Open Access Article. Published on 05 November 2019. Downloaded on 4/1/2026 3:57:22 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale
Advances

ROYAL SOCIETY
OF CHEMISTRY

View Article Online

View Journal | View Issue,

i ") Check for updates ‘

Cite this: Nanoscale Adv., 2019, 1, 4870

Received 19th September 2019
Accepted 4th November 2019

DOI: 10.1039/c9na00592g

High performance indium oxide nanoribbon FETs:
mitigating devices signal variation from batch
fabricationfy
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Nanostructured field effect transistor (FET) based sensors have emerged as a powerful bioanalytical
technology. However, performance variations across multiple devices and between fabrication batches
inevitably exist and present a significant challenge holding back the translation of this cutting-edge
technology. We report an optimized and cost-effective fabrication process for high-performance indium
oxide nanoribbon FET with a steep subthreshold swing of 80 mV per decade. Through systematic
electrical characterizations of 57 indium oxide nanoribbon FETs from different batches, we demonstrate
an optimal operation point within the subthreshold regime that mitigates the issue of device-to-device
performance variation. A non-linear pH sensing of the fabricated indium oxide nanoribbon FETs is also

rsc.li/nanoscale-advances presented.

Introduction

Nanostructured FET based sensors have attracted extensive
attention in chemical and biological sensing because of their
direct signal transduction, exquisite sensitivity, and point-of-
care integration capability."™ Preferred materials for nano FET
sensors construction include silicon (Si),>® oxide semi-
conductors,’** III-V materials,”** and carbon based mate-
rials.***®* While Si-based nanoFETs (e.g. nanowires and
nanoribbons) have been studied extensively,>”'*?* significant
recent research has focussed on semiconducting metal oxides
towards better device performance and more scalable fabrica-
tion.*****?¢ Of the studied oxides, In,O; displays excellent
features for sensing applications. For instance, excellent
sensing performance for nanoscale In,O; based FET sensors
has been demonstrated for different bio/chemical/gas sensing
applications.’*»*%>%*” Importantly, economical fabrication
processes are available for nanoscale In,O; FETs in large scale
regardless of their substrate types (hard® or flexible?*?°
substrates). This makes In,0; FETs readily compatible with
point-of-care and wearable applications that typically require
cost effectiveness in addition to the sensor's performance. In
addition, the availability of high quality, commercial In,O;
target and the fact that In,O; does not require impurity doping
and dielectric isolation significantly simplify the fabrication
process as well as the quality control. Finally, In,0; is a wide
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bandgap material (bandgap of 3.6 eV)***' and its electrical
properties are much less affected by ambient temperature
changes and visible light compared to that of low bandgap
materials.>>** Although this remains to be experimentally veri-
fied, this feature is advantageous for the devices' translational
implementation as well as simplifying the development of
readout units.

Despite the great promises of nanoFET sensing technology,
substantial device-to-device performance variations are inevi-
table and represent a significant limiting factor towards large-
scale manufacturing. In order to mitigate device-to-device
signal variations, a few approaches have been explored,
including using mathematical calibration,®® and predicting
structural defects using optical methods.**** Yet to date there
has been no systematic studies elucidating how device opera-
tion conditions affect device-to-device signal variation. To
address this important translational question, we first devel-
oped an optimized and cost-effective batch fabrication of In,0;
nanoribbon (NR) FETs which yielded excellent device's perfor-
mance and structural uniformity. Utilizing only conventional
microfabrication techniques (i.e. sputtering, photolithography),
a remarkably low subthreshold swing (SS) of 80 mV per decade
has been achieved for the In,O; NR FET devices. A stringent set
of quality control criteria (thickness uniformity, thin film
surface roughness, material purity, and structural dimension
uniformity) has been established in order to enable the repro-
ducible and high-yield fabrication of device with high unifor-
mity and excellent performance. Building on this optimized
fabrication process, we then systematically characterized and
analysed electrical signals to determine the optimal operating
condition and suppress device-to-device signal variation.
Normalized drain currents (I/I;) from 57 In,O; NR FETs from
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three different batches showed that devices had consistently
higher signal resolution when operated in the subthreshold
regime compared to linear regime operation. Moreover,
subthreshold operation significantly suppressed device-to-
device signal variation by at least two folds. Finally, the
sensing capability of the fabricated In,O; NR FETs was
demonstrated with non-linear pH sensing from pH 4.0 to 10.0.
Altogether, this study demonstrates the benefits of operating
In,0; NR FET devices under their optimum operating condi-
tions in order to maximize the performance across devices
fabricated at the wafer-scale.

