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Improved Sensor Selectivity for Chemical Vapors Using Organic Thin-Film 

Transistors 

 

by 

 

James Edward Royer 

Doctor of Philosophy in Chemistry 
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Professor Andrew Kummel, Chair 

 

Organic thin-film transistors (OTFTs) offer unique methods for chemical vapor 

detection due to multiple device parameters which are influenced by reactive gases. 

The simplest conventional readout for OTFT sensors is the drain current; however, the 

drain current is dependent on changes in fundamental device characteristics such as 

mobility and/or threshold voltage. The chemical properties of the analyte determine 

whether the mobility or threshold voltage response is dominant for the OTFT. The 



 

 

 xxvi 

OTFT mobility is dependent on molecular properties of the organic semiconductor, as 

well as bulk film properties such as morphology and intermolecular stacking. 

Conversely, the OTFT threshold voltage is dependent on fixed charge at the 

semiconductor/gate insulator interface as well as fixed charge in the bulk film. 

Understanding and differentiating the effects of mobility and threshold voltage 

changes in OTFT sensors is necessary to enhance sensitivity and/or selectivity for 

OTFT sensors. 

This work investigates novel organic semiconductors and sensing modalities 

for OTFT chemical vapor sensors. OTFTs based on spin-coated films of metal-free 

tetrabenzoporphyrin (H2TBP) and octa-butoxy naphthalocyanine (OBNc) are 

compared with vacuum evaporated metal-free phthalocyanine (H2Pc). The sensor 

response of H2TBP is similar to H2Pc, despite large differences in film morphology. 

H2TBP and H2Pc have very similar molecular structures, which suggest that the 

analyte sensing mechanism is attributed to nearly identical hydrogen-bonding at the 

inner N4H2 group in both H2TBP and H2Pc. OBNc OTFTs have the highest mobilities 

of all devices in this work, and the most distinctive sensor response due to analyte 

induced threshold voltage (Vth) shifts. OBNc OTFTs exhibit analyte induced Vth shifts 

which appear to correlate with the analyte’s octanol-water partition coefficient. The 

results are consistent with better charge stabilization by polar molecules in OBNc 

films compared with H2Pc films. 

Selective hydrogen peroxide and organic peroxide vapor sensing is 

demonstrated by monitoring Vth shifts in metal-phthalocyanine (MPc) and OBNc 

OTFTs. MPc and OBNc OTFTs dosed with peroxide exhibit reversible mobility 
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response and irreversible, dosimetric, Vth shifts. The dual response characteristics are 

consistent with chemisorption of the peroxide and subsequent catalytic decomposition 

to form reactive products which increase fixed charge in the semiconductor film. 



1 

CHAPTER ONE 

Organic Thin-Film Transistors for Chemical Sensing 

1.1 Organic Thin-Film Transistors 

1.1.1. Applications and Progress 

Organic thin-film transistors (OTFTs) have been studied for nearly three 

decades for their potential use in display backplanes, RFID tags, and chemical 

sensors.
1-7

 The benefits of organic materials for thin-film transistor applications are in 

their functionality rather than electrical performance. Organic semiconductors (OSCs) 

can be synthesized on a large scale and used in high throughput deposition methods 

such as roll-to-roll or, ink-jet printing.
8,9

 Therefore, OTFTs can potentially be 

manufactured at very low-cost, which is attractive for large area electronics 

applications. OTFTs can also be fabricated on flexible substrates for integration in 

non-planar surfaces. The potential for mechanically robust devices has established 

interest for “electronic skins,” biocompatibile sensors, and biodegradable 

electronics.
10,11

  

 Despite their potential benefits, OTFTs have not reached the mature 

development or manufacturing phases due to their poor transport properties. 

Competing technologies, such as amorphous silicon and inorganic metal-oxide thin 

film transistors, generally exhibit mobilities of an order of magnitude higher than the 

best OTFTs.
12,13

 Therefore, it will be difficult for OTFTs to compete for fast electronic 

switching applications such as displays where mobilities greater than 10 cm
2
V

−1
s

−1
 are 



2 

 

desired.
14

 Several high performance OSCs have been developed which have 

comparable mobilities, but there remains a large challenge of adapting the processing 

techniques for existing manufacturing methods.
15

  

1.1.2. Microstructure and Transport 

There have been significant research efforts investigating the structure-

property relationships for OSC materials. Such studies are motivated by the need to 

optimize thin-film deposition for high electrical performance.
16

 The thin-film 

deposition method can influence the film microstructure, and the film microstructure 

often correlates with electrical performance. Many high performance OTFTs are 

fabricated using vacuum evaporation of the organic semiconductor onto high 

temperature substrates.
17

 Vacuum thermal evaporation is among the most controlled 

deposition methods since the deposition rate and substrate temperature are precisely 

controlled. The deposition rate and substrate temperature affects bulk film properties 

such as grain size and roughness, as well as microscopic film properties such as 

molecular stacking and interfacial ordering.
18

 Most solution deposition methods are 

less controlled and yield OTFTs with lower mobilities.
19

  

Larger grain size in OSC films often correlates with improved transport 

properties due to improved long range intermolecular ordering.
16

 Transport in organic 

thin-films is limited by carrier trapping at grain boundaries; therefore, thin-films with 

large grains are desirable for optimized OTFT performance.
16

 In organic single crystal 

transistors, the transport is no longer limited by grain boundary trapping, but instead 

becomes band-like with similar device properties to that of single crystal silicon 
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MOSFETs.
20

 The mobilities in organic single crystal transistors can exceed 

10 cm
2
V

−1
s

−1
; however, the devices are extremely fragile, and difficult to fabricate, 

which is not practical for large scale fabrication.
15,21

 The performance of organic 

single crystal transistors represents an upper limit for organic thin-film transistors 

where mobilities of 0.1-1 cm
2
V

−1
s

−1
 are considered as high performance.  

1.1.3. Novel Devices 

A common method for improving the OSC grain structure for high 

performance OTFTs is by modifying the gate insulator interface.
22

 The field-effect 

transport properties are determined by charge moving through the first five or fewer 

monolayers of the OSC above the gate insulator.
23

 Traditional insulators such as SiO2 

often have dangling bonds and non-uniform surface termination, such as SiO
−
 

groups.
24

 Organic self-assembling molecules (SAMs) can improve surface roughness 

and provide a consistent surface termination for the gate insulator interface.
25

 SAMs 

can also be functionalized to tune the surface energy for optimized ordering of the 

OSC film.
26,27

  

Thermally grown SiO2 is a commonly used gate insulator due to the ease of 

use for a bottom gate device structure. However, thermally grown SiO2 is most 

reliable when the thickness is several tens or hundreds of nanometers. The use of thick 

insulator layers hinders the practical capabilities for OTFTs because thick insulator 

layers require high gate voltages to turn the device on. There is significant interest in 

organic or organic/inorganic hybrid insulators with thicknesses below ten 

nanometers.
28,29

 These gate insulator surface treatments and ultra-thin insulator layers 



4 

 

have low defect densities which permit low threshold voltage devices. This enables 

low-voltage operation which is necessary for low-power, portable, electronic 

applications. 

1.2 Chemical Sensing Using Organic Thin-Film Transistors 

A significant challenge for progressing OTFTs in component applications has 

been developing air-stable materials. Many OSCs are susceptible to chemical reactions 

by atmospheric gases, which cause drift in the device parameters. While numerous air-

stable OTFTs have been developed in recent years, the observed response to 

atmospheric vapors has generated significant interest for potential applications as 

chemical sensors.  

1.2.1 Microstructure Dependence 

Thin-films of small organic molecules (monomers and oligomers) are often 

polycrystalline and contain a high density of grain boundaries. Grain boundaries act as 

carrier traps; therefore, high performance OTFTs tend to have large grains as 

discussed above. However, grain boundaries can act as active binding sites for 

atmospheric vapors. This feature is beneficial for OTFT chemical sensors which do 

not require high mobility, but instead require high sensitivity and selectivity.  

Grain boundaries are the dominant binding sites for OTFTs which use 

pentacene, unsubstituted thiophenes, and naphthalene tetracarboxylic diimides as the 

OSC.
30-32

 These OSCs bind chemical vapors (analytes) through non-specific van der 

Waals interactions to trap charge, often via induced dipoles.
33

 Therefore, it is possible 

to control sensitivity by depositing films with tailored grain boundary density.
32,34

 For 
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films with more grain boundaries in the OTFT channel region, the mass uptake of 

analyte in the film is larger, and the chemical sensitivity is larger.  

