroic mirrors and specific filters in the optical pathway before
a photodetector to eliminate excitation and scattering lights from the
fluorescence signals. The fluorescence signal collected by an objective is
further unavoidably attenuated, and the optical resolution is diffraction-
limited. Herein, a proof of concept of a lab-on-a-chip compatible
molecular sensor is shown by integrating upconversion nanoparticles
(UCNPs) and amorphous hydrogen-doped InGaZnO (InGaZnO:H)
thin-film phototransistor (IGZO:H TFTs) aiming to alleviate those
issues. Upon illumination with a 980 nm infrared light, the phototransistor shows no photocurrent without UCNPs but yields a high
photocurrent with UV−visible fluorescent light emitted from the UCNPs. The molecular detection is enabled by further involving
the Förster resonance energy transfer (FRET) mechanism, with the UCNPs as donors. The photocurrent falls back to its original
low level when biotinylated gold nanoparticles are added to selectively bind and quench the UCNPs via biotin−streptavidin
coupling. Each UCNP shows an estimated photocurrent-to-dark current ratio of 103 and each biotinylated gold nanoparticle causes
at least 1 order of magnitude decrease of the photocurrent. Our integrated setup presents a promising platform for further
development toward an optoelectronic biosensor capable of single-molecule detection.
KEYWORDS: α-IGZO thin film, phototransistor, upconversion nanoparticles, Förster resonance energy transfer, specific biosensing

■ INTRODUCTION
Photodetectors such as photomultiplier tubes or charged-
coupled device cameras in the visible light region have been
widely adopted in fluorescence microscopes and spectrometers
for biosensing and bioimaging. In these systems, the excitation
light and scattering lights have higher photon energy than the
emission fluorescence signal due to the inherent Stokes-shift
(downconversion) property of most commonly used fluo-
rophores. Consequently, achieving a high signal-to-noise ratio
(SNR) necessitates the inclusion of objectives, dichroic
mirrors, and specific filters in the optical path to eliminate
excitation and scattering lights from the fluorescence signal.
However, having these elements in the optical pathway, as well
as the objective for collecting fluorescence signals, unavoidably
leads to partial attenuation of the fluorescence signal and
diffraction-limited optical resolution. Additionally, fluorescence
microscopes or spectrometers are usually bulky, complicated,
and expensive, needing a special installation environment and
trained operators. To address these limitations and enable
direct fluorescence signal detection with a photodetector,

utilization of fluorophores with the anti-Stokes shift
(upconversion) property can be viable.
Upconversion nanoparticles (UCNPs) are unique fluoro-

phores with a range of advantages, including anti-Stokes shift,
high SNR, high photostability, good biocompatibility, and high
penetration depth into tissues over other fluorophores like
quantum dots, organic dyes, and fluorescent proteins.1−5 By
name, UCNPs can absorb near-infrared (NIR) light and emit
visible or even ultraviolet light due to the inherent ladder-like
and metastable excited states. This unique feature of UCNPs
makes them an ideal choice to be directly integrated with
photodetectors for high SNR but without any other optical
components. With this setup, the emitted visible light from
UCNPs can generate photocurrents in the photodetectors,
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while the NIR excitation light with lower energy than the band
gap of the semiconductor channel of the photodetectors
cannot activate the phototransistors. Moreover, the nonlinear
optical process of UCNPs can be excited at relatively low
excitation power density of continuous-wave (CW) lasers,
unlike the upconversion generated by simultaneous absorption
of multiphotons requiring a high excitation power density from
pulsed lasers.5−8

A dense layer of UCNPs has been combined with
graphene,9,10 graphene/GaAs,11 MoS2,

12−15 quantum dots,16

perovskites,17,18 carbon nanotubes,19 and silicon20 photo-
detectors to extend their spectral response to the NIR region.
But for highly sensitive and specific biosensing, only one
UCNP is ideally needed per photodetector. Single UCNP-
based biosensing for DNA, RNA, proteins, and biomarkers can
be achieved via the Förster resonance energy transfer (FRET)
mechanism.21,22 The FRET process describes the nonradiative
energy transfer from a donor fluorophore to an acceptor
fluorophore or a quencher to accomplish the sensing task; the
efficiency of FRET is sensitively dependent on the spectral
overlap, the amplitude of scalar product, and the distance
(usually within 10 nm) between the donor and acceptor
fluorophores, thereby enabling near-field optics. Thus, the
fluorescence intensity change of the UCNP could indicate the
analytes.
Phototransistors (TFTs) based on amorphous InGaZnO (α-

