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Abstract  

Organic transistors with high on-state drain current at gate and drain voltages of −2 V fabricated 

on polyethylene naphthalate foils were investigated for sensor development. Two aspects were 

studied: (a) the ability of such transistors to raise the sensitivity of a temperature sensor and (b) 

the bias stress stability of the transistors subjected to square voltage pulses that turned them on 

and off repeatedly. To demonstrate the first aspect, the voltage-amplifying ability of the organic 

transistor was used to increase the response to the temperature, ordinarily achieved with a 

thermistor. To achieve voltage amplification, the transistor must have on-state drain current of at 

least 20 A at gate and drain voltages of −2 V. Two transistors with on-state drain current of ~60 

and ~120 A were tested, leading to voltage gain of −2.8 and −4.9 V/V, respectively, thus 

increasing the sensitivity of the temperature sensor by a factor of up to 5. To study the second 

aspect, the same square voltage pulses were concurrently applied to the gate and drain electrodes, 

causing the transistor to turn on and off repeatedly. The turn-on and turn-off voltages were −2 

and 0 V respectively and four different pulse periods were used: T of 5, 20, 40 and 60 s. For each 

T, 1000 pulses with turn-on time of 1 s and varying turn-off times were applied to the transistors, 

leading to the aggregate net stress time of 1000 s in all cases. The changes in the on-state drain 
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current, threshold voltage, and field-effect mobility depended on T, in spite of the net stress time 

being the same. The reduction in the on-state drain current did not exceed 17%, stabilization was 

also observed after about 500 cycles in some cases, and the maximum drop occurred for medium 

T, thus making T = 60 s a favorable condition for sensor operation.  
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1. Introduction   

Electronics that offers attributes such as compatibility with plastic and even fabric substrates, 

low-temperature and large-area fabrication, material application via printing, and adaptability to 

new form factors is becoming an enabler for wearable applications and robotic skin.[1-4] While 

most inorganic state-of-the-art devices have limited flexibility and biocompatibility, the adaptation 

of organic devices in fitness and healthcare applications is growing. [5,6] Organic devices have 

been shown to provide bio-sensing solutions and can be used in real-time point-of-care 

environments. [7]  

The maturity level of organic transistors based on several conjugated organic materials has 

spurred sensor development.[8-10] So far much attention has focused on sensing of touch, pressure 

or force for robotic applications and health monitoring. [10-13] The temperature monitoring using 

organic electronics is somewhat lagging, although several approaches were reported recently. 

These include formation of organic diodes [8], operation of the organic transistors in the 

subthreshold regime [14], and development of temperature-sensitive transistors [15].  

Successful implementation of organic transistors in sensors demands their stable operation. 

It is well established that thin-film transistors based on various material systems suffer from bias 

stress effect, i.e. their performance changes when voltages are applied. These changes result 

from gate-source bias that leads to charge trapping in the organic semiconductor, gate dielectric, 

or at the gate dielectric/semiconductor interface.[16] A stretched-exponential function is often 

used to describe the kinetics of these changes [17] among which a time-dependent shift of the 

threshold voltage is dominant [18].  

It has been documented that transistors based on well-organized single crystal organic 

semiconductors do not exhibit any measurable shift in the threshold voltage in the absence of 
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oxygen and moisture [19], but OTFTs with thin-film organic semiconductors do. The choice of 

gate dielectric also plays a role and transistors with non-polar and/or hydrophobic dielectrics are 

more stable. [20] Recently, two new approaches toward more stable transistors have been 

proposed. They involve the use of CYTOPTM with aluminum oxide/hafnium oxide multilayers 

that serve as a gate dielectric and a ‘barrier’ to protect the channel [21] and the incorporation of 

molecular additives to displace water in polymer transistors [22].  

Bias stress experiments with p-channel, low-voltage transistors confirmed that application 

of a more negative gate-source voltage leads to faster threshold voltage shift, while application 

of a more negative drain-source voltage leads to slower threshold voltage shift [23], i.e. the 

transistors exhibit slower degradation when operating in the saturation regime. The increased 

drain-source electric field leads to a decrease in total hole concentration in the channel and is 

thought to help with the release of the trapped charges into the mobile states, both slowing the 

rate of the transistor degradation.[18]  

OTFT bias stress experiments tend to be performed with constant (DC) voltages and the 

application of alternating voltages (AC) is underreported. AC bias stress was reported for 

poly(quarterthiophene) organic transistors using square pulses with repetition time of up to 100 

ms and varied duty cycle.[24] The authors observed that the transistor recovery exhibited short- 

