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ABSTRACT

We develop a fast-response and flexible nanocrystal-based humidity sensor for real-time
monitoring human activity: respiration and water evaporation on skin. A silicon-nanocrystal
film is formed on a polyimide film by spin-coating the colloidal solution and is used as a
flexible and humidity-sensitive material in a humidity sensor. The flexible nanocrystal-based
humidity sensor shows a high sensitivity; current through the nanocrystal film changes by five
orders of magnitude in the relative humidity range of 8 — 83 %. The response/recovery time of

the sensor is 40 ms. Thanks to the fast response and recovery time, the sensor can monitor



human respiration and water evaporation on skin in real time. Due to the flexibility and the fast
response/recovery time, the sensor is promising for application in personal health monitoring

as well as environmental monitoring.



Monitoring humidity in air is indispensable for modern industry, agriculture, and medical
care.'? Especially, real-time monitoring of humidity from human body becomes more
important recently in the field of personal health monitoring.*> Mogera et al. proposed that
dehydration of human body was detected from the analysis of humidity in human breath.’
Miyoshi et al. suggested non-invasive detection of physiological stress to human by monitoring

sweat produced from sweat glands on fingers.’

Fast response and recovery are prerequisite features to apply humidity sensors for personal
health monitoring. For respiratory and epidermal medical sensing, a flexible and wearable
sensor is desirable because it can be fit directly to human skin.® Flexible humidity sensors have
been fabricated by depositing a humidity-sensitive film on a polymer substrate.””'* As a fast-

response humidity-sensitive film, various nanomaterials, such as porous materials'®!3,

11,13,16-18

graphene-related materials , and organic polymers®'®, have been recently investigated.

Colloidal quantum dot thin films, which can be prepared on flexible substrates by
depositing the colloidal solution at low temperature, are promising candidates for flexible gas-
sensitive materials.!” Because of the large surface-to-volume ratio, electrical characteristics of
the film strongly depend on adsorbed molecules on the surface. Gas sensing by using quantum-
dot thin films has been reported.'>?°?* Liu et al. proposed that highly size-regulated quantum
dots can be a sensing material for a high-performance gas sensor: fast response, high sensitivity,
and good reversibility.® Segev-Bar et al. have reviewed state-of-the-art flexible sensors based
on quantum dots for smart sensing applications.'® Inspired by these works, we apply a colloidal
quantum-dot film to a flexible humidity sensor. Among many kinds of colloidal quantum dots,
colloidal silicon nanocrystals (Si NCs) are suitable for a wearable humidity sensor because of
the high compatibility with conventional semiconductor processes and the nontoxicity to

human body.>>” Furthermore, surface-oxidized silicon is stable against volatile organic



compound gas from human body, which degrades the performance of commercial humidity

sensors using organic polymers.

In this work, we employ all-inorganic colloidal Si NCs developed in our group as a
precursor for the formation of a humidity-sensitive thin film.?® The all-inorganic Si NCs have
a heavily boron and phosphorus-codoped surface layer, which induces negative potential on
the surface and makes the NCs hydrophilic.?*3! As a result, the Si NCs are dispersible in polar
solvents such as alcohol and water without organic ligands.** Because of the perfect dispersion
in solution, a transparent and flexible NC thin film can be prepared by spin-coating. In our
previous work, we studied the current transport property of the film in different atmosphere
and obtained clear evidence that the film was very sensitive to the amount of water molecules
in atmosphere.** In this study, we produce a flexible humidity sensor on a polymer substrate
by using the all-inorganic colloidal Si NCs. We demonstrate that the response/recovery speed
of the sensor is very fast and it can dynamically monitor human respiration and water

evaporation on skin.



