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PEDOT:PSS coated Screen Printed Graphene-Carbon
Ink based Humidity and Temperature Sensor

Ajay Beniwal, Deepan Kumar Neethipathi, Ravinder Dahiya* Fellow, [EEE

Abstract— This work presents a multifunctional humidity and
temperature sensor, fabricated on a flexible polyvinyl chloride
(PVC) substrate using a facile screen-printing and drop casting.
The sensor comprises of screen-printed graphene-carbon (G-C)
layer coated with Poly(3,4-ethylenedioxythiophene):polystyrene
sulfonate (PEDOT:PSS). The sensor displays good sensing
performance (~1%/%RH) towards wide humidity range (25 %RH
-90 %RH) at room temperature (RT; 27 °C £ 2 °C). The influence
of operating temperature on humidity sensing performance is
examined in the temperature range of 15 - 55 °C and a nearly
linear relation (with Adj. R? of value 0.959) is observed towards
change in temperature (35 to 55 °C). Further, temperature sensing
performance of the sensor is analysed in 15 - 35 °C temperature
range. The sensor displays good performance with temperature
coefficient of resistance as -3.18 %°C! and -1.3 %°C! for 15-25 °C
and 25-35 °C, respectively. Other important sensing characteristics
like repeatability, hysteresis, response, and recovery times are also
analysed and presented here.

Index Terms— Flexible sensor, humidity, multifunctional
sensor, PEDOT:PSS, printed electronics, temperature.

I. INTRODUCTION

UMIDITY and temperature sensing is of significant

interest in applications such as environment

monitoring [1], personal healthcare [2-5], electronic
skin (e-Skin) [6-8], food packaging [9-11], and agriculture [12,
13] etc. The regular and continuous monitoring of these
parameters is important in above applications. For example,
most of greenhouse plants/crops require relative humidity
in/around the range of 40 - 80% [14-16] and optimal air
temperatures in/around 17 - 27 *Crange [13, 15, 17]. This means
it is important to maintain the desired levels of humidity and
temperature to ensure high growth rates of greenhouse
crops/plants. This need for humidity and temperature
measurements calls for cost-effective sensors and as a result
wide variety (e.g., capacitive, resistive) of temperature and
humidity sensors have been explored [6, 7, 18-23]. However,
complex synthesis, non-flexible form factors and cost-
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ineffective fabrication hinder their widespread use. In this
regard, printed sensors on flexible substrates offer an attractive
route for flexible -electronics applications [24-26]. The
capability to choose the printing ink, substrate, and the
flexibility of designing the electrode with desired pattern offers
numerous opportunities to enhance the performance of these
sensors. Further, the resource efficient printing could improve
the commercial viability of these sensors [27].

Among various sensitive materials, the inks based on carbon
and graphite have been explored extensively for chemical,
physical and biosensors [28-30]. Similarly, conductive
polymers such as PEDOT:PSS have been extensively reported
for numerous sensing applications [6, 31, 32]. The key features
of PEDOT:PSS which makes it suitable for sensors are its
tunable conductivity, good thermal stability, good transparency
to visible light, compatibility towards solution-based processes
and a high level of biocompatibility [33]. Whilst several
PEDOT:PSS based humidity [20, 31, 34-38] and temperature
[2,4,6,39-41] sensors have been reported. However, the use of
metal-based inks for electrodes, limited sensing performance,
complex fabrication route and singular function of the sensor
adds to another layer of complication. Therefore, the ease of
fabrication from these materials is still a challenge specifically
for developing a multifunctional sensor (e.g., temperature and
humidity) which has advantages such as low power
consumption, compact structure, reduced cost, and small size [3,
42,43].