IGZO) thin films with unique high and isotropic electron
mobility (>10 cm2 V−1 s−1) have been widely applied in
biosensors, large-area display, memory, and neuromorphic
electronics.22−32 As for sensor applications, α-IGZO TFTs
have been explored as ion-sensitive field-effect transistors
(ISFETs) or electrolyte-gated field-effect transistors.29−31 For
such ISFET applications involving electrolytes, a bulky
reference electrode is required.33 Furthermore, ions as well
as charges on DNA and protein molecules that lie beyond the
so-called Debye length cannot be reproducibly detected by the
ISFET method irrespective of the type of semiconductor
channel used.34 Concurrently, research interest in applying α-
IGZO TFTs as phototransistors has sharply increased during
the past decade.32 A phototransistor is immune to the Debye
screening effect because it has optical input signals and
electrical output signals. However, the wide band gap (>3.0

eV) of pristine α-IGZO films limits its absorption of visible
lights. Recently, hydrogen plasma doping has been used to
generate subgap states in the α-IGZO film, i.e., α-IGZO:H, to
enable visible light detection and boost its electrical perform-
ance.35−39

In this work, we demonstrate the proof of principle of an
integrated biosensor based on the novel combination of (i)
UCNP conjugated affinity probes, thus providing anti-Stokes
shifted fluorescence, (ii) FRET-induced fluorescence quench-
ing mediated by Au nanoparticles conjugated analyte, and (iii)
phototransistors with submicron-sized source and drain
contacts to an ultrathin α-IGZO:H film, i.e., IGZO:H-TFTs,
to detect the fluorescence emission and the quenching signal
from (i) and (ii), respectively. The detection is characterized
by a high photocurrent-to-dark current ratio of 105 with about
one hundred UCNPs between the source and drain electrodes.
The fabricated chip, each featuring an array of IGZO:H-TFTs,
is wire-bonded and mounted onto a custom-designed printed
circuit board (PCB) for optoelectronic measurements.
Streptavidin-conjugated UCNPs (SA-UCNPs) are immobi-
lized by simple drop-casting above the IGZO:H-TFT channel
regions between the source and drain electrodes. Further,
proof of concept biosensing is presented where a representa-
tive phototransistor successfully detects the FRET signal
between the donor (SA-UCNPs) and the quencher, i.e.,
biotinylated gold nanoparticles. This proof of concept
integration of IGZO:H-TFTs, UCNPs, and FRET is promising
for the development of a sensitive, inexpensive, and portable
optoelectronic biosensor platform for single-molecule detec-
tion. This integration intends to draw on the attractive features
of α-IGZO films including large-area deposition capability at
low temperatures, homogeneous and highly reproducible
electronic properties, and direct-band gap nature with low
dark current and high photocurrent efficiency.22−32

■ RESULTS AND DISCUSSION
The working principle for specific molecular detection and the
key steps of the concept are illustrated in Figure 1. After the
fabrication of IGZO:H TFTs and surface functionalization, the
SA-UCNPs are immobilized between the source and drain
electrodes of the IGZO/H-TFTs. By biasing the IGZO:H-
TFTs in their “OFF” state, the proof of concept is finally