(charge carriers trapped in shallow traps) and long-lived (charge carriers trapped in deep traps) 

components. Consequently, a deliberate pausing of the transistor bias may provide recovery time 

for the transistor. Forcing the transistor to alternate between the on- and off-states would be 

suitable for flexible sensors that do not demand frequent data collection, i.e. the sensor/transistor 

can be turned off when the data is not collected.   
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Organic transistors that combine low-voltage operation with high on-state drain current 

would be able to amplify any changes occurring in their gate voltage as a result of physical 

stimulus. Such transistors, when fabricated on plastic substrates, can benefit flexible sensor 

development, as they would replace rigid silicon transistors. Organic thin-film transistors based 

on dinaphtho[2,3-b:2′,3′-f]thieno[3,2-b]thiophene and ultra-thin gate dielectric composed of 

aluminum oxide functionalized with a monolayer of alkyl phosphonic acid (gate dielectric 

capacitance of ~ 0.5 F/cm2) have shown low-voltage operation, high on-state drain current, and 

low bias stress effect. [18,25-27] This paper explores application of such transistors fabricated on 

polyethylene naphthalate (PEN) foil for sensor development. The first part shows how such a 

transistor amplifies any changes occurring in its gate voltage as a result of physical stimulus. 

While the chosen physical stimulus is changing temperature, the presented results demonstrate 

the potential and the guiding principles for the future sensor development. In the second part we 

addresses the bias stress stability. Contrary to any prior work, we studied the effect of long 

voltage pulses and low repetition rates that intentionally induce the recurring turn-on/turn-off of 

a transistor and are applicable to flexible sensors that do not demand frequent data collection, i.e. 

the sensor/transistor can be turned off when the data is not collected.  

 

2. Experimental procedures  

Low-voltage bottom-gate, top-contact p-type organic thin-film transistors (OTFTs) based 

on dinaphtho[2,3-b:2′,3′-f]thieno[3,2-b]thiophene (DNTT) were fabricated according to the 

procedure described in Reference 24 on PEN (Optfine PQA1, DuPont Teijin).  The low-voltage 

operation was achieved by using a thin, bi-layer gate dielectric consisting of aluminum oxide 

(AlOx) prepared by UV/ozone oxidation [28] and an octadecyl phosphonic acid (C18PA) (Strem 
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Chemicals) monolayer prepared in vacuum [27]. The cross-section of the transistor is shown in 

Fig. 1(c).    

The fabrication procedure was as follows. A 30-nm-thick aluminum layer was evaporated 

on the substrate at a rate of ~ 2 Å/s. Part of the gate electrode was coated with a 40-nm-thick Au 

to prevent its oxidation. Next, AlOx was prepared by exposing the aluminum to UV/ozone 

(UVOCS, USA) in ambient atmosphere for 60 minutes. To prevent the contamination of the 

oxidizing surface, the UV/ozone cleaner was enclosed under a Hepa filter. AlOx preparation by 

UV/ozone oxidation of thermally evaporated aluminum has been reported elsewhere [29]. 

Approximately 20 nm of C18PA was deposited in Mini-SPECTROS (K. J. Lesker, U.K.) 

evaporation chamber enclosed in a N2-filled glove box (Jacomex, France). The evaporation rate 

was about 3 Å/s and the substrate was kept at room temperature. Afterwards, the substrate 

temperature was raised to ~ 160°C for 3 hours to remove all physisorbed molecules and to form 

a monolayer. The resulting capacitance of this bi-layer dielectric, measured on corresponding 

metal-insulator-metal structures with areas between 0.1 and 0.4 mm2, is 0.300.029 F/cm2. 

Next, a 25-nm-thick DNTT layer (Sigma Aldrich, U.K) was thermally evaporated at a rate of 0.5 

Å/s at room temperature. Finally, a 80-nm-thick Au layer was evaporated at a rate of ~ 3 Å/s to 

complete the transistors. Source-drain masks (Ossila, UK) with interdigitated contacts were used, 

leading to channel length of 40 m and channel width of 18.23 mm.  The top view of the 

transistor is shown in Fig. 1(d).  The OTFT characteristics were measured with Agilent B1500A 

semiconductor device analyzer in a sweep mode. To measure the transfer characteristics the gate-

to-source voltage VGS was swept from 0 to −2V and back. To measure the output characteristics, 

the drain-to-source voltage VDS was swept from 0 to −2V and back. An example of the transfer 

and output characteristics is shown in Fig. 1(a) and 1(b) respectively.   
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Figure 1. OTFT transfer (a) and output (b) characteristics; OTFT cross-section (c); top view of 
the transistor (d); schematic of the temperature sensor (e); and bias stress voltage pulse signals 
(f) with pulse width PW of 1 s, on-state and off-state voltages of −2 and 0 V, and period T of 5 s 
(A), 20 s (B), 40 s (C) and 60 s (D). The solid lines in (a) and (b) correspond to voltage sweep 
from 0 to –2 V and the dashed lines to sweep from –2 to 0 V.  
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A commercially-available thermistor with negative temperature coefficient and nominal 

resistance of 100 k (Farnell, NTCLE100E3104J) was selected to respond to the changes in 

temperature, while the OTFT provided the desired amplification. To simplify the mathematical 

analysis of the sensor response only the thermistor was heated during the sensor measurements.  

