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五苯環有機薄膜電晶體的氨氣感測器研究 

 

研究生：吳玉玫       指導教授：冉曉雯 博士 

 

國立交通大學 

光電工程研究所碩士班 

 

摘要 

 

近年來有機薄膜電晶體感測器引起了大量的研究，在醫療的肝病檢測上，非

侵入式的氨氣感測器可藉由檢測病人的呼氣氨濃度，取代傳統的血氨濃度檢測。

為了能夠將有機薄膜電晶體真正應用到醫療的氨氣檢測上，我們必須將其對氨氣

的感測能力提升至 0.5~5 ppm。 

透過五苯環有機薄膜電晶體在不同氨氣濃度下的電性量測分析，如電流、臨

界電壓、載子遷移率、次臨界電壓等參數，形成多參數的氣體感測器，為了能提

升其對氨氣的感測能力，我們透過 UV 光改變其 PMMA 介電層的官能基，使元

件對氨氣的反應提升至 0.5 ppm。此外，我們也探討了環境中的水氣分子對元件

的影響，以及元件對其他氣體的反應，如氮氣、酒精、二氧化碳、丙酮、甲烷等，

建立其對氣體選擇性。綜合以上的研究，我們可以確立五苯環有機薄膜電晶體在

氨氣感測的可能性，使其更進一步的應用到醫療檢測上。 
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Development of Highly Sensitive Ammonia Gas Sensor using 

Pentacene-Based Organic Thin Film Transistors 

 

Student: Yu-Mei WU                Advisor: Hsiao-Wen ZAN 

 

Institute of Electro-Optical Engineering 

Nation Chiao Tung University, Taiwan 

  

Abstract 

 

Non-invasive ammonia sensors are attractive for the diagnoses of a variety of 

chronic diseases such as liver cirrhosis. A low cost pentacene-based organic thin film 

transistor (OTFT) fabricated by a novel and simple process was demonstrated to be 

highly sensitive and specific for ammonia gas. Measurement parameters of OTFT 

device characteristics for ammonia detection were investigated. The significant 

variations of the turn-on current, intrinsic mobility, subthreshold swing and threshold 

voltage (Vth) were observed. The OTFT device detected low concentration (0.5~5 

ppm) ammonia gas at room temperature that can distinguish between healthy person 

and patients with liver cirrhosis and renal failure. The sensitivity of the device was 
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further enhanced with a simple UV irradiation treatment to modify the functional-end 

groups of poly(methyl methacrylate) (PMMA) dielectric layer. Possible interferences 

for ammonia detection such as humidity effect, recovery phenomenon, and sensing 

selectivity among nitrogen, alcohol, carbon dioxide, acetone, methane and ammonia 

were also discussed. We concluded that the proposed pentacene-based OTFT is a 

promising device for the future application in non-invasive medical diagnoses. 
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Chapter 1 

Introduction 

 

1.1 Introduction of Organic Thin Film Transistors (OTFTs) 

1.1.1 An Overview of Pentacene-Based Thin Film Transistors  

Organic thin film transistors (OTFTs) based on conjugated polymers, oligomers, 

or other molecules have received much attention for more than a decade. Efforts have 

also been made to understand the material properties and device physics [1,2,3,4]. 

Compared to amorphous silicon device, OTFTs have advantages for the low cost, 

flexibility, low-temperature, and large area processing, etc. Despite the extensive 

research efforts to discover better materials for the active layer of OTFTs, pentacene 

is one of the most widely used small molecules for device applications due to its high 

field effect mobility and easy film formation properties [1,5,6,7]. Recently, 

pentacene-based thin-film transistors (TFTs) are developed for sensors, display 

backplane and radio frequency identification devices [8,9,10]. Nevertheless, there are 

still several issues to be considered before realizing the applications of pentacene 

TFTs: threshold voltage hysteresis, gate voltage stress resistance and the environment- 

or ultraviolet (UV) - induced degradation of the pentacene channel [11,12,13,14]. It 

needs more effort to research and improve these uncertain issues. 
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1.1.2 Device Structures  

In general, OTFTs are made of three parts: an insulator, a thin film of organic 

semiconducting material, and three electrodes. Two of the electrodes, the source and 

the drain, are in direct contact with the semiconductor to apply a source-drain voltage 

and measure the source-drain current that flows through the organic thin film. The 

third electrode, the gate, is isolated from the semiconductor by the insulator to 

modulate the magnitude of the source-drain current. Because most organic 

semiconductors are fragile materials, the deposition of organic semiconductors on the 

insulator is much easier than the converse. Thus, the majority of OTFTs are built with 

the bottom-gate architecture, which is divided into two structures: top contact and 

bottom contact, in Fig1-1. In the bottom contact structure, contacts are deposited on 

the insulator. Thus, the contact resistance in bottom contact is higher than in top 

contact. 