Herein, we report a simple strategy for development of a
multifunctional sensor (for humidity and temperature sensing)
involving the drop casting of PEDOT:PSS over a graphene-
carbon screen-printed layer/electrode. The PEDOT:PSS/G-C
ink based flexible, multifunctional sensor’s performance is
investigated towards humidity and temperature sensing in range
25-90 %RH and 15-35 °C, respectively. The detailed study
about the influence of temperature on humidity sensing also
provides insight into using the developed sensor for humidity
monitoring under different operating temperatures. The
printing of biocompatible G-C ink for electrodes is resource
efficient methods as compared to conventional metal deposition
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Fig. 1. (a) Schematic illustration of the fabrication process for PEDOT:PSS coated G-C ink based multifunctional sensor. (b) Fabricated sensor and SEM images
of the G-C layer and PEDOT:PSS coated G-C sensing layer. Schematic illustration of the (c) humidity sensing set-up and (d) temperature sensing set-up.

methods. The work presented in this paper extends our
preliminary results presented at IEEE International Conference
on Flexible and Printable Sensors and Systems (FLEPS) 2022
[44]. Here, we have discussed the influence of the operating
temperature on humidity sensing characteristics of
PEDOT:PSS coated/modified G-C ink-based sensor. Also, the
temperature sensing characteristics are analysed by introducing
the multifunctionality aspect of the developed sensor.

This paper is organised as follows: The materials and
methods used for the development of sensor are given in
Section II. The results from evaluation of humidity sensor,
temperature sensor and influence of operating temperature on
humidity sensing performance are given in Section III and the
key outcomes are explained in Section IV.

II. MATERIALS AND METHODS

A. Materials

The flexible polyvinyl chloride (PVC) sheet having ~175 um
thickness was used as flexible substrate. PEDOT:PSS used in
this work was purchased from Ossila (PEDOT:PSS (PH 1000)).
The graphene carbon ink for screen printing the G-C layer was
from Sun Chemical (C2171023D1: Graphene Carbon
Ink:BG04). Silver conductive (RS 186-3600, RS Components)
was used for wire connections/contacts. For wire insulation, the
grey dielectric ink (D2070423P5:Grey Dielectric Ink:BG04,
Sun Chemical) was used.

B. Fabrication of sensor

The multifunctional humidity and temperature sensor, shown
in Fig. 1, was developed using a two-step fabrication process,
i.e., screen printing and drop casting. Firstly, screen printer

(Screen Stencil Printer C920, Aurel Automation) was used to
print the graphene-carbon ink-based layer on a flexible PVC
substrate. The printed layers were annealed for an hour in an
oven at 60 °C. The wire connections were realised using silver
conductive paste for 2-wire resistance measurements and the
contacts were insulated using the grey dielectric ink, which was
cured in the oven at 60 °C for half an hour. After this, screen
printed graphene carbon layer was modified by drop casting 30
uL of PEDOT:PSS on it. The modified layer was left to dry at
40 °C overnight to develop PEDOT:PSS coated graphene-
carbon ink based multifunctional sensor (also referred as
sensor2). Here, the unmodified i.e., graphene-carbon ink-based
sensor is referred as sensorl. The schematic illustration of sensor
fabrication steps and developed sensor are shown in Fig. 1 (a-b).
The scanning electron microscopy (SEM) images of the G-C
layer and PEDOT:PSS coated G-C layer are shown in Fig. 1 (b).
The layer thickness of PEDOT:PSS coated G-C ink-based
sensing layer is found to be ~ 20 pm.

C. Humidity and temperature sensing set-up

For humidity sensing, an acrylic sensing chamber
(dimensions: 50 cm x 40 cm x 45 cm) is used. This chamber
contains a sensor holder and humidifier unit, placed inside the
chamber. A rubber seal is used to cover the top panel airtight.
The holes on the sides of panels are used to insert (i) sensor cable
for measurement, (ii) commercial humidity meter tip used for
calibration purpose, and (iii) a power cord for the humidifier
unit. Here PureMate (PM 908 Digital Ultrasonic Cool Mist
Humidifier) is utilized as the humidifier unit, which can be used
for generating as well as regulating the humidity condition
within the chamber. For the calibration, commercially available
ATP - Humidity & Temperature Meter DT-625 is used as the
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Fig. 2. Humidity sensing characteristics of sensorl and sensor2 for 25 %RH to
90 %RH range. Dynamic response characteristics of (a) sensorl and (b)
sensor2. (c) % Response for sensorl and sensor2. [44]

reference humidity meter (with +2%RH accuracy) and
temperature meter. The measurements are carried out using
Agilent 34461A 6% Digit Multimeter and the change in
resistance was observed and recorded using the associated
LabVIEW interface. For dehumidification process, the top panel
of the sensing chamber was set open, and sensor was exposed to
air. Further, a Peltier stage (PEI20 Peltier system, Linkam
Scientific Instruments Ltd.) is used to examine the influence of
operating temperature on humidity sensing characteristics
analysis and temperature sensing characteristics of the
developed sensor. The Peltier stage is operated to achieve the
desired temperatures. The change in resistance of the sensor is
measured using the digital multimeter. The schematic
illustrations of humidity and temperature sensing set-ups are
shown in Fig. 1 (c-d).

