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Abstract 
 

Integration of sensor modules in contemporary smart devices is imperative for initiating automation in the 
devices. Among such sensors temperature sensors based on conventional inorganic semiconductors are most 
common. Temperature sensors are generally used in various electronic devices like smart watches, digital 
thermometers, digital weather stations etc. Integration of inorganic temperature sensor modules in such organic 
smart devices adds to circuit complexity, inconsistency, increment in fabrication cost and size of the device. In 
this research article a new flexible organic thin film temperature sensor is proposed that is inspired from the 
operational functionality of organic thin film transistors. The proposed organic thin film temperature sensor 
(OTS) is structurally and behaviourally similar to an organic thin film transistor (OTFT). A comparative analysis 
of OTS with single gate and dual gate OTFT structures using modelling and simulation is performed to validate 
its functionality and determine its operational efficiency across different performance parameters. The OTS is 
found to generate 167% and 17% more drain current then single gate and double gate (DG) OTFTs respectively 
with same material composition, and voltage regime. Also, OTS has 31% higher temperature sensitivity 
compared to double gate OTFTs. It will eliminate the need of additional circuit components required to make 
contemporary inorganic temperature sensors functional with smart organic electronic devices. Hence the 
proposed OTS being dimensionally and functionally equivalent to a single OTFT could replace the conventional 
inorganic semiconductor-based temperature sensors to achieve fabrication compatibility and size optimization in 
modern organic electronic devices.   
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1. Introduction  
 

Among the different natural phenomenon, measurement of ‘heat’ is most common. Heat is measured in terms 
of temperature that is defined as the average of kinetic energy possessed by atoms/molecules in any system. It is 
an expression of energy in thermal form, that is omnipresent in all type of matter and act as the source of heat 
generation, and energy flow from hotter to colder body. Temperature sensors are used to detect the degree of heat 
energy present within a matter or in its surrounding. Temperature sensors are widely used in manufacturing 
industries, health care facilities, scientific research, automation, smart wears etc. Consequently, the volume of 
thermal or temperature sensors make up the largest portion of contemporary sensing device industry [1]. Different 
physical quantities (like pressure, humidity, gas concentration etc.) are also dependent on temperature, therefore 
devices used for measuring such quantities are also required to integrate temperature sensors to compensate for 
temperature related measurement deviations [2]. There are numerous techniques employed for measuring 
temperature that exploit physical properties of matter like thermal expansion [2] thermoelectricity [3], 
fluorescence [4], etc. Generally, temperature sensing systems are divided in to three broad categories viz. non-
invasive, semi-invasive and invasive [3,5,6]. These categories have their distinct advantages and restrictions. An 
invasive type of sensor is required to be inserted inside the object to measure its temperature. Such devices are 
largely used in the healthcare or pharmaceutical industry [8], beverage and food industry, scientific laboratories 
etc. These include oral thermometers, rectal thermometers etc. They are accurate but invades personal space of 
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the user and may cause hygiene related issues. Semi-invasive type sensor can measure the temperature by making 
the contact with the surface of an object. Most common example of such sensor include skin temperature sensor 
used in smart watches. The non-invasive type of temperature sensor includes infrared thermometers, optical 
pyrometers, broadband radiation thermometers etc. Such sensors are preferred for assessing temperature of 
moving objects that are small in size and not accessible easily and for processes that are dynamic in nature and 
require fast response; and for temperatures <1000°C (1832°F).  

In the field of smart fabrics and wearable electronics non-invasive temperature sensors are used to identify 
different temperatures ranges to attain certain degree of automation [8]. In contemporary smart wear devices under 
internet of things (IOT) framework, organic semiconductor based sensors are used due to their low price and easy 
integration [9-13]. Integrating inorganic sensors with otherwise organic smart wear devices may result in higher 
cost of production as well as inefficiency in circuit integration due to mismatch in size and physical properties of 
organic and inorganic transistors. It may also increase the overall size of the smart devices as additional circuitry 
is required to integrate the inorganic temperature sensors with the organic smart devices. Therefore, there is a 
requirement of a temperature sensor based on organic semiconductor that could be homogeneously integrated 
with the organic smart devices without increasing the device size and fabrication cost. To address this need, a new 
organic thin film temperature sensor (OTS) is proposed in this research work with single drain electrode and 
double source electrode structure through modelling and simulation. This sensor is similar in size and behaviour 
to a double gate organic thin film transistor and could be integrated in the circuit of the smart device without any 
additional supporting circuit components. The research article is subdivided into four sections. Section 1 is 
dedicated to introduction to the problem statement, whereas Section 2 elucidates design and analysis of organic 
thin film temperature sensor. Results are discussed in Section 3 and conclusion is presented in the Section 4. 