EXPERIMENTAL SECTION

Fabrication of NC-based humidity sensor. All-inorganic Si NCs were prepared using a
co-sputtering method described in previous papers.??*32 Si-rich borophosphosilicate films
were deposited on a stainless steel plate by co-sputtering Si, B2O3, and phosphosilicate glass
(P205:S102=5:95 wt%). The powder made from the deposited film was annealed in a N2
atmosphere at 1200°C for 30 min to grow Si NCs about 7 nm in diameter. The Si NCs were
extracted from SiO: matrices by hydrofluoric acid (46 wt%) etching. The Si NCs in
hydrofluoric acid solution were transferred into methanol by centrifugation. Concentration of
colloidal Si NCs in methanol was 0.5 mg/ml. Just after preparation, the surface of Si NCs is
hydrogen-terminated and it is gradually oxidized during storage in methanol. In this work, we
used Si NCs stored in methanol for more than 60 days and the thickness of the surface oxide is

around 1 nm.%

The fabrication process of a NC thin-film humidity sensor is as follows. Titanium and gold
interdigitated electrodes were fabricated by thermal evaporation with a metal mask on a fused
silica substrate or a 25-um thick polyimide film. The thicknesses of titanium and gold were 7
and 63 nm, respectively, on a fused silica substrate, and 6 and 66 nm, respectively, on a
polyimide film. The width, separation, and overlap of the interdigitated electrodes were 100
pm, 100 pm, and 4 mm, respectively. The number of electrode pairs was 10. Colloidal Si-NC
solution was spin-coated on the substrate cleaned by ultrasonication in alcohol (acetone and
isopropyl alcohol) and UV/Os treatment. Spin-coating condition was 500 rpm for 5 sec,
followed by 2000 rpm for 60 sec. Figure 1(a) is the schematic illustration of a finished NC-
based sensor. Note that the Si-NC thin film is not intentionally sintered, and thus the NC film

behaves as an insulator rather than a semiconductor due to the surface oxide.>*



Figure 1(b) shows the picture of NC-based humidity sensors on a fused silica substrate.
The NC thin film over the interdigitated electrodes is transparent. No large agglomeration of
the NCs is observed by using an optical microscope (Figure 1(c)). Figure 1(d) shows the
topographic image of the NC film between the interdigitated electrodes by atomic force
microscopy (HITACHI High-Tech Science, SPA-400). The image is visualized by using
Gwyddion.** This image ensures that a dense Si-NC thin film is formed by spin-coating. The
surface roughness is 3.3 nm in 2 pm x 2 um. The size of agglomerates on the film is smaller
than 50 nm from the image, which coincides with the high transparency of the NC film in

Figure 1(b).

Measurement setup. The sensing property of a NC-based humidity sensor was measured
in a homemade box. Humidity in the box was controlled by N2 carrier gas with bubbling
distilled water. Current through the film was measured by a source measure unit (Keithley,
236) or a combination of a current amplifier (Keithley, 428) and a digital oscilloscope (Iwatsu,
DS-5634A). Silver paste and gold wires were used to have electrical contacts on the sensor.
Relative humidity in the box was simultaneously recorded by using a commercial humidity
sensor (TDK, CHS-UGS). The accuracy of the commercial sensor was £ 5 % of relative
humidity. In a bending experiment, the sensor on a polyimide film was rolled around a glass
bottle with a 5-mm radius of curvature (R). The sensor was fixed by using a double-sided tape

on the glass bottle.

Evaluation of response speed was carried out by using a mechanical chopper and humid
N2 gas. Humid N2 gas was chopped and modulated current through the sensor was detected by
using a lock-in amplifier (Stanford Research System, SR830) and a function generator (NF,
WF1947) as shown later. In the experiments of real-time monitoring human respiration and

water evaporation on skin, the sensor was under ambient condition with relative humidity



around 20—40 %. Current response of the sensor was recorded by the digital oscilloscope after

amplification by the current amplifier.

(@)

?txlﬂm ”,n,m“ﬂllumii n“’”

Fused silica, Polyimide film “ui *U W N-

Figure 1. (a) Schematic illustration of a NC-based humidity sensor. (b) Whole picture
and (c) optical microscope image of NC-based humidity sensors on a fused silica
substrate. (d) Topographic image of the NC film.



