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Abstract
We report a highly sensitive and fully printable capacitive humidity sensor based on a zinc oxide
(ZnO) and polyethylenimine (PEI) composite. The sensor has a simple structure, consisting only
of a layer of the ZnO:PEI composite, coated using an ethanol solution, on a layer of silver
inter-digital electrodes that have been pre-printed on a polyethyleneterephthalate substrate. The
sensor with ZnO:PEI in the ratio of 2:1 by volume exhibits a response of 43 907 000% at maximum
humidity, with a detection range of 15%–95% relative humidity, higher than other sensors fully
made by wet-coating processes. Fourier transform infrared spectroscopy, atomic force microscopy,
and scanning electron microscopy measurements suggest that the high response likely arises from
the use of a hydrophilic polymer with a high dipole moment which facilitates dipole-dipole
interactions with water molecules and from the highly granular morphology of the composite
which leads to a high surface-to-volume ratio and more-numerous water adsorption sites. The
fabricated sensor also demonstrates short response/recovery times (5 s/3 s), good repeatability over
multiple humidification and desiccation cycles, and only 5% loss in response after being kept in the
ambient for three weeks.

1. Introduction

Humidity sensors detect the water content through
a change in various parameters including resistance,
capacitance, surface acoustic waves, and piezoelectric.
Among these, the first two attract a special interest
because of their easy integration into electronic cir-
cuits [1]. In comparison to resistive sensors, capacit-
ive ones tend to have a faster response and higher sta-
bility. They also offer easier integration with smart
systems where communication between the sensor
and an electronic device needs to be done wirelessly
and remotely [2, 3].

In recent years, with the growing use of ubiquit-
ous electronics and internet of things systems, there is
an increasing demand for using humidity sensors as
standalone devices or as components in smart monit-
oring systems for a variety of applications [4–11].One

such application is in the emerging ‘smart packaging’
industry for products that can be sensitive to mois-
ture, such as food, pharmaceuticals, and cosmetics.
Integrating a humidity sensor in the packagingmater-
ial would allow recording or monitoring humidity
levels during storage or transportation, helping to
ensure product quality.

To be suitable for smart packaging applications, a
humidity sensor must not only have adequate sens-
itivity and stability, but also be possible to fabricate
on various surfaces or substrates [12, 13]. Meeting
these requirements while also keeping manufactur-
ing cost low enough to be feasible for packaging and
disposable electronics is often challenging [14]. The
requirement to use of green materials also adds addi-
tional constraints [15, 16]. Conventionally, humid-
ity sensors have been manufactured on rigid struc-
tures like glass or ceramics, using techniques such
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as photolithography and sputtering [17–19]. These
techniques are relatively expensive, time consum-
ing, and require high vacuum processes, and there-
fore do not satisfy the cost constraints of the pack-
aging industry. Moreover, the rigid nature of the
substrates prevents their use in applications which
require mechanical flexibility and conformal form
factors. Thus, extensive efforts have been devoted
to the development of humidity sensors on flex-
ible, non-conventional substrates in recent years,
such as polyethylene terephthalate (PET), polyim-
ide (PI), cellulose paper, etc [16, 20–22]. However,
challenges still exist for the realization of reliable
humidity sensors manufactured by low cost print-
ing processes, using eco-friendly solvents on flexible
substrate [23].

Recently, the use of metal oxides such as SnO2,
TiO2, WO3, ZnO, Al2O3, and Fe3O4 in humidity
sensors has received significant attention due to their
low cost and ease of fabrication. These materials typ-
ically have granular morphologies and textures that
allow for increased adsorption of water molecules
[23–25]. ZnO is perhaps the most widely employed
and researched material, owing to a combination of
favorable characteristics such as a wide band gap of
3.37 eV, high chemical and thermal stability, and high
mechanical strength [26–28]. However, ZnO-based
humidity sensors suffer some limitations, such as low
sensitivity especially at low humidity levels and large
hysteresis. To overcome some of these shortcomings,
ZnO is sometimes combined with other semicon-
ducting materials [29–31] or polymers [32, 33]. Poly-
ethyleneimine (PEI) is a hydrophilic polymer that is
commonly used to fabricate hydrogels [34]. It has also
been previously utilized as a sensing layer in quartz
crystal microbalance-based formaldehyde humidity
sensors [35] because of its high dipole moment
[35], which helps increase adsorption and interac-
tions with water molecules through dipole-dipole
interactions.

