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Abstract

A facile and novel technique for the fabrication of pressure sensors is reported based on the hybridization of one-
dimensional nanomaterials and two-dimensional graphene film. In particular, piezoelectric pressure sensors are
fabricated by using vertically aligned and position- and dimension-controlled ZnO nanotube arrays grown on
graphene layers. Graphene layers act not only as substrates for catalyst-free growth of high-quality ZnO nanotubes but
also as flexible conduction channels connecting ZnO nanotubes and metal electrodes. Freestanding and flexible
sensors have been efficiently obtained via mechanical lift-off of hybrid ZnO nanotube/graphene film structures and by
exploiting the weak van der Waals forces existing between the graphene film and the original substrates. A prototype
of such devices shows a high pressure sensitivity (—4.4 kPa™"), which would enable the detection of weak flows of
inert gas. The relatively low wall thickness and large length of the ZnO nanotubes suggest a relatively high sensitivity
to external pressures. The obtained nanotube sensors are attached to the philtrum and wrist of a volunteer and used
to monitor his breath and heart rate. Overall, the prototype hybrid sensing device has great potential as wearable
technology, especially in the sector of advanced healthcare devices.

Introduction

One-dimensional (1D) piezoelectric nanomaterials have
attracted tremendous attention due to their diverse appli-
cations, including with sensors and self-powered devices' >,
In particular, the tiny contact areas between 1D inorganic
nanomaterials and their flexible supporting substrates have
enabled the fabrication of mechanically flexible devices'***,
Conventionally, flexible piezoelectric pressure sensors have
been fabricated using composite polymers with conductive
fillers (e.g., carbon nanotubes, metallic nanofibers, and
nanoparticles)'”™"”. However, the sensing performance of
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pressure sensors based on low-cost composite elastomers
with planar structures can degrade in the ambient atmo-
sphere. Moreover, flexible piezoelectric devices based on 1D
inorganic nanomaterials have superior properties since they
exploit the high sensitivity and reliability of such materials.
Among the known piezoelectric material systems, ZnO-
based nanotubes/nanowires have been considered highly
advantageous for piezoelectric devices due to their high
responsivity” 7%, Despite the superior performances
demonstrated by 1D inorganic nanomaterials, the manu-
facturing of pressure-sensing devices based on inorganic
materials has encountered some obstacles. First, the con-
trolled growth of high-quality 1D inorganic nanomaterials
requires single-crystal substrates'®. This has hindered the
fabrication of low-cost 1D nanostructures with large areas.
Second, the combination of 1D nanomaterials with flexible
substrates is difficult due to the lack of reliable and high-
yield processes for lift-off of 1D nanomaterials. These
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difficulties can be circumvented by using graphene film as a
growth template’>®’. It has been demonstrated that high-
quality ZnO nanostructures can be grown on graphene film
without using any catalyst®'. Since the catalyst-free growth
method tends to decrease the incorporation of impurities, it
allows the growth of high-quality material®***, Further-
more, the ZnO nanostructures on the graphene film can be
lifted off readily from the original substrates due to the
existence of weak van der Waals forces between the gra-
phene film and the substrates. Hence, hybrid structures of
ZnO nanotubes/graphene can be considered promising for
addressing the challenges associated with the fabrication of
flexible and wearable pressure sensors.

Here we demonstrate the fabrication of flexible and
high-sensitivity 1D piezoelectric pressure sensors con-
taining ZnO nanotube arrays grown on chemical vapor
deposition (CVD) graphene film, as well as their appli-
cation to wearable health monitoring devices.

Materials and methods
Preparation of CVD grapheme

A large-area, multilayered graphene film was synthesized
on a Cu foil using a typical CVD method. First, the Cu foil
surface was cleaned using acetone and isopropanol, and the
foil was inserted into a tubular quartz chamber. The
chamber was heated to 1030 °C with a continuous H, flow
at 100 standard cubic centimeters per min (sccm) and
200 Torr. After the Cu foil reached 1030 °C, it was annealed
for 15 min to coarsen its grains while maintaining a con-
stant flow rate and reactor pressure. Then the graphene film
was grown on the Cu foil for 130 min under a mixture of
CH, and H, at flow rates of 10 and 100 sccm, respectively.
During the growth process, the reactor pressure was
maintained at 220 Torr. Finally, the sample was cooled to
room temperature under a H, atmosphere while main-
taining the chamber pressure of 200 Torr.