1.2.2 Interface Effects 

Chemical sensing using OTFTs with ultra-thin OSC layers has presented 

several advantages due to the OTFT interface properties. Charge transport in OTFTs 

occurs primarily within the first few OSC monolayers adjacent to the gate insulator 

interface (Figure 1.1a).
35

 Reducing the OSC thickness to a few monolayers can 

provide efficient access to the thin charge accumulation layer near the insulator 

interface (Figure 1.1b). The sensor response times are often faster in ultra-thin OTFTs, 

which suggests that analytes diffuse through grain boundaries to interact with charge 

at the OSC/insulator interface.
36

   

The gate insulator chemistry can also contribute to OTFT sensor performance. 

Most gate oxide insulators are imperfect, having charged species and/or polar surface 

groups.
24

 Therefore, SAMs such as octadecyltrichlorosilane (OTS) can be used as a 

pre-treatment of the insulator, making it hydrophobic, non-polar, and relatively free of 

surface charge. This is particularly significant when analytes induce threshold voltage 

shifts in OTFTs since threshold voltage shifts often correlate with changes in surface 

charge density at the OSC/insulator interface.
35

 The sensor response can be dramatic, 

especially for highly oxidizing analytes which induce fixed-positive charge and shift 

the threshold voltage.
37
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1.2.3 Chemically Selective Organic Semiconductors 

In addition to the multi-parameter sensing capabilities of OTFTs, there is also a 

direct chemical approach to improving sensitivity and/or selectivity using synthetic 

modification of the OSC molecule. The molecular structure of most OSCs contains a 

highly conjugated core structure with a delocalized π bonding network (Figure 1.2a). 

Additional chemical substituents can be attached at the periphery of the core OSC 

molecule to make it more receptive to target analytes (Figure 1.2b). The best 

selectivity is often obtained using chemical receptor groups with similar properties to 

the targeted analyte. These properties include hydrogen bonding, molecular dipoles, 

and/or chirality.
37-39

  

Instead of modifying the OSC molecular structure, OSC thin films can also be 

functionalized with additional receptor layers. Combining the use of ultra-thin OSC 

films with a few monolayers of receptor molecules can significantly enhance response 

without degrading transport.
40

 OTFTs fabricated using a bilayer thin film structure 

have been shown to optimize sensitivity while maintaining high electrical 

performance.
41

 The critical feature for receptor modified or bilayer films is that a 

complete bottom layer is formed to permit charge transport. Functionalized thin films 

can even be processed in a single step using soluble OSCs with dissolved receptor 

molecules in the OSC solution;
42

 however, transport is often poorer than similarly 

processed OTFTs using pure OSC. 

1.3 Conclusions 

Chemical sensing is a viable market for OTFT technology due to the potential 

for highly sensitive and selective detection based on intermolecular electronic 
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interactions. The wide range of OSC/analyte interaction strengths allows detection of 

reactive or passive analytes using receptor specific OSC films or an array of non-

specific OSC films. OTFT sensors can utilize the different OSC/analyte interaction 

chemistries through monitoring of unique electrical parameters such as mobility or 

threshold voltage. By understanding the effects of analyte interaction on the OTFT 

electrical response, the OTFT sensor platform could be used to elucidate macroscopic 

chemical interactions between analytes and organic thin films. 

1.4 Figures 

a) b)  

Figure 1.1. a) Organic thin-film transistor operating in accumulation for a p-type 

semiconductor. The device geometry shown is for a bottom-gate, bottom-contact 

OTFT using a silicon dioxide insulator and gold source and drain contacts. The charge 

transport is localized primarily near the interface of the organic semiconductor and 

gate insulator. b) Organic thin-film transistor using an ultra-thin organic 

semiconductor layer.  
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a)  

b)  

Figure 1.2. Organic semiconductors functionalized for chemical sensing. a) 

Unsubstituted sexithiophene molecule. b) Sexithiophene molecule with polar end-

group substitutions which can enhance analyte receptor properties. 
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CHAPTER TWO 

Analyte selective response in solution-deposited tetrabenzoporphyrin thin-film 

field-effect transistor sensors 

In full, reprinted with permission from J. E. Royer, S. Lee, C. Chen, B. Ahn, J. 

Kanicki, W. C. Trogler and A. C. Kummel, “Analyte selective response in solution 

deposited tetrabenzoporphyrin thin film field effect transistor sensors.” Sensors and 

Actuators B: Chemical 158, 333-339 (2011). Copyright 2011, Elsevier 

2.1 Abstract 

Organic thin film transistor (OTFT) chemical sensors rely on the specific 

electronic structure of the organic semiconductor (OSC) film for determining sensor 

stability and response to analytes. The delocalized electronic structure is influenced 

not only by the OSC molecular structure, but also the solid state packing and film 

morphology. Phthalocyanine (H2Pc) and tetrabenzoporphyrin (H2TBP) have similar 

molecular structures but different film microstructures when H2Pc is vacuum 

deposited and H2TBP is solution deposited. The difference in electronic structures is 

evidenced by the different mobilities of H2TBP and H2Pc OTFTs.  H2Pc has a 

maximum mobility of 8.6 × 10
−4

 cm
2
V

−1
s

−1
 when the substrate is held at 250 ˚C during 

deposition and a mobility of 4.8 × 10
−5

 cm
2
V

−1
s

−1 
when the substrate is held at 25 ˚C 

during deposition.  Solution deposited H2TBP films have a mobility of 5.3 × 10
−3

 

cm
2
V

−1
s

−1
, which is consistent with better long-range order and intermolecular 

coupling within the H2TBP films compared to the H2Pc films.  Solution deposited 

H2TBP also exhibits a textured film morphology with large grains and an RMS 

roughness 3 - 5 times larger than H2Pc films with similar thicknesses. Despite these 



13 

 

differences, OTFT sensors fabricated from H2TBP and H2Pc exhibit nearly identical 

analyte sensitivity and analyte response kinetics. The results suggest that while the 

interactions between molecules in the solid state determine conductivity, localized 

interactions between the analyte and the molecular binding site dominate analyte 

binding and determine sensor response. 

2.2 Introduction 

Organic thin film transistors (OTFTs) have attracted interest as chemical 

sensing platforms for vapor and liquid phase detection of explosives, toxins and 

biochemicals.[1-7] OTFTs offer numerous advantages over inorganic oxide and 

polymer chemiresistors, such as tailored chemical selectivity, room temperature 

operation, and multiparameter response.[8-12] Several reports demonstrate novel 

device structures using inexpensive, robust materials providing a low cost fabrication 

pathway for selective, single use sensing applications.[13-15] However, the organic 

semiconductor layer is often deposited by vacuum evaporation in order to control film 

thickness and microstructure, which are key parameters governing sensitivity and 

stability.[16-19]  A potential advantage of organic materials is the possibility of 

fabricating solution processed sensors using low cost, high throughput deposition 

methods, such as ink-jet printing and spin-coating. However, for practical devices, the 

high sensitivity and mobility of vacuum deposited sensors must be retained with 

solution processing methods.  

Porphyrins (Por) and phthalocyanines (Pcs) are a well studied group of sensor 

materials, characterized by their good thermal stability, high optical absorbance and 

functionality.[20-23] Porphyrins are structurally related to phthalocyanines, with the 
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four -CH groups in the inner porphyrin ring replacing the four meso nitrogens of 

phthalocyanine. Several studies have investigated differential chemical sensing by 

changing the central metal atom in the Por/Pc core or by changing the peripheral 

substituents.[24-27] Sensing mechanism studies for metal-free phthalocyanine (H2Pc) 

thin-films have correlated sensor response with a selective molecular chemisorption 

event, determined by the hydrogen bond basicity of the analyte.[28, 29] The present 

work expands on the selective response mechanism of H2Pc thin-film sensors by 

demonstrating nearly identical sensor response for H2Pc and H2TBP OTFTs with 

dramatically different film morphologies and bulk electronic structures.   