Experimental
Device fabrication

In,03;, Au and Cr sputtering targets (99.99% purity) were
purchased from Plasmaterials, Inc (US). AZ5214E and SU8 3005
photoresists and developers were obtained from MicroChem
(US). Si wafers with 300 nm of thermal SiO, were purchased
from University Wafer (US).

Briefly, the In,O; NR FET fabrication process is illustrated in
Fig. 1. Starting with a 4-inch Si wafer substrate with 300 nm of
thermal SiO, on top (Fig. 1a), the first image reversal photoli-
thography process using AZ5214E photoresist (details are in
ESIt) and the first photomask were applied to define the lateral
dimensions (3.7 um wide and 14 pm long) of In,0O3; NRs. Next,
In,0O; NR structures were realized by a lift-off process using
radio frequency (RF) sputtering (Edwards TF500 sputter coater,
UK) (Fig. 1b). Another lift-off step was used to pattern electrical
contact lines, source, drain and on-chip integrated gate elec-
trodes using stack of 15 nm Cr/100 nm Au (Fig. 1c). A final
photolithography step with SU8 3005 photoresist was carried
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Fig. 1 Fabrication process of In,Oz NR FETs with on-chip integrated
electrode. (a and b) Pattern of In,O3z nanostructure on the SiO,/Si
substrate after the first photolithography step, In,Oz deposition and
lifting off; (c) define metallization feed lines, source, drain and on-chip
integrated gate electrodes using Cr/Au lift-off; (d) device passivation
with SU8 photoresist with open sensing area, integrated gate elec-
trode and bonding pads; (e) packaging the In,Os NR FET sensor into
DIP 24 ceramic carrier.
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out to form a passivation layer while opening a 10 pm sensing
window over the In,O; NRs as well as at integrated gate elec-
trode areas (Fig. 1d). The wafers were finally diced into indi-
vidual chips (W x L: 28.0 x 8.9 mm). Each chip has 4
independent In,O; NR FETs connected separately to their
source-drain electrodes and integrated electrode. For handling
purpose, a dual in-line package (DIP-24) has been used to
package the chip (Fig. 1e). The entire measurements were per-
formed within a customised Faraday box (W x L: 20 x 30 cm)
connected with a semiconductor analyser Keysight 2902A (US).

Device characterizations

In,O; NRs thickness and surface roughness were measured
using atomic force microscopy (AFM, Veeco Multimode 8
microscope). Wafer-scale thickness mapping of the sputtered
In,O; thin film was carried out using ellipsometry (J. A. Wool-
lam, US). Scanning electron microscopy (SEM) imaging of the
In,0; nanoribbons was conducted with a GEMINI II SEM (Zeiss,
Germany). Percentages of indium in the sputtered In,O; thin
film were measured using a Kratos X-ray photoelectron spec-
troscopy (XPS, Japan). Gate bias was applied from the liquid
front gate via on-chip integrated Au electrodes immersed in
phosphate buffer saline (1x PBS, pH 7.4, electrical conductivity
15.5 mS ecm ™ '). In,O; NR FETs were first washed thoroughly
with acetone, propanol-2, deionized water, dried under N, gas
and treated with UV-ozone for 1 hours to remove any residual
contaminants prior characterizations.

After cleaning, pH measurements were carried out on un-
functionalized In,0; NR FETs. The sensors were exposed to
a solution of specific pH and allowed 5 min to establish equi-
librium. The transfer curves for the devices were obtained from
subthreshold to max g, and over to saturation regions by
scanning Vgs from 0-1.5 V. The devices were washed thoroughly
with deionized water and dried with a N, stream prior to each
measurement. We extracted drain current, I, from the transfer
curves at Vgg = 0.20 V (subthreshold), Vgs = 0.65 V (max gp,),
and Vgg = 1.00 V (saturation) for different pH solutions. In all
pH sensing experiments and transfer characterization, Vg was
fixed at 0.7 V in the saturation region of the drain voltage.