Preparation of substrates for the growth of ZnO nanotubes

Graphene was transferred onto a SiO,-coated Si (SiO,/
Si) substrate. After that, a thin (50-nm) SiO, layer was
deposited onto the as-transferred CVD graphene layer
using a commercial plasma-enhanced CVD system. The
oxide layer was annealed at 600 °C in O, to reduce the
number of defects in the as-deposited SiO, structure and
avoid undesired growth and reduce growth selectivity.
Next, hole patterns were defined on the growth mask by
electron-beam lithography. The SiO, film was dry-etched
using CF, plasma and then wet-etched using a buffered
oxide etchant (BOE). The residual oxide layer left on the
graphene layer after dry etching was completely removed
using BOE. After that, the substrate was cleaned in acet-
one, 2-propanol, and nitric acid and finally rinsed in
deionized water to obtain selectively exposed array pat-
terns on the graphene.
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Growth of ZnO nanotubes on the CVD graphene film

Position-controlled ZnO nanotube arrays were grown on
the CVD graphene film using metal organic CVD
(MOCVD) with a homemade system. The growth of ZnO
nanotubes has been described in detail previously. ZnO
nanotubes were grown on the selectively exposed graphene
layer mentioned in the previous section by using catalyst-
free MOCVD. High-purity diethylzinc (DEZn) (>99.9999%)
and high-purity O, (>99.995%) were used as reactants,
while high-purity Ar (>99.999%) was used as the carrier gas.
The flow rates of DEZn and O, were 40 and 100 sccm,
respectively. During the growth process, Ar flowed into the
quartz reactor with DEZn through a bubbler kept at a
temperature of —10°C. To prevent a premature reaction,
the O, gas line was separated from the main gas manifold
line. The reactor pressure was kept at 3.2 Torr, while the
temperature remained at 690 °C during the growth process.
Dimension- and position-controlled ZnO nanotube arrays
were obtained on the e-beam lithography-patterned and
selectively exposed graphene layers.

Lateral growth of the ZnO nanotubes

Lateral growth of the ZnO nanotubes was performed in
another MOCVD chamber to tune the tube wall thick-
ness. The gases and precursor used in this case were the
same as those used for the first growth of the ZnO
nanotubes, but the conditions were different: the flow
rates of DEZn and O, were 2 and 8 sccm, respectively, the
reactor pressure was kept at 8 Torr, and the temperature
was maintained at 470 °C during the entire process.

Fabrication of the pressure sensors

To fabricate the top and bottom electrodes, an efficient
lift-off process was applied. First, after preparing the ZnO
nanotube arrays on the CVD graphene layers, a polyimide
(PI) layer (VIEC™ PI) was created on the sample by spin
coating at 2000 rpm. After that, the PI layer was prebaked at
120 °C for 120 s to completely evaporate the solvents. The PI
layer mostly formed on the bottom side of the ZnO nano-
tubes, creating a thin coating on their tips. The PI layer on
these tips was then selectively etched via an O plasma
treatment (Plasma Prep II) for 5min at 50 mA and
50 mTorr. Afterward, the entire layer was mechanically lifted
from the substrate with the aid of a Kapton tape frame: the
graphene film was separated from the loosely bonded SiO,
substrate. The freestanding PI layer composed of ZnO
nanotube/graphene layers was cured in a N, atmosphere
within a homemade rapid thermal annealing system by two-
step curing (at 200 °C for 3 min and at 300 °C for 3 min).

