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A palladium (Pd) nanogap-based thin-film has been connected to an
electrically stable amorphous InGaZnO thin-film transistor, to form a
hydrogen sensor demonstrating a dramatic sensing capability. As a
result of the Pd connection to the transistor source, our sensor circuit
greatly enhances the hydrogen-induced signal and sensing speed in
the sense of output voltage, clearly resolving a minimum hydrogen
content of 0.05%. When the nanogap-based Pd thin-film was con-
nected to the transistor gate, an extremely limited hydrogen content
of even less than 0.05% was visibly detected through gate voltage
shifts. Our results exhibit the most promising and practical ways to
sense extremely limited hydrogen contents, originating from two
methods: transistor-to-Pd nanogap resistor and transistor-to-Pd
nanogap capacitor coupling.

Hydrogen sensing has continually drawn great attention since it
was regarded important in industrial safety, which claims that
3-4% of ambient H, is the margin to avoid explosion danger.'”®
So, monitoring the ambient H, and detecting an even extremely
small content of H, gas is not only important but also always
requested, particularly with practical and simple sensing
tools.*'*?* Very recently, we reported one of the most innovative
H, sensors, using typical Pd thin-films but containing nanogaps
which were created by mechanically stretching an elastomeric
substrate.’*?® The sensitivity of our nanogap-based sensor
appeared very good, so that less than ~0.1% of H, gas mole-
cules in a N, atmosphere might be detected by reading signal
current. However, reading the detection current at such low H,
content was not easy at all; in fact even 0.2% hydrogen gas was
barely noted by current sensors. More scientific techniques to
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improve the detection capability is thus necessary. In the
present work, we dramatically improved the H, sensing capa-
bility of the nanogap-based Pd sensor by connecting it to
an electrically stable amorphous InGaZnO thin-film transistor
(a-IGZO TFT) in two different ways: Pd connection to the TFT
source and to the gate. The IGZO TFT was chosen, since it was
stable enough to bear the gate bias stress during H, detection; it
would eventually be integrated with our Pd sensor. As a result of
the Pd connection to the TFT source, our sensor circuit greatly
enhances the Hy-induced signal by three orders of magnitude in
the sense of output voltage, clearly resolving a minimum
hydrogen content of 0.05%. When the nanogap-based Pd sensor
was connected to the TFT gate, an even lower H, content of less
than 0.05% was visibly detected, but more interestingly through
this study of TFT gate oxide capacitor-to-Pd nanogap capacitor
coupling, the size of the nanogap distance was approximately
estimated as an important result.

Polydimethylsiloxane (PDMS) elastomer was used as the
substrate of the hydrogen gas sensor, to create nanocracks (or
nanogap stripes) in the Pd thin-film (TF). The base resin (Syl-
gard 184, Dow Corning) was mixed with a curing agent at a
volume ratio of 10 : 1 and was kept in the vacuum chamber for
10 min to evacuate any air bubbles. After then, the PDMS
mixture was cured for 30 min on a hotplate at 423 K. In order to
fabricate the hydrogen gas sensor, a 10 nm-thin Pd film was
deposited on the PDMS substrate by using a DC magnetron
sputtering system. After Pd deposition, the Pd-PDMS substrate
was mounted onto a stretching machine and nanocracks were
created under a tensile stress.>*>* (ESI, Fig. S11) Fig. 1a shows a
schematic of the as-cracked Pd TF device (area dimension:
10 mm [L] x 20 mm [W]), where many nanogap stripes are
shown and one of them is illustrated in Fig. 1b with its sche-
matic cross section. The single nanocrack appears deformed
but yet maintains an internal connection (the connection was
confirmed by an electric conduction measurement). However, if
the initially cracked region comes into contact with H, gas
molecules (i.e. is exposed to H, to form a PdH, compound;
Fig. 1c) and the molecules are evacuated, the crack is left
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Fig. 1 Schematics of (a) an as-cracked Pd TF device, (b) an as-cracked nanogap
stripe in cross sectional view, (c) a PdH, compound-containing stripe as exposed
to Hy, and (d) the stripe with an eternally open nanogap. SEM images of (e) and (f)
show a stripe from the as-cracked and eternal nanogap-containing Pd TF,
respectively. (g) A schematic cross section of a nanogap stripe in Pd TF with
variable electrical resistances which depend on H; exposure, and (h) its equivalent
circuit.