The film morphology and bulk electronic structures of H2Pc and H2TBP films 

were modified using different deposition methods. H2TBP is deposited with the use of 

a soluble precursor and thermally converted to form a textured polycrystalline film 

with large grains and large surface roughness.  H2Pc is deposited by vacuum 

evaporation while holding the substrate at different temperatures which allows growth 

of films with significantly different grain size and surface roughness. In general, for 

H2Pc at higher substrate deposition temperatures (Tsub), there is increased ordering 

leading to larger grains and increased mobility.[30]  Similar correlations between 

mobility and grain size have been noted for spin-coated H2TBP films; however the 

mobilities are often higher than vacuum evaporated H2Pc films which suggests better 

intermolecular coupling and long-range order within the grains.[31, 32] The present 

study shows that solution processed H2TBP and vacuum deposited H2Pc OTFTs 

exhibit nearly identical analyte sensitivity and analyte response kinetics despite large 

differences in the film morphology and bulk electronic structure. The H2TBP OTFTs 
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have greater than 3 × larger RMS roughness, greater than 3 × larger grain size and 

greater than 100 × higher mobility than room temperature vacuum deposited H2Pc 

OTFTs; yet the analyte sensitivities are equal to within a factor of two for most 

analytes. The results suggest that sensing properties are determined by selective 

molecular chemisorption via hydrogen-bonding at the binding site and have little 

dependence on film microstructure. 

2.3 Experimental 

H2TBP and H2Pc TFT sensors were fabricated using an inverted bottom 

contact device geometry using a modified bilayer resist lift-off method.[33, 34] 

Briefly, resist layers of PMGI SF8 (Microchem) and S1818 (Shipley) are employed to 

create an undercut resist profile so that metal deposition yields a tapered electrode 

geometry. Electrodes consisted of a 5 nm Ti adhesion layer followed by 45 nm of Au 

deposited under high vacuum on 100 nm thermally grown SiO2/n
++

Si (100) substrates 

(Silicon Quest). The soluble H2TBP precursor 1,4:8,11:15,18–22,25–tetraethano–

29H,31H–tetrabenzo[b, g, l, q]porphine (CP) was spin-coated in air from a 0.7 wt % 

chloroform solution and annealed at 200 ˚C in a N2 purged oven. Prior to spin coating, 

the substrates were rinsed in acetone and isopropanol, treated with UV-ozone for 20 

minutes, and soaked in ethanol. Synthesis of CP followed the literature procedure.[35]
 

H2Pc was purchased from Sigma-Aldrich and purified 3 times by multiple zone 

sublimation before loading into the deposition chamber. Prior to H2Pc deposition, the 

substrates were sonicated in isopropanol and in deionized water. H2Pc was thermally 

evaporated in ultra-high vacuum at rates of 0.9 - 1.0 Å s
−1

 onto rotating substrates held 
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at constant substrate temperature. An H2Pc film thickness of 100 nm was chosen, 

which is similar to the estimated thickness of the H2TBP film.[36]  

Current-voltage measurements were recorded in air in the dark, immediately 

following removal from a vacuum storage chamber, using an Agilent B1500 

semiconductor parameter analyzer. The mobility and threshold voltage were 

calculated based on the equation for TFT saturation mode operation, Id = 

(WCi/2L)μFE(Vgs – Vth)
2
 where Ci is the gate oxide capacitance μFE is the field-effect 

mobility, Vth is the threshold voltage, W is the channel width and L is the channel 

length. Before chemical sensing, the samples were wire bonded on a ceramic DIP and 

mounted on a printed circuit board. In order to minimize the effect of device aging, the 

devices were stored in a chemical free vacuum desiccator for one day prior to 

chemical sensing. 

AFM measurements were performed with a Nanoscope IV scanning 

microscope in tapping mode using a Nanosensors SSS-NCHR-20 ultra-sharp Si probe. 

SEM measurements were performed on a field emission SEM, JSM-2007 from JEOL.  

Sensing experiments were performed under zero grade air (Praxair, < 2 ppm H2O, 

< 0.02 ppm NOx) at 25˚C. A 2 % duty cycle pulse train operated at 0.02 Hz was 

applied for both the gate and drain bias. Transient measurements were recorded using 

a National Instruments 6211-DAQ by recording the voltage drop across a 1.2 kOhm 

resistor. Prior to sensing measurements, the devices were operated under zero grade 

air using the gate pulse sequence to equilibrate the bias stress effect. Analyte vapors 

were introduced to an enclosed, thermally regulated chamber with electrical 

feedthroughs by bubbling zero grade air through the liquid analyte. The concentration 
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of analyte introduced was controlled by mixing the saturated vapor with a separate 

dilution line in a manifold prior to the chamber. 

Recovery analysis was performed by comparing t60 values, where t60 is defined 

as the time required to recover 60 % of sensor response with respect to the baseline 

current. The t60 values were calculated following subtraction of residual baseline 

current drift.  The drift was fit to a linear regression and subtracted from the raw signal 

to prevent drift from skewing the t60 values.  

2.4 Results and Discussion 

To determine appropriate test parameters for sensor operation, TFTs based on 

H2Pc and H2TBP were electrically characterized. Figure 2.1 shows typical current-

voltage (I-V) characteristics of H2Pc (Tsub = 25 ˚C) and solution processed H2TBP 

TFTs, with the molecular structures of H2Pc and H2TBP as insets in Figures 2.1b and 

2.1d. The mobilities and threshold voltages range from (3.0 ± 0.8) × 10
−5

 cm
2 

V
−1 

s
−1

 

and −4.1 ± 0.4 V for H2Pc to (5.3 ± 0.9) × 10
−3 

cm
2 

V
−1 

s
−1

 and −2.9 ± 0.4 V for 

H2TBP, which is comparable to previously reported H2Pc and H2TBP OTFTs.[30, 36] 

The mobilities, threshold voltages and Ion/Ioff ratios for H2Pc OTFTs with different 

Tsub, and spin-coated H2TBP OTFTs are summarized in Table 2.1.  The non-linear 

behavior of the drain current at low drain voltage in Figure 2.1c is consistent with 

significant source/drain contact resistance and could be attributed to poor step 

coverage of the H2TBP at the Au/H2TBP channel edge.[37] Vapor deposited H2Pc 

devices exhibit slightly better contact resistance, as evidenced by the distinct linear 

region in Figure 2.1a, possibly due to enhanced film coverage at the contact interface. 

Torsi et. al. demonstrated that contact resistance cannot be neglected during chemical 
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sensing when the device is operated at low bias conditions.[38] In this work, the 

devices are operated at sufficiently high drain voltage (Vds = −10 V) and gate voltage 

(Vgs = −8 V) that differences in contact resistance will not affect the sensing 

properties.  

Stable operating conditions for OTFT sensors require careful control of both 

electrical and environmental test parameters. Stable operation was achieved using dry 

synthetic air flow and a pulsed gate bias with a 2 % duty cycle. The pulsed gate 

method has been demonstrated as an effective operating method to reduce bias stress 

effects for both polymer and small molecule OTFTs.[39, 40] By reducing the gate 

“on” time via pulsing, it is possible to minimize bias induced shifts in threshold 

voltage during chemical sensing. Following stabilization, the H2TBP and H2Pc devices 

were operated with current drift as low as 0.1 % per hour.  

Figure 2.2 shows the H2TBP, H2Pc (Tsub = 25 ˚C) and H2Pc (Tsub = 250 ˚C) 

sensor responses to acetonitrile (Figure 2.2a) and dimethyl methylphosphonate (Figure 

2.2b) when operated in the saturation region (Vds = −10 V, Vgs = −8 V) using a pulsed 

gate bias with a 2 % duty cycle. The drain currents (Id) for both devices are normalized 

and plotted with respect to the initial currents (Io). The stable baseline allows a well 

defined response (ΔI/Ibaseline × 100), where ΔI is defined by the current change over a 

20 min dose period and Ibaseline is the drain current measured immediately before 

analyte doses (see Appendix Figure 2.7). Five analytes were tested to assess a range of 

sensor binding affinities where trimethylphosphate (TMP), isophorone (ISO) and 

dimethyl methylphosphonate (DMMP) are considered strong binders and acetonitrile 

(ACN) and methanol (MeOH) are considered weak binders.[28] Sensor response was 
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linear with dose concentration, and drain current decreases were observed for all 

analytes tested. Sensor response for MeOH, TMP and ISO doses can be found in the 

Appendix (Figures 2.4-2.6). The sensitivities (% ppm
−1

) for each analyte are plotted in 

Figure 2.2c, where sensitivity is defined by the slope of the linear fit of the sensor 

responses versus analyte concentrations (Appendix Figures 2.7-2.9). For H2TBP, the 

sensitivity (S) was greatest for DMMP and lowest for MeOH, with a response ratio 

(SDMMP/SMeOH) of ~ 85.  The corresponding response ratios for H2Pc (Tsub = 250 ˚C) 

and H2Pc (Tsub = 25 ˚C) were ~ 53 and ~ 32.  For all sensors, the response ratios 

between DMMP and weak binding analytes exceeded 30 (Table 2.2).  The high 

response ratio makes H2TBP suitable for use in cross-reactive sensor arrays where 

discriminatory analysis can be used to identify analytes.[29] Although some of the 

response ratios differ by more than 2 × between the H2Pc and H2TBP sensors, the 

relative analyte sensitivities (SH2TBP/SH2Pc) differ by less than 2 × for all analytes 

(Appendix Tables 2.3 and 2.4). This suggests that molecular chemisorption between 

the analyte and the semiconductor dominates sensor response even though 

morphological effects may provide slightly enhanced analyte discrimination for 

H2TBP.
 