After completion of the lift-off process, a 100-nm Au
layer was deposited on the exposed tips of the ZnO
nanotubes, creating Schottky junctions. Subsequently, the
freestanding nanotube arrays were flipped, and a 10/90-
nm Cr/Au layer was deposited on the bottom side to
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create ohmic contacts between ZnO, graphene, Cr, and
Au. The freestanding pressure sensor devices were finally
transferred to foreign rigid substrates to define their
pressure response characteristics.

Morphological and structural characterization

Morphologies of the ZnO nanotube arrays and the
fabricated pressure sensor devices were investigated using
a field emission scanning electron microscope (FESEM;
TESCAN) operated at 30 kV. This same system was also
used to realize e-beam lithography of the metal hole array
and examine its morphology.

Measurement of pressure responses when pressure was
applied through a voice coil motor (VCM)

Mechanical force was applied to the sensor devices via
a sapphire stamp attached to the axis of a VCM tool,
which is capable of generating a certain force when
placed in a magnetic field and subjected to electric
current. The force controller measured the applied
force with a precision of 0.001 N. A constant pressure
was achieved by interfacing software (between the force
controller and the Personal Computer (PC)). Each
device was firmly attached on a flat surface so that one
surface could be subjected to a vertical force. Notably, a
smooth sapphire substrate (3 x3mm?®) was placed
between the VCM force applying tip and the sensor to
avoid the formation of unnecessary electrical pathways.
The amount of pressure applied was calculated based
on the force exerted by the 3 x 3 mm? sapphire stamp
on each device. A bias voltage of 0.4—2 V was applied to
each device via a Keithley-2601 Sourcemeter; moreover,
the freestanding pressure sensor devices were covered
by a protective polymer (poly(methyl methacrylate)
(PMMA)) layer to avoid mechanical damage.

The pressure responses of the devices were estimated
from the current variation ratio (Al/ly = (I —1I)/I,
where I and I, are the currents that occurred in the pre-
sence and absence of pressure, respectively). Furthermore,
the sensitivity (S) was calculated from the following linear
equation S = A(Al/Iy)/Ap.

Measurement of pressure responses when pressure was
applied through a mass flow controller (MFC)

A constant flow of inert gas was applied and mon-
itored by using an MFC, which imparted a uniform and
constant pressure to the sensor. Each pressure sensor
was placed on a solid substance 2 mm from the outlet of
the MFC. To estimate the pressure of the constant gas
flow, an electronic balance was placed 2 mm below the
MEC. The constant mass flow of gas molecules was
found to influence the electronic balance measure-
ments. Considering the short-range streaming line of
the gas flow (in the absence of external turbulences), we
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decided to calculate the pressure exerted by the gas flow
by dividing the weight obtained from the flux diameter.
The pressure exerted by the gas flow at a constant rate
was then calibrated by using an electronic balance with
an accuracy of 0.1 mg. Since there was no direct contact
between the force applying tool and the sensor, no
protective PMMA layer was required.

Measurement of the breath and pulse responses

Breath- and pulse-sensing experiments were performed
by attaching the sensor externally to the philtrum and
wrist of a target person. The target persons were selected
from among the co-authors from Seoul National Uni-
versity with full concern for ethical issues.

Results and discussion

Highly sensitive and flexible ZnO nanotube pressure
sensors were successfully fabricated using position- and
dimension-controlled ZnO nanotube arrays grown on CVD
graphene films. Figure 1a contains a schematic illustration
of the process used to fabricate the ZnO nanotube pressure
sensors on CVD graphene film. First, ZnO nanotubes with
outer diameters of 200-300 nm and heights of 15-18 pym
were selectively grown on a patterned SiO,/CVD graphene
film*. A FESEM image of the as-grown ZnO nanotube
arrays is shown in Fig. 1b. It should be noted that the ZnO
nanotubes were slightly tapered toward the top ends,
resulting in a reduced end diameter. Figure S1 indicates that
the effective diameters at the top ends of the nanotubes were
340 + 20 and 814 + 25 nm, corresponding to nanotubes with
patterned (base) diameters of 500 nm and 1 pm, respectively.
However, PI was coated on the ZnO nanotube arrays as an
insulating layer and partially etched using an O plasma asher
to expose the tips of the ZnO nanotube arrays. To fabricate
flexible devices, the Pl-coated nanotube arrays were
mechanically lifted from the original substrates. Due to the
presence of only a weak van der Waals force operating
between the graphene film and the underneath SiO, sub-
strate, the nanotube array could be easily lifted. After this
passage, a 100-nm Au layer was deposited on the exposed
tips of the ZnO nanotubes to form Schottky junctions.
Subsequently, the freestanding nanotube arrays were flipped,
and a Cr/Au film (10/90 nm) was deposited on their bottom
side to create an ohmic contact between ZnO, graphene, Cr,
and Au. A cross-sectional schematic diagram of one entire
device is illustrated in the last panel of Fig. 1a. The nanotube
arrays were finally transferred onto a flexible printed circuit
board, as shown in Fig. 1c. A FESEM image of one of the
fabricated sensors is shown in Fig. 1c.