 
2. Materials and methods 
 

The design of OTS sensor is based on the concept of migration of the charge carriers under the influence of 
an electric field [13]. The sensor experiences alteration in output drains current level under different temperature 
regimes. The objective of this research is to develop an organic thin film transistor that could also perform as a 
temperature sensor. Therefore, the performance of proposed OTS is compared with the bottom gate bottom contact 
(BGBC) organic thin film transistor (OTFT), double gate (DG) OTFT, which are widely used single gate and 
dual gate OTFT structures respectively using modelling and simulation. The performance will be analysed in 
terms of the mobility of the charge carriers, output drain current and ability to sense the temperature over wider 
range. Structural configuration of BGBC OTFT, DG OTFT and OTS are displayed in Figure 1 (A), (B) and (C) 
respectively. BGBC OTFT is comprised of single gate electrode with one source and one drain electrode in 
addition to an OSC layer and a dielectric layer. Whereas DG OTFT has two gate and dielectric layers viz. top and 
bottom layers. The structure of OTS is comprised of two gate electrodes (top and bottom), a couple of dielectric 
thin films (top and bottom), single organic semiconductor layer (OSC), double source electrodes (top and bottom) 
and single drain electrode.  

To evaluate the effect of temperature on (OTS), the structure of temperature sensor is investigated using 
organic module standard incorporated in Atlas 2-D TCAD simulator from SILVACO. For result prediction under 
various boundary limitations, the Poole-Frenkel model for mobility is employed [14]. The conduction channel 
formation inside BGBC OTFT, DG OTFT and OTS on application of suitable biasing voltage is shown in Figure 
2 (A), (B) and (C) respectively. It is evident from Figure 2 (C) that OTS generates two distinct conduction 
channels, and it is a functional OTFT like BGBC OTFT and DG OTFT. For simulation purpose, an efficient 
current model called Poole-Frenkel model was utilized by summing up the currents generated due to injection or 
ejection of charge carriers at the material interfaces, determined through thermionic emission. In this model the 
transport of charge carriers inside dielectric materials is determined by the diffusion or the drifting of the holes or 
electrons in a semiconductor material with greater energy band gap. Apart from the applied voltage (electric field), 
different parameters were varied namely the trap density associated with acceptors and donors; the level of energy 
associated with the traps at zero-field energy within energy band gap, the internal Schottky effect modifies this 
energy level; dielectric layer thickness; the dielectric layer permittivity related to different oxide materials; the 
potential barriers associated with charge carriers at the interfaces of various electrode materials; at constant 
temperature.  
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Figure 1 2-D simulated structural representation of (A) BGBC OTFT. (B) DG OTFT. (C) OTS. 

 

 

 

 

 

 

Figure 2 Conduction channel formation inside simulated (A) BGBC OTFT. (B) DG OTFT (C) OTS. 
 

The Poole-Frenkel model facilitates visualization of conduction which is result of thermal excitation due to 
enhancement in field of trapped charges. Materials and dimensions used in modelling and analysis of OTS are 
recorded in Table 1. The OTS incorporates novel single drain double source (SDDS) architecture for enhanced 
temperature sensitivity. When a suitable external voltage is applied between gate and source electrodes (both top 
and bottom respectively), the charge carries starts accumulating in the conduction channel region near the interface 
of dielectric layer and OSC layer [15-17]. Consequently, if required voltage biasing is provided between source 
and drain electrode, the accumulated charge carries start moving from source in the direction of drain electrode 
resulting in the formation of conducting channel [18]. Since the OTS has two gate electrodes, two distinct channels 
are formed as depicted in Figure. 2 (C). The dual source structure makes the OTS very sensitive as alterations in 
the drain current may occur with minor changes in the temperature. OTS makes temperature assessment by 
measuring the fluctuations in drain current levels corresponding to different temperature regimes [7]. 