RESULTS AND DISCUSSION

Sensing humidity by NC-based humidity sensor. Figure 2(a) shows bent interdigitated
electrodes on a polyimide film. Gold/titanium interdigitated electrodes are strong enough for
bending experiments. A flexible NC-based humidity sensor can be rolled up. Figure 2(b) shows
a humidity sensor rolled up on a glass bottle with R=5 mm. Figure 2(c) shows the current
readout of the NC-based humidity sensor as a function of relative humidity. In these
measurements, 5 V was applied to the sensor at room temperature (~20°C). The data of the flat
and bent sensors are shown. The current through the sensor increases by five orders of
magnitude as the relative humidity in the box increases. The sensor detects 8 — 83 % of relative
humidity and hysteresis of the readout is negligibly small, which is important for gas sensors.>
The sensing property is identical between flat and bent sensors. Regarding current-voltage
characteristics of the NC-based sensor, Ohmic behavior is observed in both flat and bent
conditions (Figure S-1 in Supporting Information). It should be stressed here that no notable
current change is observed for interdigitated electrodes if a Si-NC film is not formed (~100 pA

at 85 % relative humidity in Figure S-2 in Supporting Information).

Figure 2(d) shows a schematic illustration of the mechanism of carrier transport on the Si-
NC film. The conduction is considered to be dominated by Grotthuss mechanism'~*® and proton
transport occurs in water layers as reported in silica gels®’ and oxidized Si surface®®. In this
model, when a physisorbed water-molecule layer is formed, protons are moved by an electric
field through hydrogen-bonded water molecules via hopping. Therefore, the conductance of an
insulative NC film depends on the amount of water molecules on the NC surface. The fact that
the current-voltage characteristics, i.e., the Ohmic behavior, does not change under bending
indicates that water layers are uniformly formed between gold electrodes without any breakage,

because a breakage behaves as a tunneling barrier and makes the current-voltage characteristics



nonlinear. We believe that the space between NCs is covered with water layers uniformly as
shown in Figure 2(d), which can be sustained even when the sensor is bent. The proton transfer
occurs through the top of the water layers, and therefore, the increase of current is saturated
when the surface of NC films is completely covered by water molecules. This explains the

saturation behavior of the current in Figure 2(c) at high humid levels (>70 %).
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Figure 2. (a) Bent interdigitated electrodes on a polyimide film. (b) A bent NC-based
humidity sensor on a glass bottle with R=5 mm. The measured device is indicated by
a dashed square. (c) Current readout of the NC-based humidity sensor as a function
of relative humidity. Open and filled marks represent measurements increasing and

decreasing humidity, respectively. The bent sensor in Figure 2(b) was used in this
measurement. (d) Schematic illustration of carrier transport on Si-NC surface.

Response and recovery time. Response/recovery speed of humidity sensors is essential
for real-time monitoring of human activity. Figure 3(a) shows the measurement system for the
evaluation of response/recovery speed. The chopped humid N2 gas is blown on a NC-based
sensor in the atmosphere (relative humidity: ~20 %). The change of current is detected by a

lock-in measurement (current gain: 10°) with an applied voltage of 5 Vp-p at 150 Hz. The humid



N2 gas blow changes the local relative humidity about 10% according to the signal of the
humidity sensor (Figure S-3(a) in Supporting Information) and the humidity dependence in
Figure 2(c). The current responses at different frequencies are shown in Figure 3(b). The
current response in the 3-Hz modulation is rectangular. The response becomes weak as the
frequency increases. The modulated current can be observed up to 24 Hz. We also confirm that

the response disappears when the humid N2 gas flow is stopped.

The response (recovery) time of humidity sensors is defined as the time to achieve 90 %
of total change from low to high (from high to low) humidity.>!***4% According to this
definition, the sensor response and recovery time in the 3-Hz modulation is 40 ms. This speed
is enough for monitoring human activity such as respiration and motion of body. Table 1 lists
response and recovery time of flexible humidity sensors for monitoring human respiration
reported recently. Our NC-based humidity sensor is as fast as the ultrafast humidity sensor
using graphene oxide (~30 ms)'®. Although the response is not saturated above 9 Hz, the sensor

can provide a trigger signal of quick change of humidity to external circuits up to 24 Hz.

We also evaluate the response and recovery time when humidity changes abruptly from
20 and 95 % and vise versa. They are 12 s and 3 s, respectively (Figure S-4 in Supporting
Information). These values are shorter than those of resistive-type commercial humidity
sensors using organic polymers. The shorter time for the recovery than for the response may
be explained by the convex surface of NC films, which enhances desorption of water molecules
according to the Young-Laplace equation in spherical form*': AP=2c/R, where AP is the
pressure difference across air-liquid interface, ¢ is the surface tension. We carried out an
experiment to study temperature dependence of the humidity sensor response. The sensor

showed smaller response as the temperature was raised because the intensity of current of the



sensor decreased. By now, it is difficult to evaluate response speed of the sensor at higher

temperature.
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Figure 3. (a) Measurement system for evaluation of response speed. (b) Current response

of a NC-based humidity sen

sor to chopped humid N2 gas.