The current—voltage (I-V) characteristics of the ZnO
nanotube pressure sensors under different applied pres-
sures were investigated in ambient atmosphere at room
temperature. The measurement set-up is shown sche-
matically in Fig. 2a. A VCM with a resolution of 1 mN was
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Fig. 1 Fabrication of ZnO nanotube-based pressure sensors. a Schematic representation of the stepwise fabrication of the pressure sensors using
Zn0O nanotube arrays heteroepitaxially grown on graphene layers. The last panel shows a schematic cross-section of the fabricated ZnO nanotube
pressure sensors. b FESEM image of ZnO nanotube arrays on the graphene substrate. ¢ Fabricated flexible ZnO nanotube pressure sensors on the
FPCB and corresponding FESEM image.
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used to apply pressure on the ZnO nanotube sensors,
which were fixed to a sample holder on an optical table.
The direction of the applied pressure was perpendicular
to the surface of the pressure sensor sample. A sapphire
substrate was attached as a pressure stamp to electrically
insulate the nanotube sensors and the VCM. To distribute
the pressure uniformly on the ZnO arrays over an area of
1mm? a 20-pm-thick PMMA layer was additionally
coated on the nanotubes. Figure 2b shows the I-V curves
of the ZnO nanotube sensors when voltages of —1 to 1V
were applied under different pressures (between 2 and
10 kPa). The rectifying behavior clearly described by the
I-V curves suggests that Schottky and ohmic contacts
were well formed on the top (ZnO/Au) and bottom (ZnO/
graphene/Cr/Au) sides of the nanotubes, respectively.
Under increasing applied pressure, we observed a sys-
tematic decrease in current. This can be attributed to a
decrease in conductance, which should have been induced
by a piezo-induced electric field that formed across the
width of the ZnO nanotube when it was bent”**, This
piezo-induced electric field likely trapped charge carriers,
creating charge depletion zones on the outer and inner
bending surfaces of the nanotubes’. A schematic repre-
sentation describing the pressure-induced charge
separation and depletion zone formation is shown in
Fig. S2. The piezoelectric potential was compensated by
an observed drift in current, which constituted a pressure
response”®. For estimation of the sensitivity, the applied
pressure was increased step by step and then released in a
reverse progression. The current variation observed with a
constant bias voltage of 04V is shown in Fig. 2c. In
response to changes in applied pressure (p), the amount of
current moving through the nanotube sensors also
showed a systematic variation with ten different steps.
The current variation ratio was defined as Al/lp =
(I — Iy) /Iy, where I and I, are the currents in the presence
and absence of pressure, respectively (plotted as functions
of the applied pressure in Fig. 2d). A linear relationship
was observed between the current variation ratio and the
device sensitivity: S = A(AI/Iy)/Ap = —4.4kPa~'. This
sensitivity is comparable to those of other semiconductor
nanostructure-based piezoelectric pressure sensors®’*®,
Due to the presence of the additional PMMA coating
(Fig. S3), the device can be assumed to have a sensitivity
~2.5 times higher than that measured.