To assemble the sensor of Figure 1(e), the resistors and the thermistor were soldered onto a 

stripboard and connected to OTFT via gold wires, attached to the transistor terminals using silver 

paste. The thermistor had extended leads to allow its placement on a Peltier element controlled 

via LabVIEW. To provide optimum heat transfer, the thermistor was ‘embedded’ in thermally 

conductive paste. The operation of the sensor was analyzed by applying a range of voltages VDD 

and monitoring the voltages on the gate and drain of the transistor.  

During the bias stress of the transistor, the same square pulses, consisting of a high-value 

of −2 V (to turn the transistor on) and low-value of 0 V (to turn the transistor off),  were applied 

to the gate and drain electrodes, while the source was grounded. Consequently, when the 

transistor was turned on, it operated in the saturation regime. The turn-on time was kept at 1 s, 

while the turn-off time was varied from 4 s to 59 s, leading to a pulse period T ranging from 5 to 

60 s. Different transistors were subjected to different bias stress pulses shown in Fig. 1(f). In 

addition, one transistor was subjected to a DC bias stress with VGS = VDS = −2 V and the source 

grounded. Each transistor was subjected to 1000 pulses or a DC bias stress of 1000 s, i.e. the net 

bias stress time was 1000 s for each OTFT, while the actual measurement time varied from 17 

minutes to 17 hours. The transfer characteristic of each transistor was measured before the bias 

stress and the transistor drain current was monitored during the bias stress. The bias stress was 

quickly interrupted after every 100 pulses and the transistor transfer characteristic was measured 

for VDS = −2 V. This allowed additional monitoring of the threshold voltage VT, field-effect 
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mobility, and subthreshold slope S.  The mobility and the threshold voltage were extracted by 

using the steepest section of the ID
1/2 versus VGS data.    

 

3. OTFT temperature sensor  

3.1. Results   

Fig. 2(a) shows a response of the thermistor in the temperature range from 20 to 50C. 

The resistance RT of the thermistor decreases with the increasing temperature, leading to RT = 

128 k at 20C and 34.3 k at 50C. The organic transistor has high input impedance and the 

voltage VIN applied on the input of the sensor produces current flowing through RT and RG into 

ground. That sets the voltage VG on the gate of the transistor as follows:   

 

𝑉𝐺 =
𝑉𝐼𝑁

𝑅𝑇+𝑅𝐺
∙ 𝑅                                          (1) 

 

Fig. 2(b) shows the effect of resistor RG on the voltage VG for VIN = −4 V. Equation (1) was 

used to calculate VG. RG was increased from 10 k to 100 k with increment of 10 k. Taking 

into account that the transistors have threshold voltage of  −0.3 V, the variation of VG between 

−1 and −2 V would be optimal. Let say the aim of the sensor is to measure the body temperature, 

i.e. the temperature from 20 to 40°C. One would conclude from this graph that to meet the 

above requirements, the suitable value of R is 50 k. Lower RG shifts the temperature band to 

higher temperatures while higher RG shifts the temperature band to lower temperatures. In 

addition, the variation of VG between −1 and −2 V leads to a nearly linear drop in VG with the 

rising temperature, leading to a nearly linear response of the sensor output voltage (see Fig. 3(c)).  
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Two transistors with different on-state drain current were tested in the sensor. Their 

transfer characteristics for VDS = ‒0.1 V and ‒2 V are shown in Figs. 1(a) and 2(c). At VDS = VGS 

= ‒2 V the drain current of the transistor of Fig. 1(a) is 61 A, while the drain current of the 

transistor of Fig. 2(c) is 126 A (L is reduced to 20 m in this case).  

 

 

 

 

 

 

 

 

Figure 2. Thermistor resistance as a function of the applied temperature (a); VG as a function of 

temperature applied to the thermistor calculated using Eq. (1) with RG as a parameter (b); and 

transfer characteristics of OTFT used for mathematical verification of the sensor model (c). The 

thick red line in (b) is for RG = 50 k. The red lines in (c) represent the transistor model (see 

below) implemented into the sensor model.   
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connected, confirming that the transistor has high input impedance and does not affect the left 

side of the circuit that contains the thermistor.  

 

Table 1. Voltage VG on the gate of the transistor;  a VG calculated using Eq. (1), b VG measured on 
the output of the voltage divider (transistor is disconnected), c VG measured on the gate of the 
transistor in the fully-assembled sensor (RG = 50 k, RD = 47 k, VIN = VDD = ‒4 V).     