At the material level, in pentacene (OSC material used in the current research) rise in temperature results in 
energizing of charge carriers. These energized charge carriers fill the trap locations inside pentacene layer. On the 
other hand, in silicon the energized charge carriers start moving randomly in all directions. As a result, overall 
current inside the silicon layer deteriorates. Also, organic semiconductor materials like Pentacene, contain 
substantial trap energy states in their energy band [17,19,20] whereas inorganic material like silicon does not have 
such traps, as shown in Figure 3. Consequently, temperature sensor comprised of inorganic semiconductor 
materials like silicon becomes unreliable after a threshold temperature is breached. The random movement of 
charge carriers in such materials give rise to random fluctuations in output drain current, due to this precise 
measurement of the temperature could not be achieved. Whereas in organic semiconductors like pentacene the 
activation energy (α) of charge carriers decreases with increase in temperature and with increment in negative bias 
gate to source voltage (VGS), new charges are generated. These newly spawn charge carriers fill the additional 
localized trap states and flow of charge becomes smooth. Consequently, the energy required for charge carriers to 
reach the HOMO energy level is reduced [1,21]. As a result of this phenomenon the output drain current IDS, in 
organic thin film transistors increases with rise in temperature. Hence, the organic thin film temperature sensor is 
better and reliable alternative for silicon based contemporary temperature sensors for measuring temperature 
variations. 
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Table 1 Physical parameters and material composition used in modelling of BGBC OTFT, DG OTFT and OTS. 
Thin Films BGBC OTFT DG OTFT OTS 
OSC Layer Pentacene, 80nm Pentacene, 80nm Pentacene, 80nm 
Source Electrode (top & bottom) Gold, 60nm Gold, 60nm Gold, (20nm + 20nm) 
Drain Electrode Gold, 60nm Gold, 60nm Gold, 20nm 
Gate Electrode (top & bottom) Aluminium, 20nm Aluminium,  

(20nm + 20nm) 
Aluminium,  
(20nm + 20nm) 

Dielectric Layer (top & bottom) Al2O3,10nm Al2O3 
(10nm + 10nm) 

Al2O3 
(10nm + 10nm) 

 
 

 
 
 
 
 
 
 
 
 
 
Figure 3 Trap density between energy bands in (A) organic and (B) inorganic semiconductor respectively. 
 

The organic semiconductor layer comprised of Pentacene could be fabricated through solution processing or 
thermal evaporation. Similarly, dielectric layer of aluminium oxide could be deposited through solution 
processing or thermal evaporation. For deposition of source and drain electrodes shadow masking, lithography, 
lift off or transfer printing could be used. The aluminium gate electrode could be deposited through vacuum 
thermal evaporation [18,23,24]. Since the structure of OTS have source and drain electrodes in three different 
positions, therefore OSC will be deposited in three part to accommodate the thermal deposition of source and 
drain electrode unlike BGBC and DG OTFT where OSC layer is deposited in a single attempt.  

 
3. Results and discussion 
 

Organic thin film temperature sensor structure used in the analysis is comprised of five different material 
layers and three embedded electrodes. Initially an aluminium layer is deposited over a flexible substrate through 
vacuum thermal deposition. This layer will serve as the bottom gate electrode of the organic thin film transistor 
sensor. Over the bottom gate electrode layer a thin film of aluminium oxide is deposited by employing thermal 
evaporation or RF magnetron sputtering, to eliminate the migration of charge between organic semiconductor 
layer (pentacene) deposited over it and gate electrode layer. Bottom source electrode is deposited through transfer 
printing over dielectric layer. A 40nm thick pentacene layer is deposited over the dielectric layer through thermal 
deposition enveloping the bottom source electrode.  

Over this layer drain electrode of gold is deposited through transfer printing. Again, a pentacene layer is 
deposited with 20nm thickness, engulfing the drain electrode. Top source electrode of gold is deposited over it 
through transfer printing and final pentacene layer of 20nm is deposited completing the embedding of the source 
and drain electrodes inside OSC layer. Over the OSC layer another thin film of aluminium oxide is deposited 
through RF magnetron sputtering. Finally, the top gate electrode layer of aluminium is deposited through physical 
vapour deposition technique. For sensing temperature by measuring variations in drain current, it is imperative 
that OTS should be functionally similar to an OTFT. To ascertain the functional correctness and operational 
accuracy of the OTS, analysis is carried out at 273 K and performance of OTS across different performance 
parameters is compared with performance of BGBC and DG OTFT for same parameters. The results are recorded 
in Table 2. It has been found in the analysis that the proposed SDDS structure of OTS is functionally similar to 
BGBC and DG OTFT as the movement of charge carriers takes place under the effect on an external electric field. 
The drain current generation of OTS i.e., 7.98 µA is highest among the three devices taken for analysis as shown 
in Table 2. It means that the OTS could sense wider range of temperature as compared to BGBC and DG OTFT. 
Also, the ratio of ‘ON’ current to ‘OFF’ current is highest for the OTS (1.92 x 106) signifying the lower value of 
thermally generated subthreshold leakage current. The lower leakage current makes the OTS more thermally 
stable over greater temperature variations as compared to BGBC and DG OTFT. Further the mobility of charge 
carriers in the linear region is greatest inside OTS (7.14 cm2/V. s).  