 

1.1.3 Organic Semiconductor Material 

Organic semiconductors are traditionally classified as polymers or small 

molecules. In our study, we chose pentacene as the organic semiconductor material. 

Pentacene is based on small molecules which are made up of five benzene rings as 
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show in Fig1-2. It is the p-type material, because holes are easily to transport than 

electrons. The principle can be illustrated with Fig1-3, the energy scheme of the 

gold-pentacene interface [15]. HOMO presents highest occupied molecular orbital, 

and LUMO presents lowest unoccupied molecular orbital. When a positive voltage is 

applied to the gate, negative charges are induced in the source. However, the LUMO 

level of pentacene is quite far from the Fermi level of gold. It is very hard for the 

electrons to inject into the pentacene film. In contrast, when a negative voltage is 

applied to the gate, positive charges are induced. Because the HOMO level of 

pentacene is close to the Fermi level of gold, holes can easily inject into the 

pentacene.   

 

1.1.4 Operation mechanisms of OTFTs 

The operation mechanisms of OTFTs are originated from MOSFET. Both OTFTs 

and MOSFET have semiconductor layer, insulator layer, and three electrodes. But 

traditional MOSFET are operated in the inversion mode, while the OTFTs are 

operated in the accumulation mode. Since pentacene is a p-type semiconductor 

material, holes are the major transport carriers than electrons. When a negative gate 

voltage is applied, the energy band of the pentacene film bends upwards and causes 

holes accumulate in the interface between pentacene film and dielectric. It operates 
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like a capacitor. Because the conductance of the channel is proportional to the charge, 

it is also proportional to the gate voltage. If we apply a source-drain voltage, the 

accumulated holes transport from source to drain and result in the source-drain 

current. 

 The operation current of OTFTs can be divided into two regions: linear region 

and saturation region. At low source-drain voltage, the current is proportional to both 

the gate and drain voltages. When the drain voltage increases to approach the gate 

voltage, there is a pinch off of the channel, and the channel current becomes 

independent of the drain bias. So, we call it the saturation region. 

 

1.2 Ammonia Sensor and Their Applications 

1.2.1 Application of Ammonia Sensors 

Ammonia is an importance compound for living system. It can be widely utilized   

in many fields, such as chemical industries, fertilizer factories, refrigeration systems, 

food processing, fire power plants, and medical diagnosis, etc. For applications above, 

the concentration control of ammonia is very important. For example, in chemical 

industries, ammonia concentration is related to the quality of fertilizers and frozen 

foods. Additionally, ammonia concentration plays a role in medical diagnosis. Tab1 is 

the component of human breath volatile organic compounds (VOCs) related to some 
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diseases. It shows that ammonia is a disease marker for the uremia, liver cirrhosis, and 

renal failure. Tab2 is the gas concentration with different healthy condition. The 

ammonia concentration is 1~5 ppm for renal failure and 0.5~1 ppm for liver cirrhosis. 

The most common method we use for diagnosis is by examining the ammonia 

concentration of the blood. Recently, developments of a non-invasive diagnostic 

method have received considerable attention. If we can develop a non-invasive, 

inexpensive, portable and disposable diagnostic device, patient’s breath can be easily 

detect and traced by the gas sensor. 

 

1.2.2 Different Types of Ammonia Sensors 

(a) Metal-oxide gas sensors 

Some well-known materials for ammonia gas sensing are ZnO [16], iridium 

oxide [17], molybdenum oxide [18], polyaniline [19,20,21], polypyrrole [22], Au and 

MoO3-modified WO3 [23,24], Pt- and SiO2-doped SnO2 [25], etc. When the device is 

exposed to analytes, the gas removes some of the adsorbed oxygen and modulates the 

height of the potential barriers, thus changing the conductivity and creating the sensor 

signal. However, various ammonia sensors reported work at high temperature such as 

350℃, but it is not convenient to sense at such high temperature. Despite of high 

sensibility (from 1 to 1000 ppm), selectivity and stability, the application of these 
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sensors remains limited. 