T (°C) 
VG (V) 

Eq. (1) a Voltage divider b Full sensor c 
20 -1.136 -1.133 -1.132 

25 -1.333 -1.342 -1.331 

30 -1.541 -1.561 -1.548 

35 -1.753 -1.778 -1.764 

40 -1.966 -1.993 -1.987 

45 -2.173 -2.207 -2.194 

50 -2.372 -2.411 -2.394 

 

Fig. 3 shows the results of the complete sensor for VIN = −4 V, RG = 50 k, RD = 47 k, 

and the OTFT of Figure 2(c). Fig. 3(a) shows VG as a function of VDD, Fig. 3(b) shows VOUT as a 

function of VDD, Fig. 3(c) shows VOUT as a function of temperature applied to the thermistor, and 

Fig. 3(d) shows repeated measurements of VOUT as a function of VG for two different OTFTs. As 

expected, the voltage on the gate of the transistor is not affected by the value of VDD. VOUT 

increases with rising VDD. For lower values of VDD the output voltage VOUT increases linearly 

with a slope of about 0.18. This corresponds to the transistor operating in the linear regime. 

When the supply voltage VDD is high enough to place the transistor into saturation, the slope of 

VOUT versus VDD becomes ~1. Finally, VOUT decreases with rising temperature regardless of the 

supply voltage VDD. When the OTFT of Figure 2(c) operates in saturation, the change in VOUT is 

~ ‒200 mV/C and the decrease is approximately linear.  
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Figure 3. Measurements of the temperature sensor for RG = 50 k, RD = 47 k, and VIN = ‒4 V. 
VG as a function of VDD for temperatures from 20 to 50C (a); VOUT as a function of VDD for 
OTFT of Fig. 2(c) and temperatures from 20 to 50C (b); VOUT of (b) as a function of 
temperature (c); and repeated measurements of VOUT for VDD = ‒7 V and OTFTs of Figs. 2(c) & 
1(a) as a function of VG (d). The solid lines in (a), (b) and (d) are guides to the eye, while the 
solid black lines in (c) correspond to the sensor model described below. VG and VOUT are 
referenced to VS/ground. 
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The response to temperature becomes substantially weaker at higher temperatures when the 

voltages on the terminals of the transistor force it to work in the linear regime. In such a case 

VOUT responds to the changing temperature at a rate of ~ ‒1.3 mV/C and the decrease is again 

linear. Consequently, the main aim of the sensor design is to assure that the transistor operates in 

the saturation regime within the whole range of desired temperatures. Based on the data of Fig. 

3(c), this sensor is ideally suited for measuring body or ambient office temperature in the range 

from 20 to 40C, if VDD between ‒7 and ‒8 V is selected. Finally, Fig. 3(d) shows repeated 

measurements of VOUT versus VG for both OTFTs and VDD = ‒7 V. Both transistors show good 

repeatability; however, the OTFT with higher on-state drain current exhibits stronger response to 

the changes in temperature.   

 

3.2. Discussion  

The organic transistor of Fig. 2(c) was used in the sensor model. During the operation of 

the sensor, the transistor transitions between linear and saturation regimes, depending on the 

relationship between VG and VD = VOUT. However, the MOSFET equations can only describe the 

transistor in linear or saturation regimes separately. Consequently, we need a single analytical 

expression for ID that will capture the full behavior of the transistor and thus the sensor. We have 

shown previously [30] that the drain current of the transistor can be modeled as:  

 

𝐼𝐷 =
𝑊

𝐿(1−
∆𝐿

𝐿
)

∙
𝜇𝑜

(
𝑉𝑆𝑆
2+𝛾

)
𝛾 ∙ 𝐶 ∙ [

(𝑉𝑆𝐸𝑂𝐷𝑅)(𝛾+2)

𝛾+2
  −

(𝑉𝐷𝐸𝑂𝐷𝑅)(𝛾+2)

𝛾+2
]             (2) 
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where VSEODR and VDEODR is the effective voltage overdrive on source and drain side of the 

transistor, respectively. If the source/drain contact resistance is neglected, they are:  

 

𝑉𝑆𝐸𝑂𝐷𝑅 = 𝑉𝑆𝑆ln {1 + exp [
𝑉𝐺−𝑉𝑇−𝑉𝑆−(𝑉𝐺−𝑉𝑆)𝛿𝑉𝑇

𝑉𝑆𝑆
]}                                 (3)  

 

𝑉𝐷𝐸𝑂𝐷𝑅 = 𝑉𝑆𝑆ln {1 + exp [
𝑉𝐺−𝑉𝑇−𝑉𝑂𝑈𝑇−(𝑉𝐺−𝑉𝑂𝑈𝑇)𝛿𝑉𝑇

𝑉𝑆𝑆
]}                                        (4) 

 

L/L represents the channel length modulation. When the transistor is turned on, which is the 

case of the temperature sensor, it can be expressed as:  

 

     ∆𝐿

𝐿
= 𝜆(𝑉𝑂𝑈𝑇 − 𝑉𝑆) ∙

(𝑉𝑂𝑈𝑇−𝑉𝑆)+(𝑉𝐺−𝑉𝑇)