Table 1. Response and recovery time of flexible humidity sensors for monitoring human

respiration in recent literature.

Humidity-sensitive material Sensor type Response Recovery Reference

time (s) time (s)
Hydrophilic poly- Resistive 1 1 Y Miyoshi, et al.”
tetrafluoroethylene membrane
Bis(benzo cyclobutene) Capacitive | 216 N/A E. Zampetti, et al.*?
Graphene oxide Impedance  0.03 0.03 S. Borini, et al."
Graphene oxide/polyelectrolyte | Capacitive 1 1 D. Zhang, et al.'®
nanocomposite
Cellulose paper Resistive 1500 N/A F. Guder, et al.”
Silicon-nanocrystal film Resistive 0.04 0.04 This work




Monitoring human respiration. We demonstrate two possible applications of the fast-
response humidity sensor for health monitoring: real-time detection of human respiration and
water evaporation on skin. Figure 4(a) shows the measurement system for monitoring human
respiration. The sensor is attached on a hand and exposed to human respiration. The distance
between the sensor and the mouth is approximately 20 cm. Breath from the mouth is given to
the sensor intermittently. Figure 4(b) is the demonstration of monitoring human respiration
by the NC-based humidity sensor. Human breath can be detected as a sharp increase of
current intensity. The relative humidity around the sensor changes locally by around 10% due
to breath. The sensor can follow 1-sec interval of respiration. No notable decrease of the
signal is observed during the human respiration tests, and thus the NC-based humidity sensor

can be used for monitoring human respiration.
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Figure 4. (a) Measurement system for monitoring human respiration. The device is
mounted on a 125-um polyimide film for stable measurements. (b) Monitoring
human respiration by the sensor. The used sensor is indicated by the dashed square

in (a).



Monitoring water evaporation on skin. Figure 5(a) shows the measurement system for
monitoring water evaporation on skin. In order to detect water evaporation on skin easily, a
NC-film humidity sensor is set in a plastic case (size: 36 mmx36 mmx14 mm). When human
skin covers over the plastic case without touching a NC film (distance between a hand and a
sensor: 9 mm), water evaporates on the skin and diffuses into the case. The sensor detects the
increase of humidity in the plastic case due to the diffused water. Figure 5(b) shows the
detection of water evaporation from a human hand. As a control experiment, the case is
alternately covered with a bare hand and a hand with a rubber glove. The sensor responds only
when the bare hand covers the case; and therefore, the sensor detects the sweat evaporated from
the hand. In Figure 5(c), real-time detection of water evaporation is demonstrated. With around
2-s intervals, the plastic case is covered by a bare hand. The sensor detects increase of humidity

in the plastic case cyclically.

A previous report showed that a wearable humidity sensor was directly attached on a
fingertip to monitor sweat.” On the other hand, in this study, the NC-based sensor detects sweat
evaporation without contacting skin. Since nano-scale materials might translocate through
human skin?’, remote detection of water evaporation on skin is a more non-invasive method.
Note that there are two processes of water evaporation on human skin: active secretion from
sweat glands (perspiration) and passive diffusion of water through epidermis (trans-epidermal
water loss).* Perspiration is related to physiological stress and the amount of trans-epidermal
water loss depends on skin condition. The NC-based sensor has a potential to monitor these

physiological and physical conditions of human in real time.
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CONCLUSIONS

We have developed a fast-response and flexible NC-based humidity sensor for human
health monitoring. An all-inorganic Si NC film was used as a humidity-sensitive material. The
current readout of the sensor changed by five orders of magnitude in the relative humidity range
between 8 and 83 %. The sensor exhibited fast response to humidity change with the
response/recovery time of 40 ms at 3 Hz. We demonstrated real-time monitoring of human
respiration and water evaporation on skin by using the sensor. The fast-response and flexible
NC-based humidity sensor can be suitable for personal health monitoring as well as

environmental monitoring.
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