In this work we report a novel humidity sensor
based on combining ZnO with PEI. ZnO and PEI
have a relative dielectric permittivity of ∼5–6 [36]
and ∼9, respectively [37], we, therefore, expected a
composite of ZnO and PEI (ZnO:PEI) to be suit-
able for a capacitive-type sensor, and to exhibit sig-
nificant changes in dielectric constant when exposed
to moisture. To test this hypothesis, we coated a
ZnO:PEI composite layers on flexible PET sub-
strates, pre-printed with silver inter-digital electrodes
(IDEs), by spin coating using ethanol as a solvent.
The ZnO:PEI (2:1 volume ratio) sensor exhibits a
response of 43 907 000%, higher than other sensors
fully made by wet-coating processes, with a detection
range of 15%–95% relative humidity (RH), as well
as fast response and recovery times of 5 s and 3 s,
respectively.

2. Experimental details

2.1. Material preparation and device fabrication
ZnO and PEI were purchased from Sigma-Aldrich
(USA). ZnO sol–gel was prepared by dissolving
197 mg zinc acetate in 6 ml ethanol (Sigma-Aldrich)
plus 54 µl ethanolamine (Sigma-Aldrich), and mix-
ing at 700 rpm for 50 min at 45 ◦C. The PEI solution
was prepared by stirring 33 mg branched-PEI in 1 ml
ethanol (Sigma-Aldrich) at 700 rpm overnight. The
ZnO solution was then mixed with the PEI solution
in the ratio of 2 to 1 (i.e. around 66.66%:33.34%), or
1 to 1 (i.e. around 50%:50%), by volume, stirring at
700 rpm for 1 h. All solutions were filtered through
a 0.22 µm polypropylene filter before spin-coating.
Energy dispersive x-ray measurements of ZnO:PEI
(2:1 volume ratio) were conducted to determine the
elemental composition of composite film, as shown in
figure S1. The weight percentage of C, O, Zn, andN in
the composite is 39.46%, 31.92%, 19.07% and 8.31%,
respectively.

20 mm × 20 mm PET substrates with silver
IDEs, with 250 µm finger width and 200 µm gap,
were provided by Printability and Graphic Com-
munications Institute (ICI). The substrates with the
IDEs were cleaned by sonicating in isopropanol, and
temporarily attached to a piece of glass to facilitate
mounting on a spin-coater. ZnO, PEI, ZnO:PEI (2:1
volume ratio), or ZnO:PEI (1:1 volume ratio) solu-
tions were then spin-coated on the IDEs at 1000 rpm
for 1 min and pre-annealed at 150 ◦C for 30 min, fol-
lowed by annealing at 120 ◦C for a period of 8–12 h in
the oven. Figures 1(a)–(c) show the molecular struc-
ture of PEI, an optical top view image of the sub-
strate with the IDEs, and a schematic 3D illustration
of the fabricated sensors, respectively. Figure 1(d)
also shows an optical image of a fully fabricated
sensor with ZnO:PEI (2:1 volume ratio) under bend-
ing, demonstrating the flexibility of the fabricated
sensors.

2.2. Measurement setup
The measurement were conducted in an airtight
homemade box using a KEYSIGHT Digital U1733C
hand-held LCRmeter formeasuring capacitance. The
box was connected to a humidity generator using
nitrogen as a carrier gas with adjustable dry/wet gas
ratios to achieve the desired RH levels. A commer-
cial SHT40 sensor with a resolution of 0.01% RH,
accuracy of±1.8%RH, and time response of <4 s was
used as a reference sensor. For data acquisition, a per-
sonal computer was used, while the fabricated sensor
data was analyzed using the software built into the
KEYSIGHT Digital U1733C hand-held LCR meter.
Figure 1(e) shows a schematic diagram of the experi-
mental setup.
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Figure 1. (a) Molecular structure of PEI. (b) An optical top view image of the substrate with the IDEs. (c) Schematic 3D
illustration of the fabricated sensor. (d) An image of the fully fabricated sensor under bending. (e) A schematic diagram of the
experimental setup.