 

(b) Catalytic ammonia sensors 

Catalytic ammonia sensor is based on the catalytic reaction of a metal layer with 

ammonia gas. The reaction will cause a change in electrode potential and the charge 

carrier concentration which can be quantified by using a field effect device, like a 

capacitor or a transistor [26,27]. The detection limit can be 1 ppm. 

 

(c) Conducting polymer gas detectors 

Conducting polymer ammonia gas detectors use polymer, like polypyrrole and 

polyaniline, to react with ammonia. During the process, ammonia can reversibly 

reduce the oxidized form of polymer. Because the reduction of the polymer film 

causes a change in the conductivity of material, we can use it to make resistometric or 

amperometric ammonia detection [28,29]. However, the irreversible reaction between 

ammonia and the polymer causes the sensitivity of the sensor decrease when exposed 

to ammonia. The detection limit is about 1 ppm. 

    

(d) Optical gas analyzers 

There are two optical methods for the detection of ammonia. One is Berthelot reaction, 
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which uses coloration reaction of ammonia with phenol and hypochlorite in aqueous 

solutions [30,31]. One drawback is the slow kinetics of the reaction. The detection 

limit is about 5 uM of ammonia in water or 90 ppb. The second method is optical 

absorption ammonia detection [32]. By using a laser and a spectrograph, we can get a 

spectrum of the light influenced by the gas composition. Although the method is very 

sensitive and selective for ammonia sensing, the equipment is very expensive and it is 

not suitable for miniaturized ammonia sensors. 

 

1.3 OTFTs Ammonia Gas Sensors 

The research of OTFT sensors started in the late 1980s, just after the first OTFTs 

was proposed. Such sensors offer the advantages of simple process, low fabrication 

cost, remarkable response repeatability [33] and selectivity [34,35]. Because many 

types of organic molecules exhibit sensing behavior based on their chemical 

compositions, sensibility and selectivity can be pursued by choosing ad hoc 

chemically or biologically functionalized semiconducting polymer active layers for 

the use of OTFTs in compact sensing systems or in bio-chips [33,36,37,38]. In 

addition, [36,39] provided evidences that the OFET sensor has better performance 

than a similar resistor-type sensor in drift, sensitivity, signal-to-noise ratio, response 

time, lifetime, and operating temperature. Particularly, OTFTs have been proposed as 
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multi-parameter sensors [40]. By measuring the parameters of field-induced 

conductivity, threshold voltage, and field-effect mobility, we can get a fingerprint of 

each gas. It makes the transistors to be more selective than conventional 

chemiresistors. Besides, the morphology of active layer plays an important role on the 

sensibility of OTFT sensors. The device response increases when the grain size is 

reduced [41]. The effect of a channel length comparable to the grains size has also 

been observed. In order to lower the limit of detection, nanoscale organic transistors 

have been explored [42]. 

So far, the active layer of OTFT sensors include substituted thiophene polymers, 

oligomers, naphthalenes, copper-phthalocyanine, pentacene and others. These devices 

were exposed to different analytes, such as alcohols, ketones, thiols, nitriles, ester and 

ring compounds. However, it does not have much research of ammonia sensors with 

OTFTs. Our studies of pentacene-based OTFTs applied on ammonia sensor were the 

first. 

 

1.4 Motivation 

In order to develop a non-invasive, inexpensive, portable and disposable 

diagnostic device, we use pentacene-based OTFT to act as ammonia sensor. It is very 

important to find out the sensing mechanism and summarize the variation of 
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parameters in different ammonia concentrations. Furthermore, to enhance the 

response to ammonia gas, we try to modify the sensing surface to obtain different 

functional groups which has strong interaction with ammonia gas. Besides, we need to 

discuss the recovery phenomenon to know whether it can be reverse or not. The 

humidity of measurement environment will also be considered. 
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(a) 

 

 

(b) 

 

Figure 1-1. (a) Top contact and (b) bottom contact structure 
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Figure 1-2. Pentacene molecular structure 

 

 

 

 

 

 

Figure 1-3. Energy scheme of the gold-pentacene interface 
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Table 1. Diseases associated with unusual breath odors 

 

 

 

 

 
Table 2. Gas concentration with different healthy condition 
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Chapter 2 

Experiment Setup 

 

2.1 Fabrication of Organic Thin-Film Transistors 

We chose highly-doped p-type silicon wafers with 100 nm thick silicon oxide as 

the substrate. The p-type silicon was used as gate electrode, and the silicon oxide 

layer was used as gate insulator. After cleaned with 5min de-ionized water-5min 

acetone-5min de-ionized water, the particles and the impurities on the substrate were 

removed in order to avoid gate leakage which may cause instability [43]. 