Results and discussion

Fabrication of In,O; NR FETs, influence of nanoribbon
thickness on device performance, and structural uniformity
characterization

In the first part of this work, we designed and optimized a wafer-
scale process for the fabrication of highly uniform In,O; NR FET
devices with excellent electrical performance. Fig. 2a shows
a photographic picture of a 4-inch SiO,/Si wafer containing 22
In,O3; NR FET chips. Each chip has 4 independent NRs with
corresponding on-chip integrated Au gate electrodes allowing
multiplex sensing and assay control. SEM imaging of the
fabricated NRs confirmed that smooth and straight In,O3; NRs
(W:L: 3.7 x 14.0 um) with source (S) and drain (D) metal elec-
trodes were reliably fabricated throughout the whole 4-inch
wafer using an optimized image reversal process (Fig. 2b). This
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9na00592g

Open Access Article. Published on 05 November 2019. Downloaded on 4/1/2026 3:57:22 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Advances

300.0 nm

Fig.2 (a) Photograph of a 4-inch SiO,/Si wafer with 22 In,Oz NR FETs.
On top of the wafer is a DIP packaged chip; (b) SEM image of In,Oz NR
FETs with source and drain metal electrodes; (c) AFM cross-sectional
image of a 30 nm In,Os NR on Si substrate; (d) roughness character-
ization of the fabricated In,O< NR (rms: 1.75 nm).

process can be used to reliably define features down to 0.5 pm
with high uniformity across the whole wafer. The RF sputtering
deposition rate for In,O; was optimized at the rate of 2.0
nm min~*, which yielded fine control over the NRs' thicknesses.
As can be seen from the cross section image of a 30 nm In,0;
NR presented in Fig. 2c and d, low surface roughness (rms ~
1.75 nm) was obtained. Such smooth surface at the nanoscale is
an important factor to achieve high FET performance as dis-
cussed in the next section.

In order to investigate the influence of the In,O; FET thick-
ness on their performance, we fabricated nanoribbons with
thicknesses of 15, 60, 76, and 300 nm. The 15 nm NRs exhibited
significant performance variations and low fabrication yield
due to electrical contact issues to the thin film and scattering
effects at such low thicknesses. For devices with thicknesses
from 30 nm and upward, as the thickness of In,O; thin film
increased, subthreshold swing values increased accordingly.
Specifically, subthreshold swing values increased from 80 +
6.8 mV per decade for 30 nm devices to 88 £+ 9.1 mV per decade
for 60 nm devices, 121 + 17.1 for 76 nm devices, and 140 +
10.2 mV per decade for 300 nm devices. Representative transfer
curves are shown in Fig. 3. The curves show steeper slopes in the
subthreshold regime for the thinner devices. Compared to the
60, 76, and 300 nm devices, the 30 nm devices had the steepest
transfer curves in the subthreshold regime and therefore the
smallest SS values which can be extrapolated to the highest
sensitivities. This observation is consistent with a recent report
on the effect on the subthreshold swings of shrinking nanowire
widths.® It is worth to note that the SS value changes are non-
linear vs. changes in sensors' thicknesses, which is typical for
non-annealed amorphous metal-oxide semiconductor materials
sensor. We selected 30 nm thick In,O; films as this thickness
provided the best combination between sensor performance
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Fig. 3 Transfer curves of In,Oz NR FETs versus thicknesses.

and fabrication uniformity. Results and discussion hereafter
are for 30 nm In,O; nanoribbon devices.

The overarching goal of this work is to carry out a holistic
investigation of the fabrication and operation of In,O; NR FETs
towards accelerating the translation of this technology into real-
life applications. To this end, a quality control protocol
throughout the entire fabrication process has been established
to ensure high structural uniformities and material purity of the
fabricated NRs. As can be seen in Fig. 4a, excellent uniformity of
the patterned NRs widths is demonstrated with an average
lateral dimension distribution of 3.68 + 0.08 pum, measured
from 260 NRs from 3 different batches. The wafer-scale thick-
ness uniformity of the In,O; NRs is also a critical factor that
needs to be assessed. As shown in Fig. 4b, thickness mapping of
the In,O; sputtered on a 4-inch wafer indicated that an excellent
homogeneity is achieved with a mean thickness of 28.57 nm.
This translates to a degree of uniformity of 97.33%, which is
better than the typical thickness uniformity of sputtered metal
oxides.*

Aside from sensor's structural uniformity, a consistent
chemical composition of the indium oxide among fabrication
batches needs to be achieved. As shown in Fig. 4c, consistent
indium percentages were demonstrated with a mean indium
composition of 21.1 + 0.5%, measured from elemental indium
percentage of the deposited thin films from 7 different fabri-
cation batches. Altogether, these results confirmed that this
process allows for the reproducible, cost-effective and high yield
fabrication of In,O; NR FETs and is compatible with up-scale
manufacturing of this sensing technology.