3. Results and discussion

The sensors with ZnO, PEI, ZnO:PEI (1:1 volume
ratio), and ZnO:PEI (2:1 volume ratio) layers, the
latter two denoted to later by ZnO:PEI (1:1) and
ZnO:PEI (2:1), respectively, were placed in the test
box, and the RH was increased from 10% to 90%.
Figures 2(a) and (b) show changes in capacitance
of these sensors as function of changes in RH
levels measured at room temperature at 1 kHz and
100 Hz, respectively. The presented data represents
the average values from measurements on 10 dif-
ferent samples in each case. The error bars rep-
resent the typical variation in the measured data

among the devices. To help visualize the changes
in capacitance at low RH levels, a logarithmic scale
is used for the y-axis, with the insets present-
ing the same data using non-logarithmic scales for
RH > 50%.

The capacitance increased monotonically with
RH for all sensors, exhibiting a somewhat linear trend
over the 50%–95% RH range as can be seen in the
insets. The increase is however much larger in case of
the ZnO:PEI sensors, amounting to almost five orders
of magnitude. Also remarkably, the onset for capa-
citance increase occurs at a much lower RH value
in case of the ZnO:PEI sensors, starting at 15% RH
versus 40%–45% RH in case of their ZnO and PEI

3
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Figure 2. Capacitance vs RH of the ZnO, PEI, ZnO:PEI (2:1), and ZnO:PEI (1:1) measured at room temperature at (a) 1 kHz, and
(b) 100 Hz. The insets present the same data using non-logarithmic scales for RH > 50%. Calculated response vs RH of the same
sensors at (c) 1 kHz, and (d) 100 Hz. The insets show polynomial fits of the same data over the 50%–95% range.

counterparts, indicating that the composite gives a
wider detection range.

In a capacitance humidity sensor, response and
average sensitivity, S, of are defined by [38–41]:

Response=
CRH −CRH(min)

CRH(min)
× 100 (1)

S=
CRH(max) −CRH(min)

RHmax −RHmin
(2)

where CRH is the capacitance of the sensor at any
given RH, and CRH(max) and CRH(min) correspond to
the measured capacitance at the highest and low-
est recorded RH levels, respectively. Figures 2(c) and
(d) present response versus RH curves at 1 kHz and
100 Hz of the sensors, respectively, using the capa-
citance values in figures 2(a) and (b), and equation
(1). The insets in figures 2(c) and (d) give polyno-
mial fits of the same data in the humidity range of
50%–95% RH. The sensors with ZnO, PEI, ZnO:PEI
(2:1) PEI, and ZnO:PEI (1:1) layers show the respect-
ive response of 28 743%, 849 662%, 11 976 220%, and
15 907 217% at l kHz, and of 234 840%, 10 033 345%,
43 907 000%, and 59 195 846% at 100 Hz.

According to equation (2), the sensitivity of the
humidity sensor is expressed as a change of the meas-
ured signal per RH unit (i.e. the slope of the cal-
ibrated linear fitting response line). Generally, the
humidity sensor has poor linear characteristics in
a wide RH range [38], hence, mostly the slope of
the polynomial fitting response line is considered as
the sensor sensitivity [39, 40, 42]. The sensors with
ZnO, PEI, ZnO:PEI (2:1) PEI, and ZnO:PEI (1:1) lay-
ers show the respective sensitivities of 213 pF/%RH,
5550 pF/%RH, 92 000 pF/%RH, and 99 000 pF/%RH
at l kHz, and of 1772 pF/%RH, 67 000 pF/%RH,
350 000 pF/%RH, and 370 000 pF/%RH at 100 Hz in
the humidity range of 50%–95% RH. The results are
summarized in table 1.