2(𝑉𝑂𝑈𝑇−𝑉𝑆)+(𝑉𝐺−𝑉𝑇)
 ≥ 0                                  (5) 

 

Here VG, VOUT, and VS are voltages on the gate, drain and source terminals respectively. VS 

= 0 and VG and VOUT are referenced to VS. W is the channel width, L the channel length, C the gate 

dielectric capacitance and VT the threshold voltage of the transistor. The measured values of W, L, 

C, and VT (listed in Fig. 2(c)) were used in the model. Furthermore, the channel modulation factor 

𝜆 = 0.02. The remaining parameters, so called ‘fitting parameters’, are the subthreshold slope VSS, 

mobility enhancement factor , low-field mobility o, and the threshold voltage bias sensitivity 

VT. They are determined by obtaining a least-square fit of Eq. (2) to the data of Fig. 2(c). The 

result of such fitting is demonstrated by the red lines in Fig. 2(c). The result shows that Eq. (2) 

reproduces the transistor transfer characteristics well and thus enables calculation of VOUT of the 



15 

 

sensor. The advantage of using Eq. (2) is that the same four fitting parameters reproduce the 

transistor behavior both in the linear and saturation regime.  

The black lines in Fig. 3(c) show the calculated VOUT for the transistor of Fig. 2(c). A very 

good agreement between the measurement (points) and the calculation (black lines) is achieved. 

The calculation included Eqs. (1)-(5) plus one additional equation that applies to the right side of 

the sensor:    

𝑉OUT = 𝑉DD − 𝑅D ∙ 𝐼D                                             (6) 

 

In the desired temperature range from 20 to 40C the gate voltage VG changes from ‒1.12 

(20C) to ‒1.98 V (40C), i.e. by 0.86 V (see Fig. 3(a)). If this voltage was ‘read out’ without the 

addition of the transistor, such sensor would have sensitivity of 43 mV/C for VIN = −4 V and RG 

= 50 k. The addition of the transistor increases that sensitivity by a factor of up to ~ 5.   

As can be seen in Fig. 3(d), OTFT of Fig. 2(c) exhibits bigger changes in VOUT than OTFT 

of Fig. 1(a) and this results from the on-state drain current being about a factor of two higher for 

the former OTFT.  By taking the slope of VOUT/VIN the voltage gain of both transistors can be 

calculated, leading to the maximum value of −4.94 V/V for the OTFT of Fig. 2(c) and −2.79 V/V 

for the OTFT of Fig. 1(a). Consequently, the voltage gain of the transistor scales approximately 

linearly with the OTFT on-state drain current that should exceed 20 A at VGS = VDS = −2 V, 

should the transistor provide amplification of the sensor signal.  

Given that Eqs. (1)-(6) accurately model the sensor output, one can use them for future 

sensor design, e.g. by limiting the voltages VIN and VDD to certain values and selecting RG and RD 

for the maximum sensitivity and linear output. While the effect of these parameters is quite 

complex, the following guiding principles should be observed: (a) VIN and RG determine the 
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OTFT gate voltage VG. This voltage should be higher than the OTFT threshold voltage but low 

enough to enable the saturation operation of the transistor without the need for excessive VD = 

VOUT. VD is restricted by the breakdown voltage of the OTFT gate dielectric; (b) the transistor 

bias stress instability has been observed to increase with rising VG [23] and lower VG can 

accomplish stable sensor operation more easily; (c) RD controls the voltage gain of the transistor, 

i.e. the sensitivity of the sensor – lower RD leads to lower voltage gain but requires lower VDD 

while higher RD leads to higher gain but requires higher VDD. Ultimately there is a trade-off 

between the gain and the supply voltage VDD.   

Finally, the use of the sensor model presented here can be extended to OTFTs with other 

geometries, materials, or channel dimensions. Since the optimization and accurate prediction of 

the sensor output incorporates the measured transfer characteristics of the OTFT selected for the 

sensor, factors such as source/drain contact resistance, voltage-dependent carrier injection, 

interface barriers and traps, etc., are embedded into the fitting parameters of Eq. (2) and their 

knowledge is generally not required. However, if the OTFT source/drain contact resistance 

cannot be neglected, Eqs. (3) and (4) can be modified to include the contact resistance, as shown 

in [31].            