Electrical characteristics of the In,O; NR FETs

Next, the electrical performance of the fabricated In,O; NR FETs
was characterized. Fig. 5a presents the output characteristic of
a device obtained by scanning the source-drain voltage, Vps,
from 0.0 to 1.0 V while stepping the gate voltage, Vgs, from 0 to
0.4 V (0.08 V steps) using the on-chip gate electrode. Obvious
increase of the Ing in response to positive Vgg within both linear

This journal is © The Royal Society of Chemistry 2019
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and saturation regions was obtained, which is typical of a n-type
enhancement long channel FET.****3%%” The transfer charac-
teristic and subthreshold parameters of the device are also
presented in Fig. 5b and c, respectively. Minor kinks are also
observed in the drain current presented in Fig. 5a and b. The
presence of such kink effect is a typical phenomenon in direct
current FET measurement, which is attributed to impact ioni-
zation and electron capture and emission at deep levels.***
From these graphs, the threshold voltage (Vi) of the devices
were determined to be Vg = 0.35 £ 0.03 V. This low threshold
voltage makes these In,O; NR FETs devices suitable for appli-
cations requiring low power consumption such as wearable and
battery powered point of care sensing. The devices' maximum
transconductance gm max Was determined to be 3.93 £ 0.78 uS (n
= 57). The devices' average field effect mobility was estimated to
be 0.70 & 0.14 ecm® V' s™" using the following equation:*
_dlps W

m = = —C( V 1
& Vs 2 DLHV Ds (1)

where g, is maximum transconductance of the devices ob-
tained at Vs of 0.7 V, W is the channel width (3.7 pm), L is the
channel length (14.0 pm), and Cpy, is the of electrical double
layer capacitance per unit area in 1x PBS solution (30.12 uF
cm?) as reported previously.
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(a) Measurement profile of 260 NRs width fabricated from 3 different batches; (b) ellipsometric thickness mapping of In,Oz deposited on
a 4 inch wafer; (c) XPS percentage of indium from 7 fabrication batches.

On/off current ratio was determined to be 10" to 10°, which is
typical for un-annealed, amorphous In,O; NR FETs." Graphs
presenting the statistical analyses of the 57 devices' threshold
voltage, transconductance, field effect mobility and drain
current on/off ratio are provided in the ESI (Fig. S3t).The
leakage current was less than 5 x 10~ '° A at Vg < 1.5 V (Fig. S1,
ESIt), which is compatible with liquid measurement in bio-
chemical applications.

We then investigated the subthreshold swing, a key electrical
property that reflects the FET device's performance.** As shown
in Fig. 5b, the SS of the In,0; NR FET device was determined to
be 80 mV per decade, which is close to the limit of 60 mV per
decade of the conventional MOSFETs**** and is the highest
performance when compared to previously reported values for
nanoribbon based In,O; FETs (Table 1). The low SS value ach-
ieved for In,O; NR FETs is attributed to the systematically
optimized fabrication process that allows the deposition of
ultra-low surface roughness indium oxide thin film with
uniform composition and dimensions***” as well as the on-chip
integration of the gate electrode.*® In particular, previous
studies have shown that the surface roughness has a major
impact on the performance of nanoscale transistors. This is
particularly important when scaling down the thicknesses of
nanoribbon FETs. Due to surface/interface trapping and

Vps (V)

Fig. 5
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Table 1 Subthreshold swings for previously reported In,Osz NR FETs

SS (mV per
Fabrication route In,0; dimensions (W:L:H, um) decade) Ref.
Sol-gel synthesis 1 x 0.3 x 0.004 300 24
Inkjet printing 50 x 18 x not reported 180 49
Sol-gel 70 x 3000 x 0.010 1800 50
RF sputtering 150 x 2000 x 0.008 250 51
PECVD 200 x 200 x 0.100 500 52
ALD 20 x 40 x 0.005 90 53
RF sputtering 25 x 500 x 0.016 300 9
RF sputtering 3.7 x 14 x 0.030 80 This work

phonon-scattering, smooth sensor surfaces are indeed desir-
able toward achieving high performance FET signals.***