 Then, soluble poly(methyl methacrylate) (PMMA) was spun on the silicon 

oxide layer by the spin coater to improve the electric performance and increase the 

grain boundaries [44]. The PMMA was obtained from MicroChem. Corp. with a 

molecular weight of 95000 and was dissolved in anisole at 10 wt %. The spin speed 

was accelerated from 0 to 1000 rpm during the first 10 seconds and further increased 

to 7500 rpm during the following 10 seconds. After kept as 7500 rpm for 40 seconds, 

the spin speed was decreased from 7500 to 1000 in the following 10 seconds and 

further decreased to 0 rpm during 10 seconds. After the process of spin coating, the 

PMMA layer was annealed by hot plate with 90℃ for 30 minutes. The capacity of 

PMMA/SiO2 dielectric layer was about 23~24 nF/cm2. Besides, some of the samples 
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were then exposed to UV-light, whose wavelength is 175~285 nm and the output 

power is 40 mW, for 60 seconds to change the functional group of PMMA. 

 Following, the pentacene material obtained from Aldrich with 99.9% purity was 

evaporated through a shadow mask on the UV treated and non-UV treated 

PMMA/SiO2 dielectric layer as the active layer.  The deposition was started at the 

pressure around 3 ൈ 10ି଺ torr and the temperature was kept at 20℃. The deposition 

rate of 1000-Å-thick pentacene was 0.1 Å/sec at the first 100Å and was smoothly 

increased to 0.5 Å/sec at the 200Å to the 1000Å. The deposition temperature, the 

deposition pressure and the deposition rate are the important parameters to decide the 

ordering quality of the organic film [45].  

Finally, we used gold as the source and drain electrodes. Due to its similar work 

function with pentacene, we can get better injection from gold to pentacene film. 

Before gold deposition, we deposited 50-Å-thick nickel through a shadow mask on 

the pentacene film as the adhesion layer.  Then, we deposited 1000- Å-thick gold on 

the samples. The width (W) and length (L) of the device’s channel were 800 μm and 

1200 μm, respectively. The geometry of the OTFTs is shown in Fig2-1. 
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2.2 Gas Sensing System 

 In this study, we used OTFTs devices to sense five different kinds of gas as 

following: ammonia (NH3), methane (CH4), acetone (CH3COCH3), alcohol (C2H5OH) 

and carbon dioxide (CO2). To control the environment in the precise condition, we 

measured the devices with a semiconductor analyzer (Keithley 4200-SCS) in a sealed 

chamber. The inside volume of the chamber is about 42 L and its configuration image 

is shown in Fig2-2. After putting the device into the chamber, we vacuumed it to the 

pressure of 10ିଵ torr and then purged it with high purity nitrogen (99.99% N2) to the 

pressure of 1 atm. This process can avoid the influence of moisture and other gases 

we did not want to sense. Thus, the data measured in the N2 ambiance was the 

standard data. Then, we injected the gas we wanted into the chamber and measured 

the device’s characteristic.  

The concentration of NH3 was controlled as 0.5, 1, 3 and 5 ppm (mg/L) by a 

mass flow controller (MFC). CH4 and CO2 gases were also injected through a MFC 

and their concentrations were controlled as 2 ppm. To get CH3COCH3 and C2H5OH 

gases, we used a Tedlar bag and put liquid CH3COCH3 and C2H5OH inside. After 

liquid CH3COCH3 and C2H5OH evaporated to saturate pressure, we injected the gases 

into the chamber with a syringe which can control the concentration as more than 2 

ppm. 
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 To discuss the influence of moisture during the gas sensing process, we also 

provided different relative humidity (RH) environment. By using a N2 flow to pump 

water, water vapor can be introduced into the chamber. We controlled the RH value as 

0% and 50% with different input time and measured the RH with a hygrometer.  

 

2.3 Parameter Extraction 

It is also important to analyze the data with a good method. In this section, I introduce 

the method we used to extract the three important parameters of the devices from the 

electrical characteristics: field effect mobility, threshold voltage, and subthreshold 

swing. 

 

2.3.1 Field Effect Mobility 

Field effect mobility is an important parameter because it is directly related to the 

orientation of the active layer. When other molecular transports into the bulk of the 

active layer, the orientation of the active layer will be influenced and the field effect 

mobility will also be changed. Because the characteristics of pentacene-based thin 

film transistors are similar to conventional MOSFETs, we used the same method to 

extract mobility from the transconductance maximum g୫ in the linear region: 
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, where W is the width, L is the length of the channel, and Cox is the capacitance of 

the dielectric layer. 