 

4. OTFT pulsed bias stress  

4.1. Results   

Next, a new bias stress protocol that is applicable to sensors with low data rate collection 

is presented. This protocol assumes that the sensor/transistor can be turned off when the data is 

not collected. Figure 4 shows the transistor on-state drain current (at VGS = VDS = −2 V), 

threshold voltage, and field-effect mobility as functions of the net bias stress time. The drain 
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currents and field-effect mobilities are normalized to their pre-bias-stress values, 𝐼𝑂𝑁(𝑡)

𝐼𝑂𝑁(0)
 and 𝜇(𝑡)

𝜇(0)
, 

while the threshold voltage shift  𝛥𝑉𝑇 = 𝑉𝑇(𝑡) − 𝑉𝑇(0) is used to evaluate the changes in the 

threshold voltage. Furthermore, the following stretched-exponential functions were fitted to the 

data:    

               
𝐼𝑂𝑁(𝑡)

𝐼𝑂𝑁(0)
= ⍺𝐼𝑂𝑁

+ [1 − ⍺𝐼𝑂𝑁
]𝑒

−(𝑡
𝜏𝐼𝑂𝑁

⁄ )
𝛽𝐼𝑂𝑁

                                    (7) 

               𝛥𝑉𝑇 = 𝑉𝑇(𝑡) − 𝑉𝑇(0) = ⍺𝑉𝑇
[1 − 𝑒

−(𝑡
𝜏𝑉𝑇

⁄ )
𝛽𝑉𝑇

]                          (8) 

               
𝜇(𝑡)

𝜇(0)
= ⍺𝜇 + [1 − ⍺𝜇]𝑒

−(𝑡
𝜏𝜇⁄ )

𝛽𝜇

                                             (9) 

where ⍺𝐼𝑂𝑁
, ⍺𝜇 are the steady-state values of normalized drain current and mobility for t  , 

⍺𝑉𝑇
 is the threshold voltage shift at infinity;  𝜏𝐼𝑂𝑁

, 𝜏𝑉𝑇
, 𝜏𝜇 are the time constants and  𝛽𝐼𝑂𝑁

, 𝛽𝑉𝑇
, 

and 𝛽𝜇 are stretching parameters corresponding to ION (ID at VGS = VDS = −2 V), VT and .  t is 

the net bias stress time, i.e. the aggregate transistor turn-on time. Stretched-exponential fits were 

first introduced for transistors based on hydrogenated amorphous silicon to describe the 

threshold voltage shift induced by the bias stress. While the time constant represented the speed 

of the degradation process, the stretching parameter reflected the dispersive process of the charge 

carrier trap creation.   

Regardless of the pulse period, the OTFT was turned on for 1 s during each period by 

simultaneously applying VGS = VDS = −2 V. Therefore the increasing T means that the transistor 

off-time increases. One can also think of the DC bias stress as a ‘pulsed’ bias stress with zero 

off-time. Consequently, going from DC to T = 60 s, the transistor turn-off time is rising from 0 s 

to 59 s, while the aggregate turn-on time remains the same. Therefore, the only difference 
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between the bias stress conditions is the length of time for which the transistor is turned off. The 

results of Fig. 4 suggest that this off-time plays a significant role.  

Fig. 4(a) shows the normalized on-state drain current for different pulses. 𝜏𝐼𝑂𝑁
and 𝛽𝐼𝑂𝑁

 

obtained using Eq. (7) are also shown. The DC bias stress led to an initial increase in |ION| of 

about 1.6%, followed by a decrease of 3.2% from its initial value. Eq. (7) cannot reproduce this 

initial increase and 𝛽𝐼𝑂𝑁 was set to its maximum value of 1. Going from T = 5 s to 60 s the 

steady-state values of the normalized on-state drain current for t   are 0.93, 0.87 and 0.92 and 

reductions in 𝜏𝐼𝑂𝑁
 and 𝛽𝐼𝑂𝑁

 are observed. The time constant decreased from 394 to 338 to 202 s 

and the stretching parameter from 0.74 to 0.60 to 0.45. This indicates that the increasing off-time 

leads to a more dispersive degradation process with shorter time constant. Yet, the final steady-

state values differ from each other by less than 7%. At the same time, please recall that while the 

DC bias stress corresponds to 1000 s ( 17 minutes) of measurement time, the pulsed bias stress 

with T = 60 s equals to the total measurement time of 60000 s ( 17 hours).  

Changes in the threshold voltage, field-effect mobility, and the subthreshold slope lead to 

changes in the on-state drain current and are discussed next. The pre-bias-stress values of the 

subthreshold slope were 110 mV/decade and the random variations of up to 4% during the 

bias stress are not considered. Fig. 4(b) shows the measured threshold voltage shift |VT| as a 

function of the net bias stress time, for different T. The stretched-exponential fits of Eq. (8) are 

also shown. The final value of the DC bias stress is shown for comparison as well. The threshold 

voltage increases in all cases. After 1000 s of net bias stress, the pulses with T = 5 s lead to an 

increase in |VT| of about 50 mV (similar to DC bias stress), followed by T = 60 s with |VT| of  