Figure 1. Concept of the integration of IGZO:H-TFTs with UCNPs and FRET to realize sensitive and specific molecular detection. The SA-
UCNPs are immobilized between the source and drain electrodes after surface functionalization. Changes in the photocurrent of the TFT are
caused by the successive additions of SA-UCNPs and biotin-AuNPs.
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demonstrated by first turning them “ON” with the UV-blue
lights from the immobilized SA-UCNPs and then turning them
“OFF” by quenching the SA-UCNPs via FRET with the
addition of biotin-AuNPs. The following sections describe
these steps in detail.
Validation of FRET between SA-UCNPs and biotin-AuNPs
The quenching effect of the biotin-AuNPs on the SA-UCNPs
was confirmed by using a commercial scanning confocal
fluorescence microscope. The experiments were carried out on
a silicon wafer with a 100 nm thick thermally grown SiO2 layer,
see Figure 2a. To immobilize the SA-UCNPs, the SiO2 surface
was functionalized with biotinylated poly(L-lysine)-grafted-
poly(ethylene glycol) (PPB) copolymer via electrostatic
interaction. The poly ethylene glycol (PEG) in the PPB
monolayer reduces the nonspecific adsorption of other
proteins,40 while the PPB monolayer itself specifically captures
the SA-UCNPs through the well-known biotin−streptavidin
coupling. Upon excitation by a 980 nm pulsed laser, the
immobilized SA-UCNPs on the surface emitted strong blue
and violet lights; see Figure 2b(i). The fluorescence from SA-
UCNPs was completely quenched after adding biotin-AuNPs
that are about 2 nm in diameter; see Figure 2b(ii). To further
confirm that the disappearance of fluorescent signals is due to
quenching rather than other effects, imaging under a scanning
electron microscope of the same area was performed after
fluorescence imaging. The SEM image of the SA-UCNPs
(Figure 2c) correlates well with the fluorescence image [Figure
2b(i)], which validates the success of surface functionalization
and subsequent immobilization of SA-UCNPs. A zoomed-in
image even reveals the biotin-AuNPs captured on a single SA-
UCNP, lower-left frame in Figure 2c. The quenching effect of

biotin-AuNPs on SA-UCNPs agrees with other published
reports and is due to the FRET process between the SA-
UCNPs and biotin-AuNPs.41,42 The streptavidin−biotin pair
brings the UCNPs and AuNPs close and the wide absorption
spectrum of the AuNPs overlaps with the emission peaks of the
UCNPs.41,42

Fabrication of IGZO:H-TFTs and Integration with Colloidal
SA-UCNPs
Sensor chips featuring arrayed IGZO:H-TFTs were designed
and fabricated based on silicon technology. A schematic of the
device structure is shown in Figure 3a. Details of the
fabrication are presented in the section Device Fabrication.
To increase the stability of the electrical performance of the
phototransistors for measurements both in air and in liquid, a
30 nm thick Al2O3 passivation layer was grown by means of
atomic layer deposition (ALD) on top of the α-IGZO:H film
(see Figure S1).43,44 An IGZO:H-TFT with a channel of 500
nm in length and 500 nm in width, defined by the dimensions
of the source and drain electrodes, was first measured in the
dark. It is characterized by a maximum on-to-off current ratio
(Ion/Ioff) of 109, subthreshold swing (SS) of 0.3 V/decade,
threshold voltage (Vth) of +2.0 V, and saturation mobility
(μsat) of 31.3 cm2/(V s) (see Figure S2).23−25 The large SS and
Vth values mainly result from the very thick back SiO2 gate
dielectric used.45

To immobilize the colloidal SA-UCNPs on top of the
IGZO:H-TFT channel, the surface of the Al2O3 passivation
layer was functionalized with PPB. The colloidal SA-UCNPs
were subsequently captured onto the functionalized Al2O3
surface above the channel region between the source and
drain electrodes, see Figure 3a,b. Some UCNPs were found

Figure 2. Validation of FRET between SA-UCNPs and biotin-AuNPs based on a commercial fluorescence microscope. (a) Schematic of the FRET
process between SA-UCNPs and biotin-AuNPs. The microscope schematic was created using BioRender.com. (b) Fluorescence images of SA-
UCNPs before (left) and after (right) incorporating biotin-AuNPs, scale bars: 2 μm. (c) Top-view SEM image of the same area as in (b) after
adding biotin-AuNPs and then washing where the zoom-in lower-left frame marked with the red rectangle shows several AuNPs conjugated on a
single UCNP.