This makes OTS more sensitive towards temperature fluctuation as compared to DG or BGBC OTFT where 
charge carriers have lower mobility. In addition to higher carrier mobility, lower threshold voltage also enhances 

(A) 
 

(B) 
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the temperature sensitivity of the OTS as it could become operational at lower voltage then the other two devices 
viz. BGBC OTFT and DG OTFT. Result magnitudes recorded in the Table 2 have an error margin of ±0.68. The 
organic thin film temperature sensor owing to its novel structure generates two conduction channels in the organic 
semiconductor layer as shown in Figure 2 (C). Since the accumulation of charge takes place at the interface of 
OSC layer and dielectric layer, large number of charge carriers is accumulated near top and bottom dielectric and 
due to bi-positional source electrodes higher drain current with enhanced mobility is obtained. Whereas in BGBC 
OTFT accumulation of charge carriers takes place in the limited region between source and drain electrode, thus 
lower number of charge carries could accumulate and hence the drain current produced by BGBC OTFT is lowest 
amongst three devices taken for analysis with same OSC layer and voltage regime. In case of DG OTFT two 
channels are formed but with different intensity as shown in Figure 2 (B). The bottom channel of DG OTFT is 
weaker due to the lower charge accumulation like BGBC OTFT, whereas the top channel is strong as greater 
number of charge carriers could accumulate in the top channel region.  
 
Table 2 Performance of OTS across different parameters achieved after the simulation analysis. 
Performance Parameters BGBC OTFT DG OTFT OTS 
Gate to Source Voltage, VGS (V) 0 to -3 0 to -3 0 to -3 
Drain to Source Voltage, VDS (V) -1.5 -1.5 -1.5 
Drain current, Ids (µA) 2.98 6.8 7.98 
ION/IOFF ratio 978.44 3.9 x 105 1.92 x 106 

Transconductance, gm (µS) 2.57 4.06 x 10-6 5 x 10-6 
Mobility linear, µlin (cm2/V. s) 3.67 5.81 7.14 
Threshold voltage, Vth (V) -1.84 -1.40 -1.30 
Sub-Threshold Slope, SS (V/dec) 0.59 0.09 0.08 

 
Therefore, greater the charge accumulation in the conduction channel region of any OTFT, higher the drain 

current will be produced and superior will be the charge carrier mobility. Hence, the novel structure of OTS is 
justified, as it enables maximum charge accumulation in the conduction channel region. After determining the 
behavioural output of OTS and validating its performance, the devices are further analysed using SILVACO Atlas 
TCAD simulator to determine the nature of variations in drain current due to temperature fluctuations under same 
voltage regime at five different temperature profiles viz. 250K, 273K, 300K, 325K, 350K. The output drains 
current thus obtained is verified mathematically using drain current equations for OTFTs via. Equation (1) and 
Equation (2).  

                                              Iୈ୪୧୬ =
୛

୐
 × μ୬C୭୶ ቂVୋୗ −

୚ీ౏

ଶ
− V୘ቃ × Vୈୗ                 (1) 

 

                                               Iୈୱୟ୲ =
ଵ

ଶ
×

୛

୐
 × μ୬C୭୶[Vୋୗ − V୘]ଶ     (2) 

 
Here, W and L represents width and length of the conduction channel respectively, 𝜇௡ is mobility of the charge 

carriers whereas 𝐶௢௫ is lumped oxide capacitance. 𝑉  represents threshold voltage, 𝑉஽ௌ and 𝑉 ௌ are drain to source 
voltage and gate to source voltage respectively. 𝐼஽௦௔௧  represents drain current in saturation regime whereas 𝐼஽௟௜௡  
represents drain current in linear regime. 
 