By analyzing the transient recovery in OTFT chemical sensors, the analyte 

binding kinetics can be elucidated. Average t60 values for each sensor are presented in 

Table 2.2. The t60 values are normalized with respect to MeOH to illustrate the 

consistent relative recovery times for each sensor. The relative recovery time 

normalizes the t60 for each recovery with respect to the t60 for MeOH. This eliminates 

run-to-run variations in flow rate or temperature which could influence recovery rates.  
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Both H2Pc and H2TBP sensors exhibit rapid recovery following doses of weak binding 

analytes such as MeOH and ACN (Figure 2.2a), whereas for strong binding analytes 

such as TMP and DMMP there is a slower recovery (Figure 2.2b).  The H2TBP sensor 

recovery immediately following a 15.8 ppm DMMP exposure and a 1174 ppm ACN 

exposure is presented in Figure 2.2d to illustrate the extended recovery time required 

for DMMP.  

The results for H2TBP and H2Pc OTFTs are analogous to those for previously 

reported H2Pc thin-film chemiresistors.[28] The analyte sensing mechanism is 

attributed to hydrogen-bonding at the inner N4H2 group. OTFT on-current decreases 

are observed during exposure to hydrogen bond acceptor analytes due to electron 

density donation from the analyte to the interior N-H protons in H2TBP and H2Pc. 

Therefore, analytes which are better hydrogen-bond acceptors such as DMMP and 

TMP are also stronger Lewis bases.[41] The sensitivities and relative recovery times 

for H2TBP and H2Pc OTFT sensors correlate with the analyte hydrogen-bond basicity.  

The distinction in response between strong and weak binding analytes is 

consistent with a selective molecular chemisorption event between the analyte and 

semiconductor. Molecular chemisorption between the analyte and semiconductor is 

due to electron density transfer upon hydrogen-bonding. The magnitude of electron 

density transfer and binding energy (Ebind) distinguishes weak binding analytes as 

physisorbates (Ebind < 0.3 eV) and strong binding analytes as chemisorbates 

(Ebind ~ 1 eV).[42] The distinction between chemisorbing and physisorbing analytes on 

H2TBP and H2Pc OTFTs is evident not only by the high sensitivities noted above, but 

also by the relative recovery times. Although taken for a small set of analytes, the data 
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shows a significant difference between t60 values for strong and weak binding 

analytes. Strongly hydrogen-bonding analytes such as DMMP and TMP have longer 

recovery times and higher sensitivities; consistent with the inner N4H2 ring acting as 

the preferential binding site. This demonstrates that the different processing methods 

and film morphologies for H2TBP and H2Pc OTFTs do not significantly alter the 

analyte-semiconductor hydrogen-bonding characteristics that govern chemical 

sensing. 

H2Pc sensors show significantly shorter t60 for isophorone than DMMP and 

TMP despite having a high sensitivity to isophorone; however, anomalous recovery 

characteristics for isophorone in H2Pc chemiresistors have been reported 

previously.[29]  It has been suggested that physisorbing analytes can interact with 

MPc films by preferential binding or by weak van der Waals interactions with the 

conjugated π system of H2TBP and H2Pc.[29]  Therefore, it is possible that the meso 

nitrogens present in H2Pc, and absent in H2TBP, contribute to sensor response and 

recovery. However, the fast recovery and low sensitivity for each sensor to doses of 

MeOH and ACN suggest that the molecular structure of the extended π system does 

not significantly alter sensor response. 

OTFT device properties are highly dependent on fabrication methods which 

influence film electronic structure by affecting grain size and intermolecular 

coupling.[43] The different surface morphologies of 100 nm H2Pc films with 

Tsub = 25 ˚C – 250 ˚C and a solution processed H2TBP film are shown in atomic force 

microscopy (AFM) images presented in Figures 2.3a-e. Line profiles of a 500 nm 
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segment are shown as insets for each image.  The height scale on the line profiles is 

held constant to demonstrate the larger surface roughness for H2TBP films.   

Vacuum deposited H2Pc has a film morphology which depends on substrate 

temperature.  At Tsub = 25 ˚C, H2Pc forms small, densely packed grains (Figure 2.3a) 

with an average grain size of 34 ± 12 nm and RMS roughness of 8 nm. As Tsub 

increases, the grains become large elongated crystallites with an average long-axis 

length of 187 ± 87 nm and aspect ratio of ~ 3. The large crystallite growth enhances 

the layer-to-layer connectivity as evidenced by a smaller RMS roughness of 5 nm. To 

illustrate the effect of grain size and film morphology on the H2Pc film electronic 

properties, the mobility was plotted for OTFTs deposited with Tsub ranging from 25 ˚C 

to 250 ˚C (Figure 2.3f).  The increase in mobility with grain size is often observed for 

phthalocyanine OTFTs.[30, 44]   

Following spin-coating, the bicycloporphyrin precursor forms an amorphous 

film with thicknesses between 100 ~ 200 nm. After thermal conversion to H2TBP, 

large crystallites form (Figures 2.3e) and create a highly textured film with average 

grain size of 107 ± 47 nm and root-mean-square (RMS) roughness of 28 nm.  The 

H2TBP OTFTs in this work have mobilities exceeding any of the H2Pc OTFTs even 

though the H2TBP films do not have the largest grain sizes.  The higher mobility in 

H2TBP OTFTs is consistent with enhanced intermolecular coupling and better long-

range order though the H2TBP grains.   

Several reports for OTFT sensors using different molecular semiconductors 

note the importance of controlling grain size and surface roughness to optimize 

sensitivity.[18, 45, 46]  However, the nearly identical chemical sensor response in this 
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study suggests that film microstructure differences do not significantly alter the 

H2TBP and H2Pc molecular interactions with analytes.  The data presented are 

consistent with grain growth affecting the electronic delocalization and field-effect 

mobility of the film, but not affecting the hydrogen-bonding event that governs the 

relative sensor response. The data suggests that the film intermolecular interactions 

influence the mobility and are independent from the intramolecular interactions 

between the film and analyte that control chemical sensing. 

2.5 Conclusions 

In summary, OTFT sensors based on solution processed H2TBP were found to 

have enhanced mobilities while yielding chemical sensing properties nearly identical 

to OTFT sensors based on vapor deposited H2Pc. The mobilities of the films were 

strongly affected by differences in film microstructure, but this had little influence on 

chemical sensor behavior.  This is consistent with analyte binding being chiefly a 

function of interactions with individual molecules of the sensor film.  This study 

suggests the feasibility of preparing nonvolatile metal coordination complex sensor 

arrays with solution processed films. Consistent chemical sensor response can be 

obtained despite dramatic changes in field-effect mobility, which implies that relative 

chemical sensor response is a more robust property than field-effect mobility in OTFT 

sensors. 
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2.7 Figures and Tables 

 

Figure 2.1. H2Pc and H2TBP OTFT characteristics. Output characteristics of a) 

100 nm vacuum deposited H2Pc with Tsub = 25 ˚C and c) solution processed H2TBP 

OTFTs. Transfer characteristics of the same b) H2Pc and d) H2TBP OTFTs. The solid 

lines indicate fits used to extract threshold voltage and mobility. Gate oxide 

capacitance (Ci) = 3.45 × 10
-8

 F/cm
2
, channel length (L) = 5 μm, channel width 

(W) = 10
5
 μm for both devices, Vgs sweep using –1 V steps for b) and d). 
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Table 2.1. H2TBP and H2Pc device properties.  Calculated mobility (μFE), threshold 

voltage (Vth) and Ion/Ioff parameters for vacuum evaporated H2Pc at different substrate 

temperatures (Tsub) and solution deposited H2TBP. 