All sensors show larger capacitance changes at
100 Hz compared with 1 kHz, which is expected as
the relative permittivity of the capacitor decreases
with increasing frequency [43], and is consistent with
previous reports [43, 44]. As seen, the response of
the ZnO:PEI sensors is about 200–250 times higher
at 100 Hz and 400–550 times higher at 1 kHz than
that of ZnO sensor. It is also about 4–6 times higher
at 100 Hz and 14–19 times higher at 1 kHz than
that of PEI sensor. Decreasing the ZnO ratio in the
ZnO:PEI composite (i.e. from 2:1 to 1:1, by volume)
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Table 1. RH range, response and sensitivity of fabricated sensors.

Sensitivity (50%–95% RH)
(pF/%RH) Response (95% RH)(%)

Sensor Detection range 1 kHZ 100 Hz 1 kHz 100 Hz

ZnO 40%–95% 213 1772 28 743 234 840
PEI 45%–80% 5550 67 000 849 662 10 033 345
ZnO:PEI (2:1) 15%–95% 92 000 350 000 11 976 220 43 907 000
ZnO:PEI (1:1) 15%–95% 99 000 370 000 15 907 217 59 195 846

Figure 3. FTIR spectra of moisture-exposed (a) ZnO, (b) PEI, (c) ZnO:PEI (2:1), and (d) ZnO:PEI (1:1) films.

leads to a slight improvement in sensor response;
however, the former exhibits a more linear response,
as seen in the insets of figures 2(a) and (b). Thus,
the higher ratio, i.e. ZnO:PEI (2:1), is considered
to be more optimum. Also, notably, the response
of the PEI sensor is higher than that of the ZnO
sensor, which may be ascribed to its higher polar-
ity (reflected in its higher relative permittivity) that
would increase dipole-dipole interactions with H2O
molecules, and hence more adsorption. PEI also not-
ably loses its linearity at RH > 80%, displaying some
saturation effect. Although the underlying causes for
this behavior are still unknown, it may suggest that
the PEI film surface becomes more easily saturated
with adsorbed H2O molecules, possibly due to mor-
phological factors (e.g. smoother topography).

To glean some insights into the factors under-
lying the higher response of the ZnO:PEI sensors,
the chemical bonding structures of moisture-exposed
ZnO, PEI, and their composite films were investigated

by Fourier transform infrared spectroscopy (FTIR).
The results are shown in figure 3. The 520 cm−1

band in the spectrum of ZnO (in figure 3(a))
can be ascribed to Zn–O bond stretching [33],
whereas the broad bands at 3334 cm−1 and at
1330 cm−1–1670 cm−1 can be ascribed to O–H bond
stretching and bending, respectively, and point to the
presence ofmoisture in the films [45, 46]. Figure 3(b),
showing the spectrum of PEI, displays vibrational
bands located at 3400 cm−1, 3272 cm−1, 2940 cm−1

and 2815 cm−1, 1676 cm−1, and 1465 cm−1 cor-
responding to O–H stretching, N–H stretching,
C–H stretching, C–H stretching, N–H bending, and
C–H bending, respectively [47]. The spectra of the
ZnO:PEI composites, shown in figures 3(c) and (d),
demonstrating the same bands as in the ZnO and
PEI films, and no new bands, indicating that no
chemical reactions occur between ZnO and PEI in
the composites. Interestingly, the intensity of the
3434 cm−1 band, associated with hydroxyl residue,

5
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Figure 4. AFM images of (a) ZnO, (b) PEI, (c) ZnO:PEI (2:1), and (d) ZnO:PEI (1:1) films.

increases in the composites. Moreover, the intensity
of the N–H bond stretching increases and shifts to
higher wavenumbers in the composites, evidence of
more water content compared with the neat materials
[33, 48]. While, from the FTIR results, we can attrib-
ute the higher response of the neat PEI sensor relative
to its ZnO counterpart to the higher affinity of PEI
to moisture, which may be ascribed to its more polar
nature as suggested earlier, additional factors must
be contributing to the much higher response of the
composite sensors and theirmuch greater capacity for
adsorbing water relative to the neat PEI.