 

2.3.2 Threshold Voltage 

Threshold voltage is also an important parameter because it strongly dependents on 

dielectric surface states. When the device was exposed to a gas, which might create 

charge sites on the dielectric surface, the threshold voltage shifted. With the drain 

current in the linear region: 

஽ܫ ൌ
௢௫ܥߤܹ
ܮ

ቈሺܸீ െ ்ܸ ሻ ஽ܸ െ
஽ܸ
ଶ

2
቉ 

which can be simplify for VD ا ሺVG െ VTሻ to 

஽ܫ ؆
ௐఓ஼೚ೣ

௅
ሾሺܸீ െ ்ܸ ሻ ஽ܸሿ                 (1) 

, we extracted the threshold voltage by finding out the intersection point of the drain 

current versus gate voltage in the linear region.  
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2.3.3 Subthreshold Swing 

Subthreshold swing represents how rapidly the device turn on from the off state. It is 

related to the interface quality and the defect density of the device. We extract 

subthreshold swing with 

  constantlog 




DV

D

G

I

V
S  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



19 
 

 
Figure 2-1. Structure of OTFTs 

 

 

 

 

 
Figure 2-2. Photo images of sensing system 
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Chapter 3 

Result and Discussion 

 

In this chapter, we first discussed the gas-sensing phenomenon of standard OTFTs. 

Then, we introduced the UV-treated PMMA method to improve the sensitivity of 

OTFTs. Besides, we also discussed the selectivity and the phenomenon of recovery. 

Finally, we increased the relative humidity to find out the environment influence of 

the water.  

 

3.1 Ammonia-sensing Phenomenon of Standard OTFTs 

3.1.1 Electrical Properties of Standard OTFTs 

Before exposing the device on the analytic gas, we measured the electrical 

characteristics of the device at constant drain bias, Vୢ ൌ െ3 V, and sweeping gate 

bias from 5 V to -40 V. With the Fig3-1, we can extract the threshold voltage as -16.4 

V, the mobility as 0.3 cm2/Vs, and subthreshold swing as 0.66 V/decade. Those data 

was taken as standard one to be compared with other data under gas-sensing.  

 

3.1.2 Gas Diffusion Model 

Fig3-2 presents the I-V curve under 1 ppm NH3 condition with different time. As 
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shown in Fig3-3, the variations of the turn-on current, field-effect mobility, and 

threshold voltage shift were decreaed while the subthreshold swing was increased. 

The turn-on current variation (Id/Id0), according to Eq(1), is affected by both threshold 

voltage shift (Vth) and mobility variation (/0), where Id0 and 0 are the initial drain 

current and the initial field-effect mobility.  

The reason for the decreasing of mobility and threshold voltage is still not very 

clear. A possible reason is that positive ammonia ions (NH4
+) or polar ammonia 

molecular (NH3) penetrated through the grain boundaries into the bulk of pentacene 

layer and created scattering centers or traps [47], as Fig3-4. In addition, the polar 

molecules may decrease the rate of charge transport in organic materials by increasing 

the energetic disorder through charge–dipole interactions [48]. Because the 

concentration of ammonia was fixed, the mobility decreased to saturate very soon.  

On the other hand, the threshold voltage was decreased gradually. The reason 

may be the hole-traps, which were attributed to the NH3 or NH4
+ near dielectric 

interface and caused lower concentration of gate-induced mobile carriers [49], as 

Fig3-5. Therefore, it needs more negative gate voltage to induce holes in the 

p-channel, as Fig3-6 Because it needed more time for the formation of the hole-traps 

near the interface between pentacene and dielectric layer, the threshold voltage shift 

could not as fast as the mobility variation. The increased subthreshold swing 
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conformed that the density of interface traps between pentacene and dielectric layer 

were increased [46].  

 

3.1.3 Ammonia Concentration Effect 

To confirm the gas sensing model, we exposed the devices to different ammonia 

concentration from 0.5ppm to 5ppm. Fig3-7 (a)(b) shows the threshold voltage shift 

and mobility variation versus different ammonia concentration measured in different 

time (1000 seconds and 2000 seconds).It clearly shows that the threshold voltage shift 

and mobility variation were increased with the increasing of ammonia concentration, 

which caused more NH4
+ or NH3 penetrate through the grain boundaries of pentacene 

film. We can also find that after waiting for 2000 seconds, the threshold voltage shift 

more than waiting for 1000 seconds. However, the mobility variation did not change 

much between 2000 seconds and 1000 seconds waiting time. The phenomenon 

conformed to the gas sensing model we mentioned above.  