The stabilities and response times of the pressure sen-
sors were also studied. (Figs. S4 and S5). First, a force of
500 mN was applied uniformly over an area of 1 x 1 mm?
for 12 s as a square wave signal with a duty cycle of 30 h.
The current variation ratio showed identical values after
1h and >18,000 repetitions over 30h (Fig. S4). To
determine the response time of the pressure sensors, we
periodically compressed them at frequencies of 0.5, 1, 5,
and 10 Hz and applied a constant pressure of 2 kPa at a
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fixed bias of 0.8V (Fig. S5a—d). A fast response time
(<100 ms) was observed in each case. These results
revealed that the proposed nanotube sensors have high
durability and reliability, as well as a very fast response
time when applied in wearable healthcare devices (e.g.,
heartbeat?® and breath®® monitors).

To further investigate the sensitivity of the ZnO pres-
sure sensors in the presence of low gas flows, they were
subjected to a uniform pressure by using a MFC. The
measurement system is shown schematically in Fig. 3a.
Notably, at that time, the additional PMMA layer was not
coated on the sensors, and accurate sensitivities were
realized. Figure 3b shows the real-time current variation
ratio measured as the Ar gas flow rate was increased from
10 to 1000sccm. A significant change in the current
variation ratio occurred along with increasing gas flow
rate: Fig. 3c shows the current variation ratio as a function
of the applied flow rate. A sensitivity of —0.0108 sccm™ "
was observed when the gas flow rate was <100 sccm, but
this value decreased to —0.0047 sccm™ ' as the gas flow
rate was increased. The lower sensitivity measured at
higher flow rates was due to an increase in the elastic
resistance during the bending of the ZnO nanotubes: in
general, a higher pressure is needed to bend ZnO nano-
tubes that have already been bent once®*'~*, Compared
to the unidirectional pressure exerted by a VCM, the
pressure direction generated by a gas flow is slightly dif-
ferent. In fact, because of turbulence existing over the
surface of pressure sensors, gas molecules apply pressure
not only on the top surface of the nanotubes but also on
their sidewalls. This likely explains the high current var-
iation ratio observed with ultralow flow rates. Addition-
ally, when the gas flow direction was tilted, most of the gas
molecules applied pressure directly on the sidewall of the
ZnO nanotubes, leading to an increase in the current
variations (Fig. S6).

To investigate the dependence of the sensors on
nanotube dimensions, we fabricated ZnO nanotube
pressure sensors with different wall thicknesses.
Figure 4a shows FESEM images of ZnO nanotube pres-
sure sensors with wall thicknesses of 30, 210, and
300 nm and a fixed height of 18 um. The wall thickness
of the as-grown ZnO nanotubes was 30 nm. To increase
the lateral growth of the nanotubes, we grew them in the
reactor of the MOCVD chamber with a relatively low
temperature and high pressure. During this process, the
outer shape of the nanotubes changed, and the shape of
their cross-sections changed from a smooth circle-like
polygon to a hexagon. In addition, the open hole of the
inner core of the nanotube end tip changed into a closed
solid (Fig. 4a). Figure 4b shows the real-time current
variation ratio as a function of flow rate for nanotube
sensors with different wall thicknesses. The current
ratios dramatically decreased with increasing nanotube
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Fig. 4 Pressure responses of nanotube sensors with different wall
thicknesses. a FESEM images of ZnO nanotubes with wall thicknesses
of 30, 210, and 300 nm and the same length (18 um). The top and
bottom panels show tilted and cross-sectional views, respectively. The
scale bars in the top and bottom panels are 1 um and 500 nm,
respectively. b Current variation ratio as a function of flow rate with
different wall thicknesses. The unit of numbers (in purple color) is
sccm. ¢ Comparison of the corresponding current response of the
Zn0 nanotube pressure sensor as a function of the applied flow rate.
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(Fig. 4c). We infer that the higher sensitivity of the
thinnest nanotubes was related to their elastic modulus.
Furthermore, it can be inferred that nanotubes with
smaller thickness possess a larger dielectric than thicker
tubes. Hence, higher sensitivity and better device per-
formance are obtained for sensors with thinner
nanotubes.