Tsub (˚C) μFE 
(× 10−4 cm2V−1s−1) 

Vth (V) Ion/Ioff 

25 
0.30 ± 0.08 −4.1 ± 0.4 (2.3 ± 0.4) × 103 

80 
1.57 ± 0.04 −3.3 ± 0.1 (6.4 ± 0.4) × 103 

125 
5.50 ± 0.43 −4.0 ± 0.5 (2.5 ± 1.2) × 104 

200 
5.76 ± 0.07 −4.9 ± 0.4 (2.0 ± 0.1) × 104 

250 
8.37 ± 1.30 −5.1 ± 0.5 (4.2 ± 0.9) × 104 

Spin-coated 
H2TBP 

53.7 ± 9.9 −2.9 ± 0.4 (3.7 ± 1.5) × 105 
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 Figure 2.2. H2TBP and H2Pc OTFT sensing. Transient response of H2Pc 

(Tsub = 25 ˚C and 250 ˚C) and H2TBP OTFTs to a) acetonitrile (ACN) and b) dimethyl 

methylphosphonate (DMMP).  c) Calculated sensitivities for H2TBP, and H2Pc OTFT 

sensors.  Calculations are based on the slope of the linear fit of the sensor responses 

versus analyte concentration, averaged for three devices. d) Recovery of H2TBP 

sensors following exposure to 1174 ppm ACN and 15.8 ppm DMMP.  
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Table 2.2. Relative recoveries and response ratios for H2TBP and H2Pc OTFT sensors.  

Normalized average t60 values for H2TBP and H2Pc OTFT sensors following exposure 

to 400 ppm methanol (MeOH), 587 ppm acetonitrile (ACN), 8.9 ppm isophorone 

(ISO), 6.2 ppm trimethylphosphate (TMP) and 7.9 ppm dimethyl methylphosphonate 

(DMMP).  The data for each sensor are averaged for three separate devices and 

normalized with respect to the average t60 for MeOH recovery.  The standard 

deviations for each quantity are shown in the parentheses. The response ratios (defined 

in text) for DMMP to MeOH and for DMMP to ACN for each sensor are listed in the 

bottom two rows. 

 Spin-coated 
H2TBP 

H2Pc  
(Tsub=25˚C) 

H2Pc  
(Tsub=250˚C) 

DMMP 4.8 (0.3) 4.0 (1.1) 4.4 (0.1) 

TMP 2.6 (0.1) 1.8 (0.2) 2.9 (0.3) 

ISO 2.2 (0.6) 0.7 (< 0.1) 0.8 (0.1) 

CAN 0.3 (< 0.1) 0.7 (< 0.1) 0.9 (0.1) 

MeOH 1.0 1.0 1.0 

SDMMP/SMeOH 85 32 53 

SDMMP/SACN 68 50 126 
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Figure 2.3. H2TBP and H2Pc film microstructure characterization. Atomic force 

microscopy (AFM) images of a 1 μm × 1 μm region of 100 nm H2Pc deposited on 

SiO2 substrates held at a) 25 ˚C, b) 80 ˚C, c) 125 ˚C, d) 250 ˚C.  e) AFM image of 

1 μm × 1 μm region of solution processed H2TBP.  The insets show line profiles of a 

500 nm segment indicated by a white line in the image.  The height scale on the line 

profiles is held constant to demonstrate the larger surface roughness for H2TBP films. 

f) Mobility of H2Pc OTFTs with different substrate temperatures (Tsub).  Some error 

bars are smaller than the markers. 
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2.8 Appendix 

 

Figure 2.4. Transient response of H2Pc and H2TBP OTFT sensors to methanol 

(MeOH). 
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Figure 2.5. Transient response of H2Pc and H2TBP OTFT sensors to 

trimethylphosphate (TMP) 
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Figure 2.6. Transient response of H2Pc and H2TBP OTFT sensors to isophorone 

(ISO). 
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Figure 2.7. H2TBP OTFT sensor responses vs. dose concentration. H2TBP OTFT 

sensor responses correlate linearly with analyte concentration over one order 

difference in concentration; the slopes (% ppm
-1

, R
2 

> 0.95) are defined as the H2TBP 

sensitivity to that analyte. 

  

e) d) 

c) b) a) 
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Figure 2.8. H2Pc (Tsub = 25 ˚C) OTFT sensor responses vs. dose concentration. H2Pc 

OTFT sensor responses correlate linearly with analyte concentration over one order 

difference in concentration; the slopes (% ppm
-1

, R
2 
> 0.95) are defined as the H2Pc 

sensitivity to that analyte. 

  

e) d) 

b) c) a) 



35 

 

 

 

 

Figure 2.9. H2Pc (Tsub = 250 ˚C) OTFT sensor responses vs. dose concentration. H2Pc 

OTFT sensor responses correlate linearly with analyte concentration over one order 

difference in concentration; the slopes (% ppm
-1

, R
2 
> 0.98) are defined as the H2Pc 

sensitivity to that analyte. 

  

b) c) 

d) e) 

a) 
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Table 2.3.  Calculated analyte sensitivities. Calculations are based on the slope of the 

linear fit of the sensor current responses versus analyte concentration, averaged for 

three devices. Values are reported as 100×% ppm
-1

.  The standard deviations are 

presented in parentheses. 

 H2Pc  
(Tsub=25˚C) 

H2Pc  
(Tsub=250˚C) 

Spin-coated 
H2TBP 

DMMP 13.1  (1.0) 25.6  (0.9) 24.7  (1.4) 

TMP 7.8  (0.4) 13.1  (1.0) 11.2  (1.2) 

ISO 20.8  (0.8) 22.9  (0.9) 11.2  (0.4) 

ACN 0.26  (0.01) 0.20  (0.03) 0.36  (0.03) 

MeOH 0.40  (0.01) 0.48  (0.01) 0.29  (0.02) 
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Table 2.4.  Relative analyte sensitivities for H2TBP and H2Pc OTFT sensors. Values 

from Table 2.3 are normalized with respect to the sensitivity calculated for H2Pc 

(Tsub = 25 ˚C) 

 SH2Pc(25˚C)/ 
SH2Pc(25˚C) 

SH2Pc(250˚C)/ 
SH2Pc(25˚C) 

SH2TBP/ 
SH2Pc(25˚C) 

DMMP 1 1.95  (0.07) 1.88  (0.11) 

TMP 1 1.68  (0.13) 1.43  (0.16) 

ISO 1 1.10  (0.05) 0.54  (0.02) 

ACN 1 0.77  (0.11) 1.39  (0.11) 

MeOH 1 1.20  (0.03) 0.72  (0.04) 
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CHAPTER THREE 

Air-Stable Spin-coated Naphthalocyanine Transistors For Enhanced Chemical 

Vapor Detection 

In full, reprinted with permission from J. E. Royer, C. Y. Zhang, A. C. 

Kummel, and W. C. Trogler “Air-Stable Spin-coated Naphthalocyanine Transisotrs 

For Enhanced Chemical Vapor Detection.” Langmuir 28, 6192-6200 (2012). 

Copyright 2012, American Chemical Society 

3.1 Abstract 

Air-stable organic thin-film transistor (OTFT) sensors fabricated using spin-

cast films of 5,9,14,18,23,27,32,36-octabutoxy-2,3-naphthalocyanine (OBNc) 

demonstrated improved chemical vapor sensitivity and selectivity relative to vacuum 

deposited phthalocyanine (H2Pc) OTFTs. UV-Vis spectroscopy data shows that 

annealed spin-cast OBNc films exhibit a red-shift in the OBNc Q-band λmax which is 

generally diagnostic of improved π-overlap in phthalocyanine ring systems. Annealed 

OBNc OTFTs have mobilities of 0.06 cm
2
V

−1
s

−1
, low threshold voltages (|Vth| < 1 V) 

and on/off ratios greater than 10
6
. These air-stable device parameters are utilized for 

sensing modalities which enhance the sensitivity and selectivity of OBNc OTFTs 

relative to H2Pc OTFTs. While both sensors exhibit mobility decreases for all 

analytes, only OBNc OTFTs exhibit Vth changes for highly polar/non-polar analytes. 