For application to non-invasive diagnostic sensor for cirrhotic patients, it is 

necessary to monitor ammonia concentration at 0.5 ppm or lower so that the breath 

samples between healthy person (breath ammonia level: 0.278 ppm) and a patient 

(breath ammonia level: 0.745 ppm) can be distinguished [50]. For the patients with 

renal failure, we need to monitor ammonia concentration at 1 ppm (relieve) to 5 ppm 
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(dangerous) [51].  However, it was hard to distinguish the variation difference 

between 0.5 ppm and 1 ppm ammonia with the standard OTFTs. Thus, we needed to 

find another way to improve the sensing ability. 

 

3.2 Ammonia-sensing Phenomenon of UV-treated PMMA 

OTFTs 

To enhance the sensitivity, we used a UV-light irradiation on PMMA to modify 

the dipole moment of the dielectric surface [52]. The PMMA functional end-groups 

changed from −COOCH3 to −COOOH, which will result in the negative charge sites 

near the PMMA surface. Fig3-8 is the simulation of PMMA and UV-treated PMMA 

which were estimated by Gaussian 03 with ab initio calculation. The dipole moment 

of standard PMMA and UV-treated PMMA were 1.81~1.91 Debye and 2.42~2.5 

Debye, respectively. 

 

3.2.1 Electrical Properties of UV-treated PMMA OTFTs 

Fig3-9 is the I-V curve of UV-treated device which was measured at constant 

drain bias, Vୢ ൌ െ3 V, and sweeping gate bias from 5 V to -40 V. The threshold 

voltage we extracted is -11.1 V, mobility is 0.31 cm2/Vs, and subthreshold swing is 

0.68V/decade. Compared with standard device, UV-treated device was easily to be 
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turn on and its subthreshold swing was larger. It may due to the change of functional 

end-groups (from –CH3 to –COOOH) produced by UV-treatment on PMMA surface, 

which will result in the negative charged-states near PMMA surface. With the 

comparing of the energy band of standard OTFTs Fig3-10(a) and UV-treated PMMA 

OTFTs Fig3-10(b), the negative charge sites, which produced by UV treatment, 

caused a surface potential change that induced a bending of the HOMO level at the 

interface and increased the carrier density in the channel [53,54,55,56,57]. Thus, it did 

not need so much negative gate voltage to induce holes for turn-on. However, the 

mobility of both devices was the same. It indicated that the structure of the pentacene 

film was not affected by UV treatment. Fig3-11 (a)(b) are the AFM images of 

pentacene film deposited on PMMA and UV-treated PMMA, respectively. We can 

find that the grains and roughness were almost the same.  

 To verify the hypothesis, we calculated the number of interface states Nss with 

the equation [59], 

. . log( )
[ 1]

/
total

SS

CS S e
N

kT q q


    

where S.S. is the subthreshold swing, e is the Napierian logarithm, k is the 

Boltzmann’s constant, C is the capacity of total device, q is the electric charge and T 
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is the absolute temperature. 

For standard OTFTs (subthreshold swing = 0.64 V/decade), the number of interface 

states were 1.431012 cm-2eV-1; for UV-treated OTFTs (subthreshold swing = 0.68 

V/decade), the number of interface states were 1.531012 cm-2eV-1. It was reasonable 

to observe that UV-treated device exhibited higher interface state density than that of 

standard device. 

 

3.2.2 Sensing Phenomenon of UV-treated PMMA OTFT 

We measured the UV-treated PMMA devices at the same condition as standard 

devices. After extracting the parameters from I-V curve, we found that the threshold 

voltage shifted much, the mobility and drain current also decreased much compared 

with standard OTFTs. Fig3-12(a)(b)(c) are the threshold voltage shift, mobility 

variation and drain current versus ammonia concentration in different waiting time of 

standard OTFTs and UV-treated PMMA OTFTs, respectively. We proposed that UV 

radiation increased the dipole moment of dielectric surface and attracted ammonia gas 

molecules to accumulate near the dielectric surface. Also, the negative charge sites 

which caused by UV treatment enhanced the attraction of positive ammonia ions 

(NH4
+) gave stronger electric responses on UV-treated PMMA OTFTs than those of 
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standard OTFTs. The variation difference between 0.5 ppm and 1 ppm ammonia can 

be large enough to be distinguished. Therefore, UV treatment can enhance the 

ammonia sensitivity. 