Nano gap formation

eternally open with a nanogap as shown in Fig. 1d. Fig. 1e and f
are the respective scanning electron microscopy (SEM) images
of as-cracked and eternal nanogap-containing Pd TF. According
to the SEM images, the as-cracked Pd still shows a physical
contact between the two Pd regions around the crack stripe
while the other stripe from nanogap-containing Pd shows
~50 nm separation (gap distance), although the distance is not
uniform. Based on the structure of Fig. 1d and f, the nanogap Pd
TF now operates as a H, sensor, since ON/OFF (contact/no
contact) switching takes place in the Pd TF with variable resis-
tances according to the degree of H, molecule adsorption on the
Pd surface or H, reaction with Pd. The H,-adsorbed Pd TF
changes its phase to PdH, with an expanded volume which
leads to a physical contact in the nanogap (see the illustration in
ESI, Fig. S21).2%7 As a result, the variable electrical conductance
of nanogap Pd TF may indicate H, content (see Fig. 1g and h for
the illustration and circuit of the variable resistance).

The structure of a-IGZO TFTs is an inverted-stagger type with
a width-to-length (W/L) ratio of 100 : 10 pm using a bottom gate
(ESI, Fig. S3f). A 300 nm-thick SiO, gate insulator layer was
deposited on the patterned Cu-MoTi gate electrode by a
plasma-enhanced chemical vapor deposition (PECVD) system.
Then, a 60 nm-thick active channel layer (a-IGZO) was deposited
by a DC magnetron sputtering system. The formation of the
SiO, etch stopper (75 nm) and Mo source/drain electrodes were
sequentially performed, followed by the formation of a 300 nm-
thick PECVD SiO, passivation layer. All the patterning processes
were carried out by photolithography that involved wet chem-
ical etching and PECVD processes. The device annealing at
300 °C in ambient air was performed as a final process.

Fig. 2 shows a schematic diagram of our H, sensor system,
which consists of a small gas chamber with a volume of
~250 ml and a mass flow controller (MFC) for pure 100% N, (for
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Fig.2 Schematic illustration of our H; sensor system. The nanogap Pd TF device
was mounted in the gas chamber and connected to an electrically stable a-IGZO
TFT device of a probe station in the dark. Optical microscope images for a
nanogap-stripe Pd TF resistor and TFT are presented in the inverter type circuit.

purging) and 96% N, + 4% H, mixture gas (for sensing). The
pressure in the chamber was maintained at 1 atm at room
temperature. The nanogap Pd TF device was mounted in the gas
chamber and connected to an electrically stable a-IGZO TFT
device (to the source electrode) of a probe station in the dark.
Supply and input voltages (Vpp and Viy) were applied by a
semiconductor parameter analyzer (Model HP 4155C, Agilent
Technologies). Output voltage (Vour) according to H, sensing
was also measured by the semiconductor analyzer. The circuit
illustration in Fig. 2 contains the top view images of our
nanogap Pd TF device and a-IGZO TFT, which were obtained
from an optical microscope. As shown, our Pd TF contains many
nanogap stripes, of which the number was approximated to be
60-70. Our measurement setup is analogous to a logic inverter
circuit for digital output, except that ours has a variable resistor
composed of a Hy,-sensing nanogap Pd TF instead of a constant
load resistor; we could thus expect that small H,-induced
analogue current would be properly amplified in voltage
signals.

Fig. 3a is a detecting current vs. time plot which is obtained
from our nanogap Pd TF (under 0.1 V) by H, gas-controlled ON/
OFF switching. Various H, ambiences of 4%, 2%, 1%, 0.5%,
0.4%, 0.3%, and 0.2% (as mixed with pure N,) were exposed to
the Pd sensor. While H, concentrations higher than 0.3% were
quite nicely detected at the current range from ~2 mA to few
hundred pA, it was not easy to note a lower H, content from the
current signal. In particular, 0.2% H, was barely sensed and
noted only by magnifying the sensing signal (~200 nA) as
shown in the inset of Fig. 3a. Worse than that, sensing (and
recovery) time gets longer with smaller H, content, so that
detecting 0.3% H, appeared to take more than 20 s. Hence, we
employed an electrically stable a-IGZO TFT to amplify the
sensing signal and simultaneously to shorten the sensing time,
converting the output signal from current to voltage. Fig. 3b is
the drain current-gate voltage (Ip-V) transfer characteristics of
our oxide TFT along with gate leakage current (Ig) curves, as
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Fig. 3 (a) Detecting current vs. time plot achieved by H, gas-controlled ON/OFF
switching in nanogap Pd TF. Various H, contents of 4%, 2%, 1%, 0.5%, 0.4%,
0.3%, and 0.2% were exposed to the Pd sensor and purged by pure N,. Inset
shows the current for 0.2% H, in zoomed scale. (b) Drain current-gate voltage
(Io-Ve) transfer characteristics of our a-IGZO TFT device.