III. RESULTS AND DISCUSSION

A. Humidity sensing analysis

The humidity sensing characteristics for both sensor typesi.e.,
sensorl (pre-modification G-C layer) and sensor2 (PEDOT:PSS
coated/modified G-C layer) was observed in 25 - 90 %RH
humidity range at room temperature (27 °C + 2 °C) and the
results are shown in Fig. 2 (a-b) [44]. The humidity sensing
performance is examined using % response, which is determined
as follows [45]:
2R 100 1
T 1)

Where, AR= Ru— Ra; Ruis resistance of the sensor defined
at particular humidity level and Ra is the baseline resistance
(analysed at 25 %RH). The comparative analysis of humidity
sensing performance, displayed in Fig. 2(c) [44], clearly shows
the enhanced performance of sensor2 as compared to sensorl,
specifically for low to moderate humidity range (below and
around 60 %RH). The reproducibility analysis was also carried
out for sensor2 by repeating the fabrication route and developing
replica sensors (RS). The responses of the replica sensors i.e.,

RS (i), RS (ii)) and RS3 (iii) are compared with the original
sensor2 (referred as humidity sensor) in the Fig. 3 (a-d). The
obtained responses of the replica sensors are found well in
accordance with the original humidity sensor with minor
variations in % response.

Therefore, the obtained results suggest possible applicability
of sensor2 towards various humidity sensing applications. For
example, the obtained sensing performance (~ 1 %/%RH) in the
range 25-90 %RH indicates the suitability of the sensor for
potential greenhouse application. Considering the enhanced
humidity sensing performance of sensor2, further
characterisations (e.g., influence of temperature on humidity
sensing performance, multifunctionality analysis with
temperature sensing measurement etc.) were examined using
PEDOT: PSS coated G-C layer-based sensor i.e., sensor2.
Hence, hereafter sensor2 is referred as the humidity and/or
temperature or multifunctional sensor, unless otherwise stated.

B. Influence of operating temperature on humidity sensing
performance sensor

Along with the humidity, the change in temperature also
affects the electrical properties of PEDOT:PSS [46]. Therefore,
it is important to understand the influence of temperature
variations on humidity sensing, specifically for applications
where monitoring of both the parameters i.e., humidity as well
as temperature is important (e.g., greenhouse industries). The
temperature sensing properties of pristine or functionalized
PEDOT:PSS are well reported in the literature [2, 4, 6, 39].
Nonetheless, the influence of the temperature variations on
humidity sensing properties of PEDOT:PSS based sensor is
important and hence, examined in the present work. The
performance of the developed humidity sensor (replica sensor)
was examined in a temperature range of 15 - 55°C and humidity
range of 25 - 90 %RH, as shown in the Fig. 4. Initially, the
performance of the sensor was evaluated at room temperature
(25 °C). Further, it was analysed by considering temperature
variation in both the directions i.e., increase and decrease with
respect to RT. The change in resistance for considered humidity
range is depicted in Fig. 4 (a) in terms of % responses at 15, 25,
35, 45 and 55 °C. The observed % responses, shown in the Fig.
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4 (b), are 32.9%, 68.5%, 68%, 35.2% and 17.9% at 15, 25, 35,
45 and 55°C, respectively, for considered humidity range i.e., 25
- 90 %RH. The obtained results indicate that humidity sensing
performance is significantly influenced by the operating
temperature conditions and the influence can be seen in both the
directions of temperature variation. This could be explained via
humidity sensing mechanism at RT and other temperatures. At
RT, under humid conditions the sensing layer absorb
moisture/water and hydrophilic PSS may swell. The latter leads
to larger distances between adjacent PEDOT enriched cores,
which increases the resistance of the sensing layer. However,
under elevated temperature conditions, the moisture will be
desorbed from the sensing layer. This will reduce the total
number and the size of particle boundaries (these boundaries
prevent charge carrier hopping between PEDOT:PSS) and thus,
lead to decrease in resistance of the sensing layer [33, 39].
Further, the humidity sensing performance for 5 °C temperature
variation in 35 - 55 °C range is also analysed and shown in the
Fig. 4 (c). The calculated humidity sensing % response is found
to be decreasing (68% to 17.9%) towards this change in
operating temperature conditions (35 - 55 °C). The observed
value (0.959) of the coefficient of linearity (R?), demonstrates
nearly linear declining % response for humidity sensing in the
operating temperature conditions (35 - 55 °C). Therefore, by
applying the suitable mathematical modelling or temperature
compensation model the developed sensor could be used in a
wide operating temperature condition. However, further
experiments and data are needed to develop this model.
Therefore, the observed influence of operating temperature
conditions on humidity sensing characteristics (interestingly, a
nearly linear relationship is observed) signify that the developed
sensor has the potential to be used as a multifunctional sensor
capable of monitoring humidity as well as temperature.
Multifunctionality of most of the sensors focus on two sensing
capabilities, under relatively stable behaviour of one signal,
sensor detect another signal effectively, and vice versa [42]. The
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Fig. 5. Temperature dependent I-V characteristics of the sensor with a voltage
sweep from -1 V to +1 V in temperature range 15 - 35 °C.