Pressure responses of nanotubes with different lengths
were also investigated. Figure 5a shows FESEM images of
fabricated ZnO nanotube sensors, which reached lengths of
7, 12, and 18 um after 1, 2, and 3h of vertical growth,
respectively. Due to the thickness of the PI layer (5 um), the
exposed lengths of the ZnO nanotubes in the FESEM ima-
ges were 2, 7, and 12 um. The wall thickness of the ZnO
nanotubes finally reached 300 nm after 4 h of lateral growth
followed by vertical growth. Figure 5b shows the real-time
current variation ratio as a function of flow rate for nano-
tube sensors with different wall thicknesses. The longest
nanotubes showed higher sensitivities, which was related to
a smaller elastic modulus. The sensitivities of ZnO nano-
tubes with lengths of 7, 12, and 18 um were —0.0055,
—0.0047, and —0.0003 sccm ™}, respectively, under low gas
flow rates (<200sccm) but were —0.0019, —0.0014, and
—3x107°sccm ™, respectively, under high gas flow rates
(>200 sccm) (Fig. 5¢). Overall, these characteristics indicated
that nanotubes with thinner walls and greater lengths had
higher pressure sensitivities. This demonstrates how nano-
tube structures can be advantageous for ultrahigh sensitivity
applications: they support the creation of structures with
very high aspect ratios and ultrathin walls.

In addition to high sensitivity and durability, the pro-
posed nanotube sensors showed reliable I-V character-
istics and uniform response under mechanically bent
conditions (Fig. S7d, e). Although the effective dimension
of the sensor was 1 mm? the sensor could resolve the
force/pressure from any part of the sensor (Fig. S8).
Additionally, the sensors respond to a simple touch, as
shown in Fig. S9. These properties are promising for their
application in wearable healthcare monitoring devices. To
demonstrate the validity of this hypothesis, we used
nanotube sensors for the detection of human breath and
pulses. First, one of the proposed sensors was attached on
the philtrum of a volunteer to detect their breath (Fig. 6a).
Significant changes were observed in the current variation
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lengths. a FESEM images of ZnO nanotubes with lengths of 18, 12,
and 7 um. The length of each scale bar equals 1 um. b Current
variation ratio for different lengths and as a function of flow. The
numbers at the bottom of the curves in purple denote flow in sccm. ¢
Current responses of the ZnO nanotube pressure sensors as a function
of different flow rates.
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ratio between normal breathing and hold conditions
(Fig. 6b). Respiration rates of 15-25 per min, corre-
sponding to the normal breath rates of an adult person at
rest, were determined during normal breathing. These
results indicate that our sensors can be used to detect a
simple pause in normal breathing, as in the case of sleep
apnea. The monitoring of heartbeat rates was also tested
on a volunteer both at rest and after a short workout
(running) by placing one of our flexible sensor devices on
his wrist (Fig. 6¢). The corresponding pulse waveforms are
shown in Fig. 6d. We measured 13 pulses per 10s at rest
and 16 pulses per 10s after running. The amount of
current variation ratio (i.e., the depth of pulse) increased
by up to 25% after running due to the faster heartbeat.
Overall, these results prove the possibility of using our
ZnO pressure sensors to monitor physiological para-
meters in daily life.

Conclusions

Piezoelectric pressure sensors were fabricated by using
vertically aligned and position- and dimension-controlled
ZnO nanotube arrays grown on graphene layers. Due to

the ultrathin walls and high aspect ratios of the ZnO
nanotubes, these sensors exhibited high sensitivity. In
addition, they showed a fast response time, a stable
response with enormous durability, and mechanical flex-
ibility. Considering these promising properties, we tested
the possibility of applying such sensors to wearable health
monitoring devices. Human breath and pulse rates were
successfully detected with high signal-to-noise ratios.
Overall, the results demonstrated the high potential of the
proposed sensors for application in wearable electronic
devices aimed at diagnosis of early-stage pulmonary and
cardiovascular diseases.
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