obtained under a drain bias of Vj = 5 V. As shown in the TFT
transfer curves of Fig. 3b, our TFT was very stable with 0.1 pA I
leakage and without any gate hysteresis, turning on above 0 V.
(ON/OFF ratio was more than ~108 and the saturation field-
effect mobility was ~10 cm® V™' s7'). Since the transistor I,
current covers a broad range from 20 pA to 0.1 pA while our Pd
sensor has another current range from 2 mA to a few hundred
nA, some reasonable Voyr signals are expected through an
overlapped current region when these two devices are con-
nected in series.

The series connection scheme has already been introduced
in Fig. 2 and is now shown in the inset circuit diagram of Fig. 4a,
where Vour vs. Vi plots are displayed as the main measurement
results. For H, detection experiments, H, gas of 1%, 0.05%, and
0% (purged with 100% N, gas) was infused into the hydrogen
sense chamber of Fig. 2 in the following sequence: initial 1% H,
infusion, N, purge, 0.05% H, infusion, and final N, purge, so
that each Voyur curve could be obtained under a Vi, of 5V as
shown in Fig. 4a. According to the plots, the Vour for 0.05% H,
detection appears almost the same as that for 1% H, sensing,
indicating almost 5 V; this result is confirmed by magnifying
some part of the plot (see the inset plot for a range of Viy =
4-5V). Without H, (by N, purge), Vour drops to 0 V at a high Vi,
however the drop stops near ~2.5 V at a low Vi of 0.5 V, which
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Fig.4 (a) Vourvs. Vin plots of our inverter type H; sensor tested with 1%, 0.05%,
and 0% (pure N,) of H, contents. The inset shows the Voyrcurves for 1 and 0.05%
Hs in zoomed scale. (b) Dynamic H, detection plot in time domain for various H,
contents from 4% to 0.05%.

might be too low to open the transistor channel properly. Based
on these Vour-Vin plots, we implemented a time domain H,
detection experiment (for Voyr vs. time plot), dynamically
varying the H, concentration from 4% to 0.04% under a fixed
voltage condition of Vpp = Vi = 5 V. Fig. 4b displays the
dynamic H, detection plot in time domain, where the detection
voltage Vour appears to be ~5 V for all the cases from 4% to
0.05% H,, as predicted by the results from Fig. 4a. (The results
in Fig. 4b were reproducible and a magnified time domain Vour
plot is seen in the ESI, Fig. S4.T) The detection voltage abruptly
decreases to 0.4 V from ~5 V when the H, content further
decreases to 0.04%, although this specific result was actually
irreproducible unlike the case of 0.05% and higher H,
percentages. We thus recognize that the series connection setup
for H, sensing still has its own detection limit at 0.05%. In spite
of such a limitation, however, it is acknowledgeable that
applying our logic inverter type circuit to the analogue nanogap
Pd TF remarkably enhances the visibility of the low % H, signal
by a few orders of magnitude and simultaneously shortens the
sensing (and recovery) time to 1-2 s. In fact, the electrical
conductance or conducting path in nanogap Pd film still exists
even with the low 0.05% hydrogen molecules, but is too small to
measure/or estimate and thus becomes visible only with the
connection to a transistor. Apparent electrical disconnection in
the nanogap Pd film is eventually observed with an extremely
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low % of H, molecules (here 0.04% is the onset point of the
open circuit).