We therefore also study the surface morphology
of the thin films of ZnO, PEI, and their compos-
ites using atomic force microscopy (AFM). The res-
ults are shown in figure 4. As can be seen from the
images, unlike the neat films, the composites exhibit
a granularmorphology. The surface roughness (Rms)
of the ZnO, PEI, ZnO:PEI (2:1), and ZnO:PEI (1:1)
films are 0.921 nm, 0.421 nm, 2.12 nm, and 1.96 nm,
respectively. The surface morphology of the ZnO
and ZnO:PEI (2:1) was also characterized by field-
emission scanning electron microscopy, as shown in
figures S2(a) and (b). The SEM images again show
that the composite film has a more granular morpho-
logy, pointing toward a high surface area to volume
ratio formaximumadsorption of the watermolecules
compared with neat film. From the higher surface
roughness and granular morphology one can expect
the composite films to have much more surface area
for water adsorption than the ZnO and PEI films. It is
therefore possible that the granular morphology and
greater surface roughness of the composite films is
behind their much higher moisture adsorption capa-
city, in turn leading to higher sensor response.

Based on the above results, we may ascribe the
improved humidity sensing performance of these

sensors to increasedwater absorption on the ZnO:PEI
surface. At low RH values, OH− and H+, from H2O
dissociation [30], are chemisorbed on the ZnO:PEI
layer surface. At high RH values, physisorption will
occur on the chemisorbed water layer and creates
a layer of water molecules weakly bonded by Van
der Waals interactions [49]. As the humidity level
increases further, the new layers of physisorbed water
molecules are formed on top of the previous one. This
will increase the dipole moment of the ZnO:PEI layer,
further increasing its capacitance [24]. Figure S3 illus-
trates the general humidity sensing mechanism.

The stability, hysteresis, repeatability, response
time, and recovery time of the ZnO:PEI (2:1) sensor
were also investigated. For the stability test, the capa-
citance vs RH characteristics were measured after 1,
2, and 3 weeks of keeping the sensor in ambient con-
ditions without encapsulation. Figures 5(a) and (b)
show the results of the stability tests recorded at 1 kHz
and 100 Hz, respectively, with the insets again show-
ing the same data using non-logarithmic scales on a
y-axis for RH > 50%. As can be seen from the figures,
the characteristics hardly change over the three weeks
period. The response of the ZnO:PEI (2:1) sensor
decreased by only 5%, changing from 11 976 220%
to 11 412 200% after 3 weeks of being kept in the
ambient when measured at 1 kHz, and by only 7%,
decreasing from 43 907 000% to 40 983 400%, when
measured at 100 Hz. These results indicate that the
fabricated sensor has a very high ambient stability.

Humidity hysteresis, defined as the maximum
difference of measured signal during the process of
adsorption and desorption of water molecules, is
also an important consideration in a sensor [38].
Such differences may arise form charge trapping in
the sensor layers or differences in water adsorption
and desorption rates [39, 50]. Figure 6(a) shows the
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Figure 5. Capacitance versus humidity response characteristics of the ZnO:PEI (2:1) sensor measured over the RH range from
10% to 95% at (a) 1 kHz, and (b) 100 Hz after 1, 2 and 3 weeks of the sensor being kept in ambient conditions without
encapsulation.

Figure 6. (a) Capacitance versus RH measured on increasing the RH from 10% to 95% (blue) and on decreasing the RH from
95% to 10% (red) to test differences in response in adsorption versus desorption. (b) Dynamic response curve to the increasing
RH from 40% to 95%, and the inset is the amplified dynamic response curve within 15%–30% RH. (c) Repeatability performance
of the sensor exposed to 95% RH from 10% RH. All measurements were done for ZnO:PEI (2:1) sensor at 1 kHz.
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Table 2. Comparison of humidity-sensing performance between the printable ZnO:PEI (2:1) humidity sensor and other reported
printable sensors.