Since the applied voltages were same for all the devices with no change in size or material composition, the 
alteration seen drain current of the devices was the direct result of temperature variation as shown in Figure. 4. 
All three devices have shown variations in drain current with changing temperature. The temperature dependent 
variations in the drain current of BGBC OTFT are minimum as displayed in Figure 4 (A), making it unsuitable 
for temperature sensing. On the other hand, the DG OTFT device show greater variations in output drain current 
with change in temperature as depicted in Figure 4 (B). The variation in drain current of DG OTFT is quite distinct 
and drain current levels are also higher as compared to BGBC OTFT. The drain current plots of organic thin film 
temperature sensor with respect to different temperature profiles are displayed in Figure 4 (C). It is evident from 
the Figure 4 (D) that for any given temperature profile highest magnitude of drain current is produced by OTS. It 
is an important property for temperature sensor as higher the magnitude of drain current, more profound will be 
the variations in it with respect to change in temperature. It is visible in Figure 4 that with increment in drain 
voltage the drain current magnitudes of OTS are increasing at greater rate than BGBC or DG OTFT for every 
temperature profile. Also, in OTS and DG OTFT the drain current is still in linear region whereas in BGBC OTFT 
it has almost achieved saturation and show no change for any temperature variation after drain to source voltage 
(VDS) becomes -3 V. 
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Another analysis is done to measure the temperature sensitivity of the devices by measuring the deviation in 
drain current magnitudes produced at lowest and highest temperature by the three devices at constant gate to 
source voltage (VGS=-3V). The results of this analysis are displayed in Figure 5. The highest drain current is 
obtained when the temperature was set at 350K, whereas lowest drain current is obtained when temperature was 
250K. The rise in temperature provides activation energy to the charge carriers, as a result more and more charge 
carriers acquire sufficient activation energy to jump from highest unoccupied molecular orbital (HOMO) to lowest 
unoccupied molecular orbital (LUMO). Due to this surge in number of charge carriers in LUMO (responsible for 
conduction current) the overall drain current magnitude in the OTS rises substantially. On the contrary, when the 
temperature declines the number of charge carriers in the LUMO diminishes. This is because only those charge 
carriers now gain sufficient activation energy to jump from HOMO to LUMO that are under the influence of 
electric field generated in OTS through voltage supply and contribute to the formation of conduction channel.  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4 Temperature dependent variations at constant gate to source voltage (VGS = -3V) in output drain current 
of simulated (A) BGBC OTFT, (B) DG OTFT, (C) OTS, (D) Combined. 

 
It is apparent from Figure 5 (B) that with rise in thermal profile i.e., temperature, there is a substantial change 

in the output drain current of OTS and DG OTFT whereas in BGBC OTFT only a minimal variation is observed. 
This shows that for any given temperature the change in drain current of the OTS is highest. Data provided in 
Figure 5 (A) also support this claim where deviation between drain current at lowest temperature (250 K) and 
drain current at highest temperature (350 K) of all three devices are displayed. The deviation recorded in drain 
current of BGBC OTFT is 0.07 µA as highest and lowest drain currents recorded for BGBC OTFT are 3.42 µA 
and 3.35 µA. whereas in case of DG OTFT the drain current deviation is found to be 1.21 µA, which is 
significantly better than BGBC OTFT. Highest and lowest drain currents recorded for DG OTFT are 8.79 µA and 
7.58 µA respectively. Greatest deviation of 1.59 µA in drain current is produced by OTS, which is approximately 
31% higher than the deviation recorded for DG OTFT. The highest and lowest drain current of OTS are found to 
be 10.5 µA and 8.91 µA respectively. 
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Figure 5 (A) Contrast in drain currents of simulated BGBC, DG and OTS devices for highest (350 K) and lowest 
(250 K) magnitude of temperature at constant VGS = -3V, (B) Rise in drain current of simulated OTS with rise in 
temperature at constant VGS = -3V and VDS = -3V. 

 
Hence, the OTS is most suited among the single gate and double gate OTFT structures for the role of 

temperature sensor. It has greater carrier mobility of 7.14 cm2/V. s and generates higher drain current of magnitude 
7.98 µA when VDS is -1.5 V and VGS is -3 V at 273 K as recorded in Table 2. Also, ratio of ‘ON’ current to ‘OFF’ 
current is highest for the OTS (1.92 x 106) signifying the lower value of thermally generated subthreshold leakage 
current. All these parameters conclusively prove that the proposed OTS is an efficient temperature sensor and 
could perform the dual role of an OTFT as well as an organic temperature sensor in an electronic circuit.  

 
4. Conclusion 
 

OTS measures the changes in temperature by monitoring the variations in the output drain current (𝐼஽ௌ). It has 
been established through modelling and simulation that in organic semiconductors like Pentacene, conductivity 
increases with increment in temperature and vice versa. After analysing proposed OTS with BGBC and DG OTFT 
at different temperatures, the OTS achieved the greatest deviation in 𝐼஽ௌ (1.59 µA), highest charge mobility (7.14 
cm2/V. s) and maximum magnitude ranging between 8.91 µA and 10.5 µA. The analysis concludes that the 
proposed OTS is a viable and economical option to contemporary OTFT based organic temperature sensor 
technologies. 
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