 

3.3 Selectivity of Gas Sensing 

To research and design an ammonia gas sensor, it is very important to confirm 

the sensing selectivity. Thus, we exposed the devices to five different kinds of gas that 

may exist in human’s breath, including ammonia (1 ppm), methane (2 ppm), acetone 

(more than 1 ppm), alcohol (more than 1 ppm) and carbon dioxide (1000 ppm). With 

Fig3-13, we can find that at a fixed sensing time (2000 sec), the threshold voltage 

shift was not distinct with increased time under the condition of methane (CH4), 

acetone (CH3COCH3), alcohol (C2H5OH) and carbon dioxide (CO2). Although the 

concentration of ammonia was the lowest, the threshold voltage shift was evident 

after 1000 seconds. The variation of mobility under ammonia environment was also 

the biggest. With the sensing index, threshold voltage shift and mobility variation, we 

can confirm that both standard and UV-treated OTFTs exhibited good selectivity 

between ammonia and other gases. 
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3.4 Phenomenon of Recovery 

In order to verify the sensing mechanism, we discuss the phenomenon of 

recovery. At 0 second, both the standard and UV-treated devices were exposed to 

nitrogen. Then, during 0 to 3000 seconds, the devices were exposed to 0 ppm 

(nitrogen), 1 ppm, 3 ppm, 5ppm ammonia gas individually. After that, during 3000 to 

4500 seconds, the ambience was purged with nitrogen.  

With Fig3-14 (a)(b), we can find that the mobility of both the standard device 

and UV-treated PMMA device had recovery. Although the value could not recover to 

the beginning, the phenomenon were immediately when the ammonia was purged out. 

The recovery of mobility may due to the decreasing of ammonia which may create 

scattering centers or traps [47].  

However, with Fig3-15 (a)(b), the threshold voltage shift of both devices did not 

have evident recovery. Although the slope of threshold voltage shift was gradual when 

the ammonia was purged out, the value could not be increased. The reason may be 

that the ammonia molecular NH3 or ammonia ions NH4
+ had been trapped on the 

interface of the dielectric and pentacene layer. Thus, the reaction could not be 

reversed.  
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3.5 Influences of Environment Humidity 

 In order to know the influence of humidity to the sensing model, we changed the 

measure environment by increasing the relative humidity (RH) in the chamber. In the 

wet nitrogen ambient (RH=50%), comparing with dry nitrogen ambient (RH=0%), we 

can find that the threshold voltage of standard device had a negative shift, as 

Fig3-16(a). However, in the same condition, the UV-treated PMMA device had a 

positive threshold voltage shift, Fig3-16(b). It may due to different functional-end 

group of dielectric. The polar -COOOH functional-end group of UV-treated PMMA 

can interact with water molecules and create acceptor-like traps [60]. Because extra 

holes were induced by trapped electrons, the threshold voltage turned positive [58]. 

Nevertheless, it is hard for less-polar -COCH3 functional-end group of standard 

devices to interact with water molecules. When the polar water molecules diffused 

into the interface between dielectric and pentacene layer, it may attribute hole-traps 

near dielectric interface and caused lower concentration of gate-induced mobile 

carriers. Therefore, it needs more negative gate voltage to induce holes in the 

p-channel.  

With the increasing of ammonia concentration, both the standard device and 

UV-treated PMMA device had negative threshold voltage shift, especially in the wet 

ambient (RH=50%). Because the threshold voltage shift of water and ammonia was 
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opposite for the UV-treated PMMA device, we can confirm that something must 

happen in the wet ammonia ambient. The chemical reaction between water and 

ammonia,  

HଶO ൅ NHଷ ՞ NHସ
ା ൅ OHି 

, may be enhanced due to the increased H2O, which resulted in more NH4
+ and less 

H2O. Thus, the threshold voltage shifted much to the negative side in wet ammonia 

ambient.  

From Fig3-17(a), we can find that the mobility variations of both standard 

devices and UV-treated PMMA device were decreased more in wet ambient than in 

dry ambient. The reduction of carrier mobility was because polar water molecules 

residing at grain boundaries interact with carriers [61]. Scattering effect or the field 

screening effect may be the mechanism to describe interactions between polar water 

molecules and carriers [62]. Because UV-treated PMMA devices have polar surface 

which can attract more dipole water, the decreased difference between wet and dry 

ambient of UV-treated PMMA devices were more than standard devices.  