Figure 3. Characterization of IGZO:H-TFTs. (a) Schematic cross-section of an IGZO:H-TFT with an SA-UCNP immobilized on top of the Al2O3
layer between the source and drain electrodes after surface functionalization. (b) Top-view SEM image of a fabricated device after dispersing
UCNPs. (c) Top-view current contour between the source and drain electrodes in (b) by TCAD simulation.
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along the periphery of the channel area, and they could also be
excited due to the large size of the incident laser spot with a
Gaussian distribution in intensity (∼30 μm in diameter). As
the α-IGZO:H thin film was not etched into well-defined

channels for the TFTs, a concern thus arises from the potential
contribution of the UCNPs lying outside the effective channel
area defined by the region in between the electrodes (see
Figure 3b). We, therefore, performed TCAD simulation of the

Figure 4. Photoresponse of the IGZO:H-TFTs. (a) Schematic of an IGZO:H-TFT measured on a probe station with the irradiation of 532 nm
light. The schematics of probes, the objective, and the laser source were created using BioRender.com. (b) Transfer characteristics of the IGZO:H-
TFT measured in air in the dark (black curve), under a 532 nm CW laser irradiation (red curve), and after turning off the light (blue curve), all at
source-drain voltage Vd = 10 V.

Figure 5. (a) Schematic of the integrated optoelectronic measurement setup including a μPL microscope-based optical system and electrical
measurement setup. The schematics of the 980 nm laser, mirrors, the objective, and the EMCCD were created using BioRender.com The IGZO:H-
TFT sensor chip is wire-bonded onto a chip carrier soldered on a custom-designed PCB. Photoresponse of IGZO:H-TFTs. (b) Transfer
characteristics of an IGZO:H-TFT without PPB functionalization at different steps to show the integration of IGZO:H-TFT with UCNPs. (c)
Transfer characteristics of a different IGZO:H-TFT yet of identical geometry with that in (b) but with PPB functionalization to demonstrate the
entire process including incorporation of biotin-AuNPs as the final step. The devices were measured both in dark and under 980 nm light
illumination.
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current distribution between the source and drain electrodes of
an IGZO:H-TFT with a gap distance of 500 nm in length and
200 nm in width (Figure 3c). The simulation shows that the
current flows between the source and drain with very limited
side spread, i.e., the current density decays exponentially from
the central line of the channel to the outside (in perpendicular
to the current flow direction). Specifically, it drops to 1/e of its
highest value along the central line of the channel at around
100 nm away. The fraction of the current flowing outside this
border only amounts to maximumly 37% of the total current.
Therefore, the emitted light from the UCNPs lying 100 nm
away from this central line would have a negligible
contribution to the photocurrent by also considering the
near-zero radiation angle between the α-IGZO:H film and the
outlying UCNPs.
FRET Characterization on IGZO:H-TFTs

The photoresponse of the IGZO:H-TFT without UCNPs was
first investigated by irradiating an IGZO:H-TFT directly with a
532 nm green diode laser on the probe station hosting the
chip; see Figure 4a. The measured transfer characteristics (i.e.,
drain current IDS vs gate voltage VG) of the device confirm the
visible-light detection capability of the IGZO:H-TFT, see
Figure 4b.
The PCB-mounted chips with immobilized SA-UCNPs were

subsequently characterized using a semiconductor parameter
analyzer and a microphotoluminescence (μPL) system (see
Figure 5a and the Optoelectronic Characterization section for
details). For measurements in liquid, a PDMS container was
mounted on top of the chip. The μPL system was used to align
the laser spot with the transistor channel and verify the
fluorescence signals of the UCNPs by the EMCCD camera and
the spectrometer during the measurements. All transfer
characteristics were measured at a constant VD = 10 V to
put the device in its saturation mode, see Figure S2.
As expected, excitation by the 980 nm laser does not

generate any photocurrent in the IGZO:H-TFT in the absence
of UCNPs (red curve in comparison to black curve in Figure
5b). After immobilization of SA-UCNPs but measured in the
dark, appreciable modifications of the transfer characteristics
are observed (blue curve in comparison to black curve in
Figure 5b). These modifications are likely caused by surface
adsorption of ions in the electrolyte carrying the SA-UNCPs,
thereby altering the surface potential of the IGZO:H-TFT.
Upon excitation with the 980 nm NIR CW laser, the UCNPs
emit ultraviolet and blue light causing an anticipated negative
shift of Vth (green curve in comparison to the blue curve in
Figure 5b). The successful operation of the integrated UNCPs-
IGZO:H-TFT yet with a limited response prompted the
characterization of the entire concept. Thus, after surface
functionalization with PPB to enhance the immobilization of
SA-UCNPs, another (yet geometrically identical) IGZO:H-
TFT shows a much stronger photoresponse when illuminated
with the 980 nm NIR CW laser; the off-state branch of the
transfer characteristics below VG = 0 V is substantially raised
from its reference level obtained without illumination (green
curve in comparison to black curve in Figure 5c). This raised
branch falls back to the original level when biotin-AuNPs are
drop-casted to the chip surface (blue curve in comparison with
black curve in Figure 5c), thereby not only validating the
FRET-based quenching effect but also proving the concept of
high-specificity detection based on the sensor setup in Figure
5a.