100 mV, and T = 20 s with |VT| of  110 mV. The corresponding steady-state values at t   

are 86, 164 and 144 mV, with increasing T. Both the 𝜏𝑉𝑇
 and 𝛽𝑉𝑇 decrease with increasing T. 𝜏𝑉𝑇
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decreased from 1140 to 780 to 732 s and 𝛽𝑉𝑇
 from 0.50 to 0.46 to 0.34. Similar to the case of the 

on-state drain current, this indicates a more dispersive degradation process with shorter time 

constant as T increases. Overall, |VT| as a function of T appears to stabilize or go through a 

maximum and longer off-times are not detrimental.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Normalized on-state drain current (a,d), threshold voltage shift (b,e) and normalized 
field-effect mobility (c,f) as functions of net bias stress time for fresh (a,b,c) and aged (d,e,f) 
OTFTs. The ‘aging’ is given in days in (d). Points correspond to the measured data and the lines 
represent the stretched-exponential fits of Eqs. (7)-(9).   
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Fig. 4(c) shows the measured normalized field-effect mobility as a function of the net bias 

stress time and the stretched-exponential fits of Eq. (9). The normalized  for DC bias stress is 

also shown for comparison. The field-effect mobility shows almost no change for pulses with T 

= 5 s. T = 20 s and 60 s show an increase of 3.4% and 6.6%, respectively. For pulsed bias stress 

the mobility exhibits a rise, while a reduction in the mobility of about 4% is seen for DC bias 

stress. As T increased from 5 to 60 s, the normalized steady-state value for t   increased from 

1.00 to 1.10 and 1.46, respectively. At the same time 𝜏µ increased from 2.88 x 103 to 5.76 x 105 

s, while 𝛽𝜇 decreased from 0.76 to 0.29. Overall, the longer the off-time the bigger is the 

increase in the field-effect mobility.  

Figs. 4(d)-(f) show the changes in the on-state drain current, threshold voltage, and field-

effect mobility for transistors that were ‘aged’ for 5-6 months in dark ambient air and then 

measured with pulse periods of 20, 40 and 60 s. Two transistors were bias stressed for T = 40 s to 

check the reproducibility. The stretched-exponential functions were again fitted to the data; 

however, the mobility fits should be taken with caution due to the larger scatter in the data. The 

results show that the degradation of the on-state drain current proceeds faster; yet, there is a sign 

that the drain current reaches a steady-state value within  500 s. These steady-state values of the 

normalized on-state drain current are 0.90 for T = 20 s, 0.84 for both measurements at T = 40 s 

and 0.87 for T = 60 s. These values are up to 6% smaller than those of fresh transistors. In 

addition, all time constants are reduced and the stretching parameters increased. Fig. 4(e) shows 

an increase in the threshold voltage for all pulses. Again, T = 60 s shows smaller |VT| when 

compared to T = 40 s. The steady-state values of |VT| at t   are 114 mV for T = 20 s, 

171/191 mV for T = 40 s, and 155 mV for T = 60 s. When compared to data of Fig. 4(b), |VT| 
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for T = 20 s is slightly smaller while |VT| for T = 60 s is slightly higher. Furthermore, all time 

constants are reduced and most stretching parameters increased when compared to fresh OTFTs 

stressed with similar pulses. Fig. 4(f) shows an increase in normalized mobility for all pulses. 

When compared to data of Fig. 4(c), the total increase in the mobility is similar; however, the 

stretching parameters are increased and the time constants decreased.  This decrease in 𝜏𝐼𝑂𝑁
, 𝜏𝑉𝑇

, 

and 𝜏𝜇 and increase in 𝛽𝐼𝑂𝑁
, 𝛽𝑉𝑇

 and 𝛽𝜇 indicates a faster, less dispersive mechanism in the aged 

transistors. 

 

4.2. Discussion   

In p-channel OTFTs the negative gate bias leads to channel formation (charge carrier 

accumulation) and thus causes a shift in VT toward more negative values. If the field-effect 

mobility and the subthreshold slope did not change, this shift in |VT| would result in reduced on-

state drain current (measured at VGS = VDS = −2 V in this case). The concurrent increase in the 

mobility, if any, would manifest itself as an increase in the on-state drain current, thus 

counteracting the effect of the threshold voltage. If  rises faster than |VT|, one may observe an 

overall increase in the on-state drain current. If |VT| increases faster than , then one would 

observe the typical reduction in the on-state drain current. However, if the rise in  compensates 

the rise in |VT|, a stable on-state drain current may result. Our results show that the on-state drain 

current of the aged transistors stabilizes around 500 s of the net bias stress. Yet, the threshold 

voltage and mobility keep rising, although their rise is slowing down. Therefore, the steady on-

state drain current appears to result from  compensating the |VT| shift.  

In the initial stages of the DC bias stress an increase in the on-state drain current is 

observed for about 200 seconds. Previously similar increases were observed for OTFTs based on 
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DNTT and DNTT-derivatives and were attributed to a decrease in the contact resistance. [18] In 

fact, a reduction in the contact resistance can manifest itself as improved field-effect mobility 

and may be the driving factor for the mobility improvement observed here.   