multifunctional sensor also offers several advantages like low
power consumption, compact structure, reduced cost, and small
size [3, 42, 43].

The results obtained from the influence of operating
temperature on humidity sensing performance indicate the
suitability of the sensor towards temperature sensing
applications also. Therefore, a systematic study was carried out
to understand the temperature sensing properties of the
PEDOT:PSS based multifunction sensor. The temperature
sensing characteristics have been analysed in detail considering
the suitability of the developed multifunction sensor for
potential application i.e., greenhouse industries.

C. Temperature sensing performance analysis

The temperature sensing response of the developed sensor
was analysed in 15 - 35 °C range. This temperature range is
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Fig. 6. Temperature sensing performance analysis (a) stepwise response of the
sensor in temperature range 15 °C - 35 °C with a step change of 5 °C. (b) %
Response vs temperature graph. (c) Three-cyclic repeatability analysis of the
sensor in temperature range 15 °C - 35 °C with a step change profile of 5 °C.
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considered based on the requirement of the proposed
multifunction sensor for potential application (greenhouse
industries). The optimal air temperatures for greenhouse crops is
reported in/around the range of 17 — 27 °C [13]. Initially, the I-
V characteristics of the sensor were obtained with a voltage
sweep from -1 V to +1 V in temperature range 15 - 35 °C as
displayed in Fig. 5. The increase in current with temperature
indicates the enhanced conductivity with increase in
temperature. The stepwise (step change of 5 °C) response of the
sensor in temperature range 15 - 35 °C is shown in Fig. 6 (a).
The resistance of the sensor observed at RT is considered as
baseline resistance used for calculations of % response. The %
response is analysed using the formula given in Eq. 2.

2R 100 2
R @

For temperature sensing, AR= Rr— Ra; Rris resistance of the
sensor at a particular temperature and Ra is the baseline
resistance (analysed at room temperature i.e., 25 °C). The %
response vs temperature graph is shown in Fig. 6 (b). The
calculated % responses are found to be in positive to negative
range (~ +32 % to ~ -13 %) based on the change in resistance
behaviour (with respect to baseline resistance) of the sensor
towards the temperature sensing (15 - 35 °C). The coefficient of
linearity (R?) is observed as 0.9234. Furthermore, the
temperature coefficient of resistance (TCR) is obtained from the
data displayed in Fig. 6. The TCR (o) is determined as follows
[39, 47]:

R=Rpor[1+ a(T—Tpep)]  (3)