Photoconductive and photogating effects can generate the
photocurrent of phototransistors.32,45 The former refers to the
photocurrent increase due to the increased channel con-
ductivity by photogenerated excess carriers. The latter is
typically manifested with a Vth shift caused by the photo-
generated carriers being trapped in localized states or present
at the interface between the gate insulator and the channel, as
illustrated by the band diagram of the device in Figure S3. The
device in Figure 5b without the PPB functionalization has
fewer UCNPs than those on the device in Figure 5c (Figure
S4). As a result, lower visible light intensity is expected for the
device in Figure 5b, resulting in generation of fewer electron−
hole pairs (EHPs) sufficient for the observed Vth shift, i.e., the
photogating effect dominates. For the device in Figure 5c with
a larger number of UCNPs due to the PPB surface
functionalization generating a significantly larger concentration
of EHPs, the channel conductivity is also enhanced in addition
to a Vth shift, i.e., the photoconductive effect governs. The
initial Vth difference between the two IGZO:H-TFTs in Figure
5b,c is possibly due to the positive charge of PPB.46 Different
times and intensities of the unavoidable white light-emitting
diode illumination while aligning the 980 nm laser beam with
the channel may also affect.36

Figures of merit of the IGZO:H-TFTs can be calculated in
accordance with the equations below

PR

I I

A
P

A

light dark

W L

spot

= ×

(1)

I I

I
PS

light dark

dark
=

(2)

D
qJ

PR
2 dark

* =
(3)

where, PR, PS, and D* represent photoresponsivity, photo-
sensitivity, and detectivity, respectively.36 AW×L is the IGZO
channel size (300 × 1000 nm) between the source and drain
electrodes of the device in Figure 5c, P the incident laser power
density, Aspot the laser spot area, Jdark the dark current density,
and q the elemental charge. It is assumed that the shot noise
from the dark current dominates while calculating D*. The
calculation shows that the IGZO:H-TFT with UCNP and PPB
is characterized by PR = 54.2 mA/W, PS = 105, and D* = 9.6
× 106 Jones at a gate voltage biased at −25 V with a power
density of 980 nm laser about 4 × 103 W/cm2 according to
Figure 5c. These parameters are highly dependent on the
number of UCNPs between the source and drain electrodes.
Usually, a dense layer of UCNPs is combined with photo-
detectors to increase their spectral response.9−20 However, for
a photodetector-based biosensor with high sensitivity, only a
few UCNPs or even a single UCNP is desired as a bioreceptor
between the source and drain. Therefore, these parameters are
incomparable with those from reports using a dense layer of
UCNPs. In our work here, around 100 UCNPs were found to
remain between the source and drain electrodes of the
IGZO:H-TFT after the optoelectronic measurements in Figure
5c (see Figure S4). Hence, it is reasonable to estimate that
each UCNP may have a photocurrent-to-dark current ratio of
∼103. Furthermore, each UCNP could at most capture ∼100
biotin-AuNPs and complete the quenching (Figure 2c). Thus,
each biotin-AuNP may cause at least 1 order of magnitude
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decrease of the photocurrent, thereby holding promises for
single molecule detection.
The UCNPs were photostable. We measured the PL