The observed mobility decreases for both sensors are consistent with electron donation 

trends via hydrogen bonding by basic analytes. In contrast, Vth changes for OBNc 

sensors appear to correlate with the analyte’s octanol-water partition coefficient, 
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consistent with polar molecules stabilizing charge in the organic semiconductor film. 

The analyte induced Vth changes for OBNc OTFTs can be employed to develop 

selective multiparameter sensors which can sense analyte stabilized fixed charge in the 

film.   

3.2 Introduction 

Solution processable organic semiconductors are desirable for large-area 

sensor applications due to the multi-functional material and device characteristics.
1-3

 

Organic thin-film transistors (OTFTs) are strong candidates for chemical sensors due 

to the presence of multiple chemically responsive device parameters such as drain-

current (Ids), field-effect mobility (μFE), and threshold voltage (Vth).
4,5

 The sensor 

response can also be tuned by functionalizing the organic film or insulator interface 

with additional receptors.
6-8

 Sensors that can be processed using solution-based 

approaches are desirable for large-area applications such as array patterning for low-

cost electronic noses.
9,10

 Numerous vacuum deposited metal-phthalocyanines (MPcs) 

have been used for selective OTFT sensors, but these un-substituted MPcs are not 

compatible with solution-deposition techniques.
11

 Additionally, MPcs typically exhibit 

low field-effect mobility which prevents effective analysis of the OTFT sensor 

parameters. Therefore, obtaining solution-processable substituted MPc OTFTs with 

improved performance could yield new synthetic pathways for selective chemical 

sensing.  

MPc materials are not compatible with solution deposition methods due to the 

poor solubility of MPcs in organic solvents.
12

 The solubility can be improved by 
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adding peripheral or non-peripheral substituents to the phthalocyanine ring.
13

 Metal-

naphthalocyanines (MNcs) are structurally similar to MPcs but have additional fused 

benzene rings on the periphery, which extend the π conjugated system. MNcs exhibit 

excellent thermal stability, a reduced optical band gap and can be functionalized with 

peripheral or non-peripheral substituents for use in solution-processed thin-films.
14,15

  

While the outer ring substitutions can improve MPc solubility, MPc sensor 

response is primarily determined by the center metal atom, which acts as a preferential 

binding site.
16,17

 In metal free phthalocyanine (H2Pc), the inner N-H groups act as 

preferential hydrogen bond receptors for basic analytes.
18

 A similar observation was 

recently reported for spin-coated metal-free porphyrin OTFTs.
19

 The phthalocyanine 

and porphyrin sensor response to specific analytes is attributed to specific 

intermolecular binding as opposed to grain boundary adsorption density.   

MPc and metalloporphyrin OTFTs are limited in practical applications due to 

long-term device instability when operated in ambient air.
20,21

 The device instability is 

attributed to ambient oxidants or humidity which cause mobility decreases, threshold 

voltage shifts and/or lower Ion/Ioff ratios.
22

 Air-stable organic semiconductor films are 

essential for chemical sensing to prevent cross-sensitivity to ambient interferents and 

ambient induced drift.  

In the present work, air-stable OTFT sensors were fabricated using spin-cast 

films of 5,9,14,18,23,27,32,36-octabutoxy-2,3-naphthalocyanine (OBNc). Synthesis of 

OBNc and OBMNc compounds follows a metal template synthetic approach using 

naphthalonitrile precursors, which is similar to phthalocyanine synthetic methods and 

readily adaptable to commercial scale up. Spectroscopic data reveals a high degree of 
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intermolecular order for solution processed OBNc films, which is attributed to the 

butoxy substituents providing a stable crystal structure. Spin-cast OBNc OTFTs on 

octadecyltrichlorosilane (OTS) treated SiO2 substrates exhibit field-effect mobilities of 

0.06 cm
2
V

−1
s

−1
, threshold voltages below |1 V|, and Ion/Ioff ratios greater than 10

6
. 

These values are comparable to most solution-processed MPc/MNc OTFTs,
23,24

 and 

better than vacuum deposited H2Pc OTFTs.
12,19

 These enhancements to OTFT 

performance improve the sensitivity and selectivity for OBNc OTFT sensors relative 

to vacuum deposited H2Pc OTFT sensors. The improved mobility and Ion/Ioff ratio 

enables enhanced selectivity via analyte induced Vth shifts while monitoring Ids in the 

OBNc OTFT subthreshold regime (Vgs ≈ Vth). Analyte stabilized charge causes Vth 

shifts exclusively for OBNc OTFTs yielding large irreversible ΔIds/Ids0 response. H2Pc 

OTFTs do not exhibit improved sensor response, and therefore are not selective, when 

monitored at Vgs ≈ Vth due to the lower mobility and Ion/Ioff ratio. When sensing within 

the accumulation regime (Vgs < Vth), the sensitivity for OBNc sensors is improved by 

2-5 times the H2Pc sensitivity. The improved sensitivity for OBNc suggests that the 

analytes more strongly perturb the OBNc electronic states, which is evidenced by 

larger mobility decreases for OBNc sensors. The convenient synthetic approach for 

fabricating OBNc OTFTs combined with their air-stability and sensor performance 

make OBNc a promising candidate for OTFT sensors.  

3.3 Experimental Methods 

3.3.1 OBNc Synthesis 
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5,9,14,18,23,27,32,36-Octabutoxy-2,3-naphthalocyanine (OBNc) was 

synthesized by modified literature methods.
25

 Under an inert argon atmosphere, 1-

butanol (5 mL) was added into a two neck round bottom flask with freshly cut lithium 

wire (250 mg), and the mixture was refluxed for 20 min and then cooled. 1,4-

dibutoxy-2,3-dicyanonaphthalene (1.00 g) was added and the resulting mixture 

refluxed for 1 hour and then cooled. The suspension formed was diluted with glacial 

acetic acid (10 mL), and the acidified suspension was stirred for 4 hours and 

evaporated to dryness with a rotary evaporator. The residue was dissolved in 

dichloromethane and the solution was washed with hydrochloric acid (10%) and 

water. The solution was evaporated over dried (MgSO4). The residue was purified by 

column chromatography using an alumina column (Al2O3, III, toluene) and polymer 

gel column (Biobeads S-X1, toluene). Finally the product was recrystallized from 

chloroform-methanol and vacuum dried (50 ˚C) for 12 hours (673 mg, 67 %).  NMR 

(400 MHz, C6D6): δ 9.24 (m, 8H), 7.68 (m, 8H), 5.40 (t, 16H), 2.38 (m, 16H), 2.25 (s, 

2H), 1.68 (m, 16H), 1.02 (m, 24H). MS (ESI-MS) for [M+H]
+
 with M as C80H90N8O8: 

calcd, m/z, 1291.69; found, m/z, 1291.65. Elemental analysis for C80H90N8O8, calc: 

%C 74.39, %H 7.02, %N 8.68; found: %C 74.40, %H 7.28, %N 8.71. 

3.3.2 Device Fabrication and Characterization 

Bottom-gate, bottom-contact thin-film transistor substrates were fabricated on 

thermally-grown SiO2/n
+
Si substrates (Silicon Quest). A bi-layer resist lift-off process 

was used for electrode patterning to minimize the contact resistance.
26

 Electrodes 

composed of a 5 nm Ti adhesion layer and 45 nm Au were deposited by electron-beam 
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deposition under high-vacuum. The 100 nm SiO2 layer (Ci = 3.45 × 10
−8

 F cm
−2

) 

functioned as the gate oxide and the n
+
Si as the gate electrode, which was contacted 

by wet-etching through the SiO2 and an additional Ti/Au deposition. The OTFT 

substrates were treated with octadecyltrichlorosilane (OTS) by immersion in a 

1.25 mM OTS solution in toluene. OBNc thin-films were spin-cast from a 2 % by 

weight OBNc solution in toluene. The films had a thickness of approximately 50 nm 

as determined by profilometry. H2Pc OTFTs were fabricated on OTS treated 

substrates using commercial H2Pc (Aldrich), which was purified by multiple-zone 

sublimation. The H2Pc was deposited at a rate of 1 Å s
−1

 under ultra-high vacuum onto 

substrates held at room-temperature. 

UV-Vis measurements were performed under ambient conditions using a 

Perkin-Elmer Lambda 35 UV-Vis spectrometer. Atomic force microscopy (AFM) 

measurements were performed with a Nanoscope IV scanning probe microscope in 

tapping mode using a Nanosensors SSS-NCHR-20 ultra-sharp Si probe. 