It has been reported that the DNTT/Au contact resistance is (1–6) 102 cm. [32] This is 

one of the lowest reported values, surpassed only by DPh-DNTT/Au (56 cm), DPh-DNTT/ 

PFBT/Au (29 cm) [33] and C8-DNBDT-NW paired with Au/F4TCNQ (47 cm) [34]. Our 

transistors exhibit linear increase in ID for small VDS and the drain current saturation (see Figure 

1(b)). However, close inspection of the saturation transfer characteristics shows that  𝜕𝐼𝐷
1/2

𝜕𝑉𝐺𝑆
  goes 

through a maximum and a reduction of ~ 30% from the maximum value is observed when VGS 

approaches 2 V.  Consequently, in saturation, ID
  (𝑉𝐺𝑆 − 𝑉𝑇)𝑚 where m < 2. The application of 

a procedure developed for amorphous silicon transistors [35] leads to m ~ 1.7.  m exhibits slight 

increase with the increasing bias stress time, indicating a more ideal saturation behavior of the 

transistors with the progressing bias stress, for all bias stress conditions.   

Fig. 5 shows the changes in the normalized on-state drain current, threshold voltage shift 

and normalized mobility versus the pulse period T or measurement/lapsed time, all for 1000 s of 

net bias stress. The reference points are the corresponding values before the bias stress. The pink 

symbol in Fig. 5(a) is an exception and represents the change in the drain current from its 

maximum value for DC bias stress. For shorter measurement time (smaller T) the value of the 

normalized on-state drain current after 1000 cycles decreases linearly with T, and 

stabilizes/reduces for T = 60 s. The value of the threshold voltage shift after 1000 cycles 

increases linearly with T and reduces/stabilizes for T = 60 s. However, the normalized drain 

current and |VT| at T = 60 s depend on the age of the transistors, leading to bigger changes for 

aged transistors. Finally, the value of the field-effect mobility after 1000 cycles increases 
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logarithmically with the measurement time and all transistors follow the same behavior 

regardless of their age. Consequently, the mobility improvement is associated with the 

measurement time and T = 60 s leads to the biggest improvement regardless of the transistor age.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Normalized on-state drain current (a), threshold voltage shift (b) and normalized field-
effect mobility (c) versus the pulse period T or measurement/lapsed time, for net bias stress of 
1000 s. DC bias stress is represented as T = 1 s. Full and empty symbols correspond to the fresh 
and aged transistors. The light and dark blue dashed lines connect the measurements from fresh 
and aged transistors respectively. The pink symbol in (a) shows the change in drain current from 
its maximum value for DC bias stress.   

 

5. Conclusions 

We have shown how a low-voltage DNTT transistor with high on-state drain current can 

be implemented directly into the sensor to enhance its performance.  A thermistor chosen to 
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respond to temperature changes was connected to the OTFT gate terminal. Two transistors with 

on-state drain currents of 61 and 126 A at gate and drain voltages of −2 V were tested. The 

addition of the transistor increases the response to the temperature by a factor of 5, all while 

limiting the supply voltage to less than –7 V. To achieve such an improvement, the transistor 

must operate in the saturation regime. In addition, the OTFT with higher on-state drain current 

exhibits stronger response to the changing temperature, resulting from higher voltage 

amplification.   

We have also investigated the electrical stability of such transistors under DC and AC 

(on/off square pulses) bias stress. The chosen bias stress conditions forced the transistor either to 

operate in the saturation regime (desirable for the sensor) or be turned off. During each AC bias 

stress the transistor was repeatedly turned on for 1 s while the turn-off time was either 4, 19, 39 

or 59 s. This resulted in 4 different AC waveforms with T = 5 s, 20 s, 40 s and 60 s. The on-state 

drain current of the transistor was measured; however, the changes in the threshold voltage, 

field-effect mobility, and subthreshold slope were also monitored. The total net stress time was 

1000 s for the DC and all AC bias stresses. Under the DC bias stress, an initial increase in the on-

state drain current was followed by a gradual decrease, leading to an overall drop of 3.2%. The 

|VT| exhibited a small increase and the mobility a small decrease. The net stress time of 1000 s 

led to a somewhat larger degradation of the on-state drain current for all AC pulses and the 

degradation proceeded faster and stabilized after about 500 s of net bias stress for aged 

transistors. For all transistors the drop in the on-state drain current and the shift in the threshold 

voltage reached maxima for medium values of T (T = 20 s and 40 s), thus leading to slightly 

reduced degradation for T = 60 s. Finally, the field-effect mobility gradually increased with T, 

leading to the largest enhancement for T = 60 s regardless of the transistor age. The value of the 
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normalized field-effect mobility after 1000 cycles increased logarithmically with the 

measurement time. Consequently, the mobility improvement is associated with the measurement 

time and the application of the intermittent voltages is beneficial.  

The data set can be found at https://doi.org/10.15129/ ea954936-8a0b-46c0-b8b2-

dbd7ced430f3.  
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