intensity of a single UCNP over a 100 s duration, and it was
photostable without displaying any tendency of photobleach-
ing, see Figure S5d. The optoelectronic measurement was
performed 1 day after loading the UCNPs on the chip,
validating that the UCNPs and the IGZO:H TFTs were stable
for storage for at least 24 h. However, it is challenging to reuse
them after adding AuNPs to the container. Regeneration of the
devices can be desirable, but it lies outside our focus here.
Regarding repeatability, the IGZO:H TFTs from different
batches (the ones in Figures 5b−c, S1 and S2) had similar
transfer curves measured in the dark without UCNPs.
Moreover, the PPB on the surface of Al2O3 is judged uniform,
which was indicated by the satisfactorily uniform SA-UCNPs
on the PPB-functionalized Al2O3 surface in a larger view, see
Figure S6. However, it should be noted that the number of
UCNPs between the source and drain electrodes can vary due
to aggregation of UCNPs, preparation of the UCNP solution,
and the way of sample loading. The optical response of the
device is sensitive to the number of UCNPs between the
source and drain electrodes.
For ultimate single-molecule detection, selective surface

functionalization could be combined with nanostructures to
site-specifically immobilize a single UCNP per phototransistor.
The UCNP and FRET-based detection can be further applied
for various analytes such as ions, DNA, or proteins with this
setup in the future. Other photodetectors, which detect visible
light but not NIR light, can also be used for the integration
with UCNPs and FRET for molecular detection. For
application scenarios such as a portable sensing device, a 980
nm CW diode laser with sufficient power density, a
microfluidic system for analyte delivery, and an integrated
circuit for supplying and processing electrical signals can be
integrated with our phototransistor chip.

■ CONCLUSIONS
A novel highly sensitive optoelectronic sensor chip featuring an
α-IGZO:H-based TFT photodetector has been realized. The
concept combines FRET-assisted quenching of fluorescence
from upconversion nanocrystals to design a compact yet highly
scalable optoelectronic molecular sensor. The IGZO:H-TFTs
with submicrometer channel size and visible light detection
ability were designed and fabricated with standard silicon
technology. Colloidal SA-UCNPs were drop-casted and
immobilized on the TFT-channel after functionalizing the
Al2O3-passivated channel with PPB. A high ratio of photo-
current to dark current was achieved at a negative gate bias
under 980 nm NIR light illumination due to the unique anti-
Stokes shift property of the UCNPs. Biotin-AuNPs were
shown to completely quench the emission of SA-UCNPs via
FRET. The FRET-based quenching effect was confirmed by
the sharp photocurrent drop of the IGZO:H-TFT.

■ METHODS

Fluorescence Imaging of UCNPs on the SiO2−Si Substrate
To facilitate navigation and focus under the microscope, gold grid
markers with a thickness of 40 nm were first fabricated on a thermally
oxidized silicon substrate featuring a 150 nm thick oxide layer. These
markers were produced by using electron-beam lithography (EBL),
followed by evaporation and lift-off processes. Subsequently, the
substrate underwent an oxygen plasma treatment for surface

functionalization. A custom-made PDMS container with a diameter
of 7 mm was used to apply 100 μL of 1 mg/mL PLL-g-PEG-biotin
onto the substrate. Then, 100 μL of 20 μg/mL SA-UCNPs (NaYF4,
Yb: Tm@NaYF4, Ruixibiotech, China) was added to the PDMS
container and incubated for 1 h to immobilize the SA-UCNPs. These
SA-UCNPs are core−shell type nanoparticles, with diameters ranging
from 30 to 40 nm, an excitation peak at 980 nm, and emission peaks
centered at 365 and 470 nm (see Figure S5). After thorough washing
with 1× phosphate-buffered saline and drying with nitrogen gas, the
single SA-UCNPs were characterized using a commercial scanning
confocal-based multiphoton microscope (Zeiss LSM 710) equipped
with a mode-locked Ti/sapphire pulsed laser (Mai Tai HP, 80 MHz
repetition rate and <100 fs pulse width). Fluorescence images of the
SA-UCNPs were taken in the same area on the substrate, guided by
the gold grid markers, both before and after the addition of biotin-
AuNPs. After a 30 min incubation period, the unbound AuNPs were
washed away with deionized (DI) water. Imaging parameters included
a 20×/1.0 NA objective, 5.85 mW average laser power, 21 × 21 μm
scanning area, 208 × 208 pixels resolution, 9.5 s/frame, averaging over
4 frames, main beam splitter at 760, 371−500 nm emission filter, and
a photomultiplier photodetector with 10× digital gain.