Current-voltage measurements were recorded using an Agilent B1500 

semiconductor parameter analyzer. All measurements were recorded in the dark, under 

ambient air and at room temperature. The OBNc chips were stored in the dark in 

ambient conditions to test the device stability. The field-effect mobility and threshold 

voltage were calculated based on the equation for OTFT saturation mode operation, 

Ids = (WCi/2L)μFE(Vgs – Vth)
2
, where Ci is the gate oxide capacitance, μFE is the field-

effect mobility, Vth is the threshold voltage, W is the channel width, and L is the 

channel length.  
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3.3.3 Sensor Testing 

Measurements during chemical sensing were recorded on a National 

Instruments PXI-6259 M-Series Multifunction DAQ and controlled by a custom 

designed LabVIEW program. The devices were mounted onto a ceramic DIP and 

drain-current measurements were calculated by recording the voltage drop across a 

resistor. OTFT transfer curves (Ids-Vgs) were recorded every 30 seconds by a gate 

voltage (Vgs) sweep from +10 V to −10 V in 2 V steps at 10 V s
−1

 with the drain 

voltage (Vds) held at −10 V. Transient μFE was calculated from the linear section of the 

transfer curves. Analyte pulses were introduced to a stainless steel flow chamber held 

at 25 ˚C using the methods previously reported from this lab.
18,19

 All doses were for a 

five minute duration followed by a one hour recovery. The carrier and purge gas was 

clean dry air (Praxair, < 2 ppm H2O, < 0.02 ppm NOx). 

3.4 Results and Discussion 

3.4.1 Single Crystal XRD and UV-vis Characterization 

The synthesized OBNc was purified using a series of alumina and polymer gel 

columns, then recrystallized from a chloroform-methanol solution. A high degree of 

purity for OBNc was revealed by both spectroscopic and elemental analysis. OBNc is 

soluble in a range of organic solvents, such as chloroform, toluene, and 

tetrahydrofuran. To determine the solid-state structure, single crystals of OBNc were 

grown by slow evaporation from a toluene solution. X-ray structure analyses of the 

single crystals indicated that the individual units of the macrocycle, i.e. a pyrrole ring 

or naphthyl ring, were almost planar. The dihedral angles between an individual 
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pyrrole ring and its associated naphthyl ring were less than 5 ˚. The angles between 

planes of adjacent naphthyl rings were about 12 ˚. The molecular arrangement viewed 

parallel to the c and a axes are shown in Figure 3.1. The molecules are arranged in 

offset stacks with the butoxy side chains acting as spacers between each molecule. The 

shortest distance between planes of naphthalocyanine molecules within a stack is ca. 

6.6 Å, and the distance between the centers of the molecules is 8.0 Å. UV-Vis spectra 

for OBNc spin-cast films have a red-shifted Q-band λmax (887 nm) relative to the Q-

band λmax for OBNc in toluene solution (864 nm) (Figure 3.2). Annealing the OBNc 

film at 120 ˚C for 1 min increased the Q-band red-shift to 918 nm. As reported in the 

literature, the red-shift value correlates with the center-to-center distance of adjacent 

parallel naphthalocyanines. Larger red-shifts correlate with a decrease in the center-to-

center distance in a J-aggregate type structure.
27,28

 Therefore, the increased red-shift 

observed after annealing is consistent with the improved transport properties due to 

enhanced π-π overlap between adjacent OBNc molecules in a J-aggregate structure. 

Even though the interplanar spacing of OBNc exceeds that in vacuum deposited H2Pc, 

the field-effect mobilities obtained are superior for the naphthalocyanines. This may 

arise from the extended conjugation of the naphthyl rings enhancing the overlap of the 

π systems in a slipped-stack, J-aggregate structure. Additionally, the n-alkoxy groups 

can potentially exert a structural ordering effect in spin-cast films to enhance long 

range order, π-stacking, and improve orbital overlap, as is seen in substituted perylene 

diimides.
29
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3.4.2 Thin-Film Microstructure and Electrical Performance 

Although there are many factors influencing field-effect mobility (μFE) in MPc 

and MNc OTFTs, there is often a strong correlation in μFE with microscopic molecular 

ordering or thin-film microsctructure.
12,30

 Atomic force microscopy (AFM) images of 

OBNc films spin-cast from a 2 % by weight solution in toluene on OTS treated SiO2 

substrates are presented in Figure 3.3. Un-annealed OBNc films are nearly featureless 

and smooth, with a calculated root-mean-square (RMS) roughness of 0.3 nm (Figure 

3.3a). Annealing at 120 ˚C causes large micron-sized domains to form with apparent 

grain boundaries, and a RMS roughness of 3.4 nm (Figure 3.3b). The phase images 

(Appendix Figure 3.11) further illustrate the change in surface texture associated with 

the observed domain features in the AFM. The topography and phase data suggest that 

annealing induces extended crystallization and possibly enhanced long range ordering 

throughout the film. This hypothesis is supported by the red-shifted Q-band observed 

in the UV-Vis spectra, as described earlier. Since OBNc molecular crystals form when 

a solution is evaporated slowly, as observed in the X-ray data (Figure 3.1), it is 

possible that annealing the thin films induces ordered molecular stacks as observed by 

the large domain regions in Figure 3.3b. 

Although the un-annealed films do not exhibit evidence of long-range 

molecular ordering in the topographical data, the current-voltage data still 

demonstrates characteristic OTFT output and transfer behavior as shown in Figure 3.4. 

The hysteresis output (Ids-Vds) and transfer (Ids-Vgs) data for un-annealed spin-cast 

OBNc OTFTs on OTS treated SiO2/n
+
Si substrates are presented in Figure 3.4a and 

3.4d. The output data reveals distinct linear and saturation modes of operation (Figure 
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3.4a) and the transfer data has sharp turn-on behavior (Figure 3.4d) with small 

hysteresis. A μFE of 0.003 cm
2
V

−1
s

−1
, Vth of −0.68 V and Ion/Ioff > 10

5
 was calculated 

for the un-annealed device in Figure 3.4d.  

The same device characterized in Figure 3.4a and 3.4d was annealed at 120 ˚C, 

which improved the OTFT performance (Figure 3.4b and 3.4e). The field-effect 

mobility increased by over an order of magnitude to 0.059 cm
2
V

−1
s

−1
 and the Ion/Ioff 

ratio increased to more than 10
6
. The Vth increased slightly to −0.91 V, yet the turn-on 

voltage remained near 0 V. The results for this device are typical for OBNc OTFTs, 

and the average device characteristics for multiple process rounds of un-annealed and 

annealed OBNc OTFTs are presented in Table 3.1.  

The vacuum deposited H2Pc OTFTs used in this study have low performance 

with large hysteresis in the output (Figure 3.4c) and transfer (Figure 3.4f) data. The 

figures of merit listed in Table 3.1 are comparable to reported H2Pc OTFTs,
12,19

 but 

still worse than the un-annealed OBNc OTFTs. Therefore, despite the smooth AFM 

topography observed for un-annealed OBNc films in Figure 3.3a, the I-V and 

spectroscopic data suggest OBNc forms ordered layers near the OTS treated SiO2. By 

annealing, the layers likely become more ordered by forming crystalline regions which 

extend from the interface to the surface. Enhanced ordering for annealed OBNc 

OTFTs is consistent with the observation of large domains in Figure 3.3b and the 

improved transport characteristics. 