Complete gap opening might take place in single or a few
nanogap stripes at a certain point of dilute ambient H,, leading
to an abrupt disconnection. In this event, our nanogap-con-
taining Pd TF has then a charge capacitance due to the gap
distance. The gap distance would be so dependent on the H,
content that we may estimate an extremely low % of H, by
introducing the capacitance of the nanogap Pd TF to the gate of
the same a-IGZO TFT with a dielectric oxide (300 nm thick SiO,).
Such a capacitor-induced circuit is shown in the inset of Fig. 5a
and the transfer curves have been accordingly obtained from
the circuit with the oxide TFT and Pd TF variable capacitor
under two ambient conditions of 0.04% and 0% H, (by N,
purge). The initial transfer curve was obtained as a reference
from the TFT alone. Connected in series to the Pd TF, the total
gate capacitance (Ciora) Of the inset circuit should become
smaller than the dielectric oxide capacitance C, because a
nanogap-induced capacitance (Cy,p) should be also considered
as shown below in eqn (1).

1
7T AL (1)
Cgap Cox

The smaller Cioy leads to a slightly smaller I, current than
that by Cx alone at an identical on-state V (e.g. 3 V), as shown
in Fig. 5a. Simultaneously, at the same off-state I, (e.g. ~0.3 pA)
the smaller Cioa leads to a more negative Vg, that is, the
transfer curves of the TFT with the Pd TF capacitor shows more
negatively shifted Vi with a lower H, content, since the Cgyp
makes an additional charging and voltage drop (Vgap = Vi — Vai)
prior to Coy-induced gate charging. The C,,, can be expressed as
Ago/d, where A is the thickness of the wall area of a nanogap
stripe (10 nm x 20 mm), d is the gap distance, and ¢, is the
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Fig. 5 (a) Ip-Vs Transfer curves obtained from the initial a-IGZO TFT (black line)
and from the a-IGZO TFT linked to the Pd TF variable capacitor under two ambient
conditions: 0% H, (pure N; red line) and 0.04% H, (green line). Inset is the
corresponding equivalent circuit with the capacitor. (b) /p—Vg transfer curves
obtained from the a-IGZO TFT device (black line) and from the a-IGZO TFT linked
to the Pd TF variable resistor in another two ambiences: 0.1% (orange line) and
0.05% H; (blue line). Inset is the corresponding circuit with the resistor. Illustra-
tions (c) and (d) are the respective models of Pd TF capacitor and resistor with
diluted and concentrated H, molecules in a Pd lattice.
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dielectric constant in air (or N,). The Vg, is measured from the
transfer curves where an off-state voltage (Vg;) of the initial TFT
is indicated by a dashed line of Fig. 5a. These Vg shift results
may provide a key solution for sensing even an extremely low
H,% and simultaneously for the estimation of the
H,%-dependent average gap distance as well. Using the V,, and
Cgap dependence on H,%, we estimated the average gap distances
in 0% and 0.04% H, ambiences to be ~30 nm and ~9 nm,
respectively. Since the circuit is connected to the gate through the
Pd TF resistor anyway if the H, content in the chamber atmo-
sphere is over 0.05%, the transfer curves under such conditions
become almost identical to the initial transfer curve obtained
without the Pd TF connection; in fact Fig. 5b displays the two
curves quite overlapped on the initial curve. An equivalent circuit
is shown in the inset of Fig. 5b, where the nanogap Pd TF is
expressed as a variable resistor. Fig. 5c and d are the respective
illustrations of Pd TF capacitor and resistor models with diluted
and concentrated H, molecules in a Pd lattice.

Merging the TFT gate oxide and nanogap Pd TF capacitors,
the total gate capacitance (Cia) becomes smaller than the
dielectric oxide capacitance (here Cox for 300 nm thick SiO,). We
already addressed this point in eqn (1), since a nanogap-
induced capacitance (Cg,p) should be considered in addition to
Cox- At the same off-state I, (e.g. ~0.3 pA) an open circuit-based
transfer curve shows more negatively shifted Vg, since the Cg,p
makes an additional charging and voltage drop (Vgap = Vg — Vai)
prior to Cyy-induced gate charging. A schematic circuit of this
situation is illustrated in Fig. 6. The following eqn (2)-(4) are
now useful for the estimation of the nanogap distance. Due to a
series capacitance theory in general physics,

Qgap = Qox = Os, (2)
and
CeapVeap = CoxVox = 2CW 3)
then,
Vgi— Ve = Vox T W+ Vo, (4)

where Qgap (= CgapVaap)y Qox (= CoxVox)y and Qs (= 2Cs¥) are
total charges in the nanogap, oxide-gate interface, and depleted
a-IGZO film, respectively. Eqn (4) is from the TFT without the Pd
TF capacitor. Vg; is an initial off-state gate voltage of the TFT