For the UV-treated PMMA devices, since threshold voltage moved to positive 

value in wet nitrogen ambient, there should be an increase of the drain current 

variation. However, from Fig3-17(b), the drain current variation of UV- treated device 

was decreased in wet nitrogen ambient. The reduction of drain current may be mainly 
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attributed to a reduction of mobility [58]. But, we can see the influence of threshold 

voltage in the difference of decreased current between wet and dry ambient, the 

variation of UV-treated PMMA devices were smaller than standard devices.   
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Figure 3-1. Transfer characteristics of standard OTFTs 
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Figure 3-2. I-V curve of standard OTFTs under 1ppm NH3 with different time 

 

Figure 3-3. The parameters variation of OTFTs under 1 ppm NH3 with different time 
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Figure 3-4. Illustration of scattering effect and traps for gas sensing 

 

 

 

 

 

 

 

Figure 3-5. Illustration of screen effect for gas sensing 
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(a) (b) 

Figure 3-6. Energy band of (a) standard OTFTs and (b) Ammonia sensing PMMA 

OTFTs 

 

 

(a) (b) 

 Figure 3-7. (a) Threshold voltage shift and (b) mobility variation versus different 

ammonia concentration measured in 1000 seconds and 2000 seconds 

  

0 1 2 3 4 5
-5

-4

-3

-2

-1

0

1
Standard

 

V
th

 (
V

)

NH
3
 concentration (ppm)

 0 second
 1000 seconds
 2000 seconds

0 1 2 3 4 5
0.00

0.25

0.50

0.75

1.00

1.25
Standard

 

/
 0

NH
3
 concentration (ppm)

 0 second
 1000 seconds
 2000 seconds



35 
 

 
Figure 3-8. Simulation of PMMA and UV-treated PMMA estimated by Gaussian 

03 with ab initio calculation. 

 

 

Figure 3-9. Transfer characteristics of UV-treated PMMA OTFTs 
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(a) (b) 

Figure 3-10. Energy band of (a) standard OTFTs and (b) UV-treated PMMA OTFTs 
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(a) 

 

 

(b) 

 
Figure 3-11. AFM images of pentacene film deposited on  

(a) PMMA and (b) UV-treated PMMA  
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(c) 

 
Figure 3-12. (a) Threshold voltage shift (Vth) (b) mobility variation (/0) and 

(c) drain current variation (I/I0) versus ammonia concentration in different waiting 

time of standard OTFTs and UV-treated PMMA OTFTs 
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Figure 3-13. Threshold voltage shift (Vth) and mobility variation ((0-)/0) 

percentage for standard and UV-treated OTFTs when devices were exposed to 

different kinds of gas molecules. 
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Figure 3-14. Mobility variation versus different time of (a) standard OTFTs and 

(b) UV-treated PMMA OTFTs under different ammonia concentration from 0 

second to 3000 seconds 

 

    (a)                               (b)         

 
Figure 3-15. Threshold voltage shift versus different time of (a) standard OTFTs 

and (b) UV-treated PMMA OTFTs under different ammonia concentration  
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(a) (b) 

Figure 3-16. Threshold voltage shift versus different NH3 concentrations in the dry 

ambient (RH=0%) and in the wet ambient (RH=50%) of (a) standard OTFTs and (b) 

UV-treated PMMA OTFTs 
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 (a) 

                 (b) 

Figure 3-17. (a) Mobility variation and (b) drain current variation versus different 

NH3 concentrations in the dry ambient (RH=0%) and in the wet ambient 

(RH=50%) of standard OTFTs or UV-treated PMMA OTFTs 
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Chapter 4 

Conclusion 

 

A pentacene-based OTFT was shown to be highly sensitive for ammonia sensing 

from 0.5 to 5 ppm, a critical range for the diagnosis of patients with chronic liver 

diseases and renal failure. This demonstrated that OTFT devices, which can be 

fabricated by simple and cheap process and exhibited channel length and width as 

large as several hundreds of microns, are useful as non-invasive biomedical sensors. 

This is on the contrary to inorganic MOSFET devices that require high fabrication 

cost and complicated fabrication process to scale down its dimension to the range of 

nanometers to increase the gas sensing sensitivity. The sensitivity and selectivity of 

OTFTs as gas sensor can be further improved by the modification of the PMMA 

dielectric layer, selecting suitable measuring parameters and providing additional 

local electric field. Due to the simple fabrication processes of the devices, OTFTs are 

promising to be developed to a portable and disposable gas sensor. 
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