Mitigating device-to-device signal variation in the
subthreshold regime

It is well established that in the subthreshold regime Ips
increases exponentially with Vs, while I;,g only increases line-
arly in the linear regime. However, this intrinsic electronic
differences between these two operation modes has never been
exploited to reduce the device-to-device signal variations
resulting from different batches. After batch-fabricating highly
uniform In,O; NR FETSs, we systematically investigated the most
appropriate operating bias focusing on improving the devices
signal uniformity by analysing the electrical properties of 57
In,0; NR FETs randomly selected from 3 independent different
wafer-scale batches. Fig. 6a shows the plot of the mean I (the
dots) versus applied Vgs with the 95% confidence intervals (CI,
the whiskers) and their respective standard deviation (SD) for
each of the 57 devices. From the data, it can be seen that
increasing applied Vgs, measured Ig are more spread out, as
shown from the larger confidence intervals and the increasing
SD of Ips. However, the magnitude of device-to-device Ing vari-
ations in the subthreshold regime is comparatively lower than
that measured in the linear regime. This is attributed to the
intrinsic scattering of charge carriers (i.e. oxygen vacancies)
within the In,O3; FET channels. When measured in a controlled
environment (e.g. in a Faraday box), the variation of Is depends

0.8

on two major factors: (1) the intrinsic device electrical proper-
ties of the channel (charge carrier density, carrier mobility,
variations in structural dimensions); (2) the electric field exerted
on the semiconductor channel caused by the applied Vgs. In our
measurement, Vgs was applied through large on-chip electrode
(W x L: 1800 x 1400 pm, Fig. S2 in ESI{) immersed in high
ionic strength electrolyte 1x PBS (~15.5 mS ecm ') for high
measurement stability. Owing to the fact that the total number
of charge carriers in each thin film device is not identical as well
as owing to the presence of small structural differences,
increased applied Vgg is expected to amplify the device-to-device
differences leading in turn to larger signal variation. On the
other hand, lower Vg (below Vi) only affects a portion of the
charge carriers inside the In,O; NRs, which in turn results in
lower device's conductivity but also lower devices' signal
variation.

In order to determine the optimal operational condition for
reducing device-to-device signal variation, we evaluated the
relative changes in I/, resolution when the devices are under
the same magnitude of device surface potential change in the
subthreshold and linear regimes. In both regimes, the
normalization point, I, was chosen as the drain current at the
lowest Vgs of each regime (I, = Ips at Vgs = 0.17 V for
subthreshold and I, = Ips at Vgs = 0.31 V for the linear regime;
detail for the I,s normalization is shown in Fig. S4 in the ESIT).
When drain currents at the highest Vgg of each regime are
chosen as the normalization points, distributions of 1/, values

- 35
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Fig. 6

(a) Drain currents (mean values with corresponding at 95% confidence level) versus applied gate voltages in the subthreshold and linear

regimes for 57 1n,03 NR FETSs; (b) distributions of /15 of 57 In,O3 NR FETs in subthreshold (/o = Ips at Vgs = 0.17 V); and (c) in the linear regime (Ip =

/DS at VGS =0.51V).
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with respect to Vgs in the subthreshold and linear regimes
showed the same trends with more dispersed data points in the
linear regime compared with the subthreshold regime
(Fig. S4t). The only differences are: (1) the magnitude of I/,
changes are now inversed to the changes when the lowest Ing are
chosen as normalization points. In particular, in the
subthreshold regime, on average Ips decreased 23.6 times from
Vgs = 0.34 V to Vgs = 0.17 V when using the highest I,s as
normalization point (on average Ipg at Vgs = 0.51 V was 0.042).
On the other hand, an average increase of 23.6 times for Ipg
from Vgg = 0.17 V to Vgg = 0.34 V is obtained when using the
lowest Ins as normalization point. In the linear regime, Ips
increased/decreased only 2.1 times over the range of Vgs =
0.68 V to Vgs = 0.51 V. Because of the much bigger drain current
changes over the range in the subthreshold regime, normal-
izing against the highest Ins compresses the data points in the
lower Vs range as illustrated in the difference between Fig. 6b
and S4a.f For better presentation of the data, we recommend
normalizing against the lowest Ipg.

Next, we proceed to determine the optimal biasing point
where the NR FET devices have the highest uniformity. By
characterizing electrical signals from devices of different
batches, we found out that there are two combining factors that
significantly suppress device-to-device signal variation in the
subthreshold regime while exacerbating the issue in the linear
regime (Fig. 6b and c). In the subthreshold regime, I,s increases
much faster with Vgs change as compared with in the linear
regime. For instance, I/I, exponentially increased an average of
22.5 times in the subthreshold regime while in the linear regime
it just linearly increased by 2.1 times under the same
measurement condition. At the same time, the magnitude of Ips
variation in the subthreshold is lower (sub-nA to nA) than that
in the linear regime (sub-pA to pA). Therefore, data distribu-
tions from the 57 devices at each Vgs was better separated in the
subthreshold regime as opposed to much poorer data distri-
bution separation in the linear regime. For quantitative evalu-
ation of data distribution separation, we calculated the
quantitative resolutions (QR) of the signals using the formula:**