Nanogap Pd TF +a-16Z0 TFT circuit

v, 1  1er
2l

Fig. 6 A circuit to express the series capacitance theory, with eqn (2) and (3) in a
merged system of the TFT gate oxide and nanogap Pd TF capacitor.
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without the Pd TF capacitor, Vgg is the flat band voltage, ¥y is a
voltage for semiconductor band bending for an off-state (semi-
conductor charge depletion), V. is the band bending of the
dielectric SiO,, V. is an average channel voltage (<V, = 5 V), and C;
is the capacitance of a charge-depleted 60 nm-thin a-IGZO semi-
conductor. (Note that Qgap (= CgapVaap) aNd Qox (= CoxViox) are sheet
charges but Qg (= 2Cs¥) is the charge in a thin film; that is why
the factor of 2 is added.)*® Whether the Pd TF capacitor is con-
nected or not, the same band bending terms (V,x and ¥;) should
be maintained in both cases for a transistor (with and without the
Pd TF capacitor) to keep an identical off-state current I, (~3 pA).
Now, from the capacitance-voltage (C-V) curve of Fig. 7, we may
extract a part of eqn (4), Vox + ¥ since in C-V measurements Vg is
approximated by the cross point of two tangent lines while V. is
zero so that Vg; becomes Vgo; Vox + W is ~—1.0 V as estimated
from Vg, — Vg in the C-V curve. The minimum Ci, in the C-V
curve is observed to be ~0.025 pF (= 1/(1/Cs + 1/Cy), €qn (1)) in a
depletion state and C,x is measured to be ~0.131 pF in an accu-
mulation state of V; (the inset band diagrams respectively indicate
the depletion and accumulation states). As a result from eqn (1), Cs
is calculated to be ~0.031 pF, since we measure the C, from the
C-V curve. Then we use the relation Co,Vox = 2C¥ along with
another relation V,, + ¥, = ~—1.0 V, to work out V,, and ¥
(—0.32 Vand —0.68 V, respectively). Since our Pd TF stripe area (A)
is 10 nm x 20 mm (for ¢ x W, see Fig. 1a) and it can be applied to
eqn (3), we can finally estimate the gap distance using another
equation below,

SOA _ Cox Vox

Coap = = = 5
gap Nd Vgap ( )
Now,
EQA Vya
Nd =——%% 6
CUX VOX ’ ( )

where N is the number of nanogap stripes playing as capacitors
in Pd TF, d is the gap distance of a single capacitor, Vg, is 0.7 V
for N, purge conditions and 0.22 V for 0.04% H, according to

Fig. 5a. Average Nd values are calculated to be ~30 nm and
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Fig. 7 Capacitance-voltage (C-V) curve obtained from our a-IGZO TFT device.
For this C-V measurement, S/D electrodes were used as the ground. Inset band
diagrams respectively indicate the depletion and accumulation states of the
device. Vig and Vg, were estimated by finding the cross point between two
tangent lines, as shown above.
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~9 nm for the above two respective cases (0% and 0.04% H,). N
might be 1 or more, but here it is very likely that N is 1 for the
0.04% case, since we have observed an abrupt electrical
disconnection at 0.04% H, with only a little dilution of H, from
0.05 to 0.04%. The maximum gap distance would be ~30 nm as
in the case of 0% H,. Our calculation of the gap distances may
not provide an exact number value, however, the calculated
value is at least comparable to the scale observed in the SEM
results of Fig. 1f.

Conclusions

In summary, we have fabricated an ultrasensitive H, sensor
system composed of an electrically stable a-IGZO TFT and a
nanogap-containing Pd TF, which acts as an analogue variable
resistor depending on the H, content. By connecting the
nanogap Pd TF to the TFT source, our inverter type sensor
circuit greatly enhances the H,-induced signal visibility and
sensing speed in a sense of output voltage, clearly resolving a
minimum hydrogen content of 0.05%. When the nanogap-
based Pd TF was connected to the TFT gate, an even lower H,
content of less than 0.05% was visibly detected, since the Pd TF
acts as a capacitor with H,-dependent variable capacitance. We
thus conclude that our system of oxide TFT-coupled Pd TF with
nanogaps is very promising for sensing an extremely low H,
content in the ambient atmosphere.
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