Where, Rres and Trer are considered as resistance and
temperature, respectively, at RT (25 °C) conditions. TCR was
observed separately for 15-25 °C (TCR1) and 25-35 °C (TCR2).
The calculated TCR1 and TCR?2 are found to be -3.18 %°C! and
-1.3 %°C!, respectively. The obtained negative TCR of the
developed PEDOT:PSS/G-C ink-based sensor is well supported
by the background studies [6, 33, 39] and could be explained as
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Fig. 8. (a) Response and recovery time analysis of the sensor for RT (25 °C) -
30 °C and RT (25 °C) - 20 °C. (b) Comparative analysis of response and
recovery time for RT (25 °C) - 30 °C and RT (25 °C) - 20 °C.

follows: PEDOT:PSS exhibits a core-shell grain like structure
having hydrophobic and conductive PEDOT-rich core
surrounded by hydrophilic and insulating PSS-rich shell [33].
With increase in temperature, generation and enhancement of
charge carriers transport in PEDOT:PSS based sensor triggers
the decrease in the resistance of the sensing layer. Also,
increased thermal energy (with temperature) causes
enhancement in limited carrier tunneling and hoping within
individual as well as neighbored grains [39, 48]. Therefore,
resistance of the sensor decreases with increase in temperature
i.e., negative temperature coefficient.

The repeatability analysis of the sensor was also performed
by measuring response in three-cyclic temperatures in 15 - 35
°C range, again with a step of 5 “C. The obtained results, as
shown in the Fig. 6 (c), indicate good repeatability of the sensor
towards temperature sensing. Moreover, to define the resolution
of the sensor towards temperature sensing characteristics, the
sensing is also analysed with a step change of 1 °C and 0.5 °C.
The observed stepwise response of the sensor in temperature
range 15 - 25 °C with a step change of 1 °C (as shown in Fig. 7
(a-b)) and 0.5 °C (as displayed in Fig. 7 (c)) indicates the sensor
is also suitable for detection of small temperature variations.

Finally, the response-recovery times and hysteresis were also
measured. The response and recovery times analysed for both
increase and decrease in temperature (from RT) are shown in
Fig. 8. The response/recovery times for RT (25 °C) - 30 °C are
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Fig. 9. Hysteresis profile of the sensor with stepwise response of the sensor in
temperature range 15 °C - 35 °C.
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observed as ~80s/45s and for RT (25 °C) - 20 °C found to be
~80s/68s. The hysteresis profile of the sensor is shown in Fig. 9.
The results indicates that sensor exhibits some hysteresis
towards temperature sensing in considered range which could be
ascribed to the multifunctionality of the sensor i.e., sensitivity
towards humidity as well. Therefore, further studies need to be
performed by encapsulating the sensing layer and analysing the
impact of encapsulation on sensing performance.

IV. CONCLUSION

In this work, a PEDOT:PSS coated graphene-carbon ink
based flexible and multifunctional (humidity and temperature)
sensor has been presented. A simple, and cost-effective screen-
printed technique followed by drop casting method is used for
sensor fabrication. The sensor displays good response (~1
%/%RH) and reproducible sensing performance over a wide
humidity range (25 %RH - 90 %RH) at room temperature (RT;
27 °C+ 2 °C). The influence of operating temperature conditions
on humidity measurements signifies the potential of developed
sensor for multifunctional sensing. A nearly linear relationship
(with Adj. R? of value 0.959) is observed with declining %
response (~68% to ~18%) for humidity sensing towards change
in temperature (35 - 55 °C). Obtained results indicate that a
mathematical compensation model could be applied to use the
sensor suitable for wide/fluctuating operating temperature
conditions. However, further experiments and data are needed to
develop such a model. Further, the temperature sensing
performance of the sensor has been analysed in temperature
range 15 - 35 °C and sensor exhibits good performance with
TCRs of -3.18 %°C! and -1.3 %°C! for 15 - 25 °C and 25 - 35
°C, respectively. Other sensing characteristics such as
repeatability (3-cyclic), hysteresis (15 - 35 °C), the response and
recovery times (~80s and ~45s for 25 - 30°C) etc. are also
obtained. The results indicate the suitability of the developed
multifunctional sensor for potential application in greenhouse
industry and various other sectors such as environmental
monitoring, industrial, agriculture and healthcare applications.
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