QR = ¢,/S (2)

In which & and S are the uncertainty of the measured
response (variations from the 57 devices) and sensitivity (slope
of calibration curve), respectively. Calibration curves for I/,
versus Vgg are provided in Fig. S5, ESI.T QR is a useful figure of
merit to compare device performance in different regimes as it
takes into account the variability of sensitivity and the uncer-
tainty of the measured responses.** The smaller the QR value,
the better resolved the signals. Calculated QRs for the
subthreshold regime ranged from 0.009 to 0.019 V while QRs in
the linear regime ranged from 0.02 to 0.08 V. The data showed
that In,O3; NR FETs operated within the subthreshold regime
could resolve I/I, signal change induced by as little as Vgs =
9 mV with respect to the device-to-device variation. On the other
hand, at least 20 mV change in Vs is required for the FETSs
operated in the linear regime. Due to the exponential change in
the Ins with Vg in combination with lower magnitude of device-

This journal is © The Royal Society of Chemistry 2019
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to-device signal variation, QRs in the subthreshold regime are at
least 2 times higher than those in the linear regime. For the
fabricated In,O; NR FETs, the optimal operation point was
determined to be Vgg = 0.15-0.2 V to achieve the best signal
resolution.

Non-linear pH sensing with In,O; NR FET

Next, the pH sensing performance of the In,O; NR FETs was
investigated from pH 10.4 to 4.0. As seen in Fig. 7, the sensors
displayed more sensitive responses toward pH changes in the
acidic (pH 4.0 to 7.0) compared to the basic (pH 7.0 to 10.0) pH
ranges. Such non-linear pH response for the In,O; FET can be
explained by the site binding model.>® Briefly, the In,O; NRs'
surface in contact with aqueous solution can hydrogenate to
form hydroxide groups (-OH groups). These groups can either
protonate or deprotonate leading to changes in the surface
potential of the FET. In,O; is an inorganic amphoteric oxide
with a point-of-zero charge (PZC) of approximately 9.0.>%*” This
PZC results in higher pH sensitivity of the In,O; devices in the
acidic region and lower sensitivity in the more basic pH range

124 (a) =V, (0.20V)
e Vmaxgm (065 V)
- A Vg (1.00V)

",

4 5 6 7 8 9 10
pH
(b) Vgs =02 (V)
0.20
pH 4.0
——pH 5.7
] ——pH 6.4
0.15 — PH72
< ——pH 8.2
= ——pH 104
8 0.101
0.05
0.00 T T T T
0.0 0.2 0.4 0.6 0.8 1.0
Vs (V)
Fig. 7 (a) pH sensing of the developed In,Oz NR FETs in different Vs

regimes: subthreshold (Vgs = 0.20 V), maximum transconductance
(Vgs = 0.65 V), and saturation (Vgs = 0.10 V), Vps = 0.7 V; (b) absolute
drain currents of the device with different pH values, Vgs = 0.20 V.
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close to the PZC because of the differences in the magnitude of
surface gating caused by the changes in pH. The exponential
response to pH changes in the subthreshold regime and linear
response in the linear regime are attributed to the well-known
exponential and linear dependences of Ips with Vgg in these
regimes respectively as shown experimentally in Fig. 5b and
mathematically in device physics.”®* In the saturation regime,
no response to pH solution was observed as expected. An
example of absolute drain current changes with pH solution is
provided in Fig. 7b.

Conclusions

We report in this work a high performance In,0O; NR FET
sensing platform. A steep subthreshold swing of 80 mV per
decade was achieved through a combination of high quality
In,0; nanoribbon fabrication, stringent quality assessment as
well as the implementation of an inbuilt gate electrode with
a suitable device passivation layer. We systematically charac-
terized and analysed the electrical properties of 57 In,O; NR
FETs from 3 different batches to reveal that device-to-device
signal variation is significantly suppressed when the devices
are operated in the subthreshold regime. This finding could
serve as a useful operational reference for real-life sensing
applications of nano FET sensors where sensing with multiple
devices are required. Finally, a non-linear pH sensing response
has been demonstrated on the fabricated devices. Combined
with the availability of scalable and optimized fabrication
processes, selecting the most appropriate operation conditions
will foster the implementation of In,O; NR FET devices in
bioanalytical applications.
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