Device Fabrication

The fabrication of TFTs with staggered-type α-IGZO:H channels
began with the thermal oxidation of p+-silicon substrate wafers,
resulting in a 120 nm thick SiO2 layer as the gate insulator. The
substrate functioned as the back gate following oxide etching from the
backside and the sputtering of a 100 nm thick aluminum layer to form
the back-contact. A 40 nm thick α-IGZO film was then sputter-
deposited in Ar/H2 plasma to create the α-IGZO:H layer on the front
side of the wafers.36 Next, a bilayer structure consisting of a 5 nm
thick Cr adhesion layer and a 40 nm thick Au metallization layer was
patterned as the source and drain electrodes on top of the α-IGZO:H
layer using EBL, evaporation, and lift-off processes. Specifically, the
PMMA-A4 electron resist (MicroChem, Germany) was spin-coated at
6000 rpm and soft-baked at 180 °C. EBL (nB5, NanoBeam, UK) with
a 2 nA current and 80 kV accelerating voltage was utilized to write
patterns for the source and drain electrodes. The pattern was
developed in a 1:3 mixture of methyl isobutyl ketone (EMD
Millipore, Germany) and isopropanol for 40 s, then rinsed in DI
water for 1 min. Sequential evaporation of a 5 nm thick Cr film and a
40 nm thick Au film was conducted by electron beam evaporation
(Kurt J. Lesker PVD 75, Germany), followed by a lift-off process in a
heated acetone bath.

To create signal lines and large contact pads for wire bonding, UV-
5 resist (0.8, Microresist, Germany) was used for a second EBL step
to reduce writing time due to its much lower dose requirement
compared to that of PMMA resist. After exposure and development in
MF-CD26 solution (SPEC EM, Switzerland) for 70 s, the Cr/Au
evaporation and lift-off processes were repeated. To protect device
performance from moisture or oxygen and mitigate leakage between
the α-IGZO:H layer and liquids during subsequent electrical
characterization in electrolytes, a 30 nm thick Al2O3 passivation
layer was deposited on top of the channel region, electrodes, and
metallization leads using ALD (Picosun R200, Finland) at 180 °C
with a glass shadow mask. The fabricated chip was wire-bonded onto
a chip carrier (LCC04420, Spectrum, United States) that was
presoldered onto a custom-designed PCB. Wire bonding was
manually executed with Au wires and silver paste (Sigma-Aldrich,
Sweden).

TCAD Simulation

The current distribution (Figure 2c) was simulated by using the
Synopsys Sentaurus three-dimensional TCAD simulation tool. The
IGZO material was approximated by using n-doped silicon with an
electron concentration of 1016 cm−3.47,48 Ideal ohmic contacts were
assumed, with a source-drain voltage of 10 V and a gate voltage of 0
V.
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Optoelectronic Characterization
The fabricated IGZO:H-TFTs were first tested for visible light
responsiveness using a 532 nm green diode laser mounted on a
semiconductor probe station, supported by a B1500A semiconductor
analyzer (Keysight, United States).

The chip on a PCB connecting a semiconductor parameter analyzer
(Hewlett-Packard 4155A, United States) was integrated with a μPL
microscope system (Zeiss Axio Observer Z1, Germany) comprising a
980 nm CW laser (Thorlabs, L980P030, United States), a
thermoelectrically cooled EMCCD camera (Andor iXon3 888,
Northern Ireland), and a spectrometer (Andor SR500, Northern
Ireland) to facilitate optoelectronic characterization of the TFTs in
electrolytes. A short-pass 720 nm emission filter (Semrock, FF01−
720/SP-25) was utilized before the EMCCD. A 100×/0.73 NA air
objective (Nikon, Japan) was employed to focus the laser beam on the
chip in bright-field mode with a power density of approximately 4 ×
103 W/cm2 to both excite the UCNPs and collect photoluminescence
signals. The gate voltage for the TFTs swept from −30 to +30 V with
a fixed source-drain voltage of 10 V. The SA-UCNP solution was
diluted in DI water and drop-casted onto the chip in a custom-made
PDMS container.
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