Sensor Type Frequency
Detection
range

Response
Time

Recovery
Time

Response
(at max humidity) References

Capacitance 1 kHz 0%–85% 1 s 2 s 13% [1]
Impedance — 0%–80% 1 s 10.75 s 700% [52]
Capacitance 1 kHz 0%–90% 1.99 s 8.76 s 108% [53]
Capacitance 1 kHz 20%–90% 0.96 s 1.03 s 1100% [39]
Resistance — 5%–98% 30 s 51 s 341 700% [33]
Capacitance 100 Hz 12%–95% 12 s 3 s 4900% [54]
Resistance — 20%–80% 20 s 35 s 300% [55]
Capacitance 100 kHz 20%–90% 250 s 175 s 350% [56]
Capacitance 100 Hz 5%–95% 21.4 s 4.8 s 100% [43]
Capacitance 100 Hz 11%–97% 4.7 s 3 s 4450 544% [57]
Capacitance 1 kHz 5%–95% — — 2 869 500% [58]
Capacitance 100 Hz 15%–95% 5 s 3 s 43 907 000% This

work
Capacitance 1 kHz 15%–95% 5 s 3 s 11 976 220% This

work

capacitance vs RH characteristics of the ZnO:PEI
(2:1) sensor measured under humidification (RH
increasing from 10% to 95%) and desiccation (RH
decreasing from 95% to 10%). The humidity hyster-
esis of the sensor is about 8% and occurred at around
75% RH which is somewhat high but comparable to
other sensors made by wet-coating.

Figure 6(b) shows the dynamic response curve
to the increasing RH from 40% to 95%, and the
inset is the amplified dynamic response curve within
15%–30% RH, which clearly shows that the humid-
ity sensor has good response to low RH range (15%).
Figure 6(c) presents repeatability performance of the
ZnO:PEI (2:1), exposed to 95% RH from 10% RH.
This result shows that he sensor displays good repeat-
ability, evident from the consistent response charac-
teristics over three cycles.

We also calculated the response and recovery
times of the sensor, as shown in figure 6(c). The
response and recovery times are defined as the time
needed for the capacitance of the sensor vary from
10% to 90% of its final value during the humid-
ification and the desiccation processes, respectively
[31, 51]. As seen, the sensor response and recovery
times are 5 s and 3 s, respectively, on par with the
fastest speeds observed from other printable capacit-
ive humidity sensors.

Table 2 compares the performance parameters of
the ZnO:PEI (2:1) sensor of this work with those of
other printable humidity sensors previously reported.
The composite sensor demonstrates a significantly
higher response in comparison to other sensors, along
with a competitive set of other parameters includ-
ing RH range, response and recovery times and high
ambient stability. Based on these results, coupledwith
its simple structure, ease of fabrication and its use
of only eco-friendly materials, we believe that the
ZnO:PEI humidity sensor has a significant potential

for smart packaging and other humidity sensing
applications.

4. Conclusion

In summary, a highly-sensitive and fully printable
capacitive humidity sensor based on ZnO and PEI
composite has been reported. The sensor has a simple
structure, consisting only of a layer of the ZnO:PEI
composite, coated atop IDEs pre-printed on a PET
substrate, using alcohol solvent. The ZnO:PEI (2:1)
sensor showed a response of 43 907 000% at 100 Hz,
which is higher than other sensors fully made by wet-
coating processes, with detection range of 15%–95%
RH at room temperature. The sensor also has fast
response and recovery times (5 s and 3 s, respect-
ively) and exhibited good repeatability over multiple
humidification and desiccation cycles. Long-term sta-
bility tests indicate that the sensor possesses high sta-
bility under ambient conditions, with response dif-
ferences of below 5% at 1 kHz and 7% at 100 Hz,
after three weeks of being kept in the ambient without
encapsulation. This work demonstrates that ZnO:PEI
sensor is a promising candidate for smart packaging
and other humidity sensing applications.
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