3.4.3 Ambient Stability 

OTFT sensors require air-stable operation characteristics to reduce transient 

baseline drift. Significant efforts have been made to isolate the atmospheric species 
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responsible for OTFT performance degradation in ambient atmosphere; however, the 

results vary for different organic semiconductors.
22,31-33

 Pentacene and other acene-

derivative OTFT materials are highly susceptible to degradation by O2 and H2O,
32-34

 

whereas polythiophene and MPc OTFTs are more susceptible to degradation in the 

presence of trace pollutant oxidants such as NO2 and O3.
22,31

 Having air-stable 

semiconductor films would eliminate the need for complicated processing and 

operational techniques used to prevent or refresh air-induced degradation.
35

 

To test the air-stability of the annealed OBNc OTFTs, the transport properties 

of annealed OBNc OTFTs were recorded for a three week period while the devices 

were exposed to ambient air (Figure 3.5a). The transfer data remains nearly unchanged 

over the three week period, and the Ion/Ioff ratio is plotted for each measurement (inset 

to Figure 3.5a). Mobility and threshold voltages were also calculated from the transfer 

data, and are plotted in Figure 3.5b. The mobility is approximately constant within the 

range of error, and the threshold voltage shifts by less than + 0.25 V. These values are 

much improved over MPc OTFTs, which exhibit Vth increases of several volts and 

Ion/Ioff ratio decreases of nearly an order of magnitude when exposed to air for only 

one day.
21

 In addition, the OBNc OTFTs maintain a hysteresis of less than 0.25 V in 

the transfer data over the three week period (Figure 3.12), which is an order of 

magnitude improvement compared to reported hysteresis values for high performance 

soluble phthalocyanines.
24

  

One possible explanation for the improved stability of OBNc OTFTs to air is 

the antioxidant property of the butoxy substituents. The H-atoms adjacent to the C-O 

bond are prone to hydrogen abstraction reactions with free radical oxidants and could 
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serve as hydrogen atom donors to scavenge trace strong ambient oxidants (e.g. ozone 

and NOx). Otherwise degradation of the π-conjugated naphthalocyanine ring system 

would occur causing Ioff and Vth to increase. Additionally, the hydrocarbon side-chains 

on OBNc may enhance the hydrophobicity of the surface and hinder H2O diffusion 

through the film. Water has been cited as causing hysteresis in OTFTs due to H2O 

induced electron trapping within the semiconductor and at the interface.
36

 This 

mechanism for increased ambient stability is consistent with the sensing data 

presented below, which demonstrates a 2-5 times increase in sensitivity for OBNc 

sensors to most analytes with the exception of water. Therefore, the small hysteresis 

for fresh and aged OBNc devices suggests resistance to atmospheric impurity 

diffusion in OBNc spin-cast films. 

3.4.4 Chemical Vapor Sensing 

Despite the resistance to degradation in ambient air, the OBNc OTFTs 

demonstrate excellent sensitivity to hydrogen bond acceptor analytes. The analytes 

(listed in Table 3.2) were chosen to span a wide range of hydrogen bond acceptor 

strengths. In previous work, similar analytes were used to evaluate the 

analyte/semiconductor hydrogen bonding properties of vacuum deposited H2Pc 

chemiresistors.
18

 Both OBNc and H2Pc have identical core molecular structures with 

two hydrogen-bond active N-H groups in the center of the macrocycle. Therefore, the 

present study analyzed annealed spin-cast OBNc and vacuum deposited H2Pc OTFT 

sensors to compare analyte/semiconductor binding properties based on OTFT device 

characteristics. The OTFT sensors were monitored by periodic transfer curve (Ids-Vgs) 
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measurements, with Vgs sweeps from +10 V to −10 V. This enables independent 

determination of the analyte effect on both the field-effect mobility (μFE) and threshold 

voltage (Vth).  

For all analytes, the dosing was performed well below the saturation vapor 

pressure so as to only perturb the electronic structure of the film instead of inducing 

morphological changes such as swelling or lattice reorganization, which could 

significantly change threshold voltages.
37

 Therefore, when operating in the 

accumulation regime, (Vgs < Vth), the mobility changes dominate current response 

(ΔIds/Ids0). The ΔIds/Ids0 response for OBNc and H2Pc sensors at Vgs = −10 V is plotted 

for toluene (TOL), dimethyl sulfoxide (DMSO) and trimethyl phosphate (TMP) in 

Figure 3.6. The sensitivity is calculated from the peak to peak response 

(R = ΔIds/Ibaseline), between the beginning and the end of the dose. The sensitivity (S) is 

a function of concentration (c) and defined as the slope of R plotted against dose 

concentration; therefore S(c) = ∂R/∂c. The graphical representation of sensitivity is 

presented in the Appendix (Figure 3.16). The OBNc sensors exhibit 2-5 times 

improved sensitivity for most analytes (Table 3.2). As shown in the Appendix (Figure 

3.14), the ΔμFE/μFE0 demonstrates nearly identical sensitivity improvements for OBNc 

OTFTs relative to H2Pc OTFTs. The mobility decreases are consistent with increased 

carrier trap energies and perturbation of electronic structure due to analyte binding.
38-

40
  

Both sensors demonstrate 40-1000 times higher sensitivities to strong 

hydrogen bond acceptor analytes (strong binders) such as DMMP, DMSO, and TMP, 

relative to the weak hydrogen bond acceptor analytes (weak binders), MeOH, IPA, 
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TOL, DEE and water (Figure 3.7). The similarities in sensor response at high Vgs 

suggest that both OBNc and H2Pc OTFTs are significantly influenced by analyte 

hydrogen bond affinity, as previously observed for H2Pc chemiresistors.
18

 The 

improved sensitivity for OBNc could be attributed to the larger intermolecular spacing 

in the OBNc crystal structure, but no correlation between sensitivity and analyte size 

was observed. Therefore, the improved sensitivity and larger μFE decreases for OBNc 

OTFTs are more consistent with improved analyte binding and/or greater perturbation 

of the OBNc electronic structure.  

When the OTFT drain current is monitored in the subthreshold regime 

(Vgs ≈ Vth), OTFT sensors become highly sensitive to Vth changes. In the absence of 

analytes, the Vth for OBNc OTFTs are approximately 7 times smaller than for H2Pc 

OTFTs, consistent with less uncompensated charge in OBNc films compared to H2Pc 

films. This is reasonable since the H2Pc vapor deposition temperature is high enough 

to cause thermal decomposition of organic contaminants, which may introduce radical 

fragments that form anions in the H2Pc film yielding the strongly negative threshold 

voltage for H2Pc OTFTs. Therefore, to sense Ids in the subthreshold regime, Ids was 

monitored at Vgs = −6 V for H2Pc OTFTs and Vgs = 0 V for OBNc OTFTs.  

When Ids is monitored at Vgs = 0 V, OBNc OTFTs exhibit significant 

differences among the tested analytes, demonstrating selective sensor properties 

(Figure 3.8). The DMSO response at Vgs = 0 V (Figure 3.8) is larger and irreversible 

compared to the response at Vgs = −10 V (Figure 3.6). The irreversible negative 

response at Vgs = 0 V is exclusive for the more polar analytes, and consistent with a 

negative Vth shift due to analyte-stabilized negative charge. For some analytes such as 
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TMP, there is a negligible change in Vth, and the response at both gate voltages are 

nearly equal, consistent with the analyte primarily causing a decrease in mobility. The 

H2Pc OTFT sensor (Vth ≈ −6 V) does not exhibit significant Vth response to any 

analyte and ΔIds/Ids0 is nearly equal when sensing at either Vgs = −6 V or Vgs = −10 V.  

Additionally, the low mobility for H2Pc makes sensing at Vgs near Vth difficult due to 

the small currents, which cause low signal to noise ratio as observed in Figure 3.8.  

Enhanced selectivity is demonstrated with OBNc OTFTs in Figure 3.8 due to 

bipolar response characteristics when sensing in the subthreshold regime. The 

calculated sensitivities based on analyte induced current change for OBNc OTFTs are 

compared for high Vgs and low Vgs in Figure 3.9, and the values are presented in Table 

3.3. An effective metric for selectivity is the relative sensitivity ratio (S10−S0)/S10 

where S10 is the sensitivity for Vgs = −10 V and S0 is the sensitivity for Vgs = 0 V. This 

is plotted in Figure 3.10a for each analyte, where a distinction has been noted for the 

strong and weak binding analytes.  Figure 3.10a illustrates enhanced selectivity among 

the strong binders and among the weak binders since distinct ratios are observed 

within both analyte classes. Although DMSO and MeOH have similar sensitivity 

ratios, the calculated sensitivity for DMSO is more than 1000 times larger than the 

sensitivity for MeOH at both high and low Vgs. Therefore, the OBNc sensors remain 

selective between strong and weak binding analytes.  

Polar analytes have been noted for causing Vth shifts in OTFT sensors due to 

stabilization of charge within the sensor film.
41

 To better understand the analyte 

properties which cause charge stabilization in OBNc sensors, the sensitivity ratios for 

strong and weak binding analytes were plotted against the octanol-water partition 
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coefficient in Figure 3.10b and Figure 3.10c. A clear correlation with analyte 

hydrophobicity is observed in both plots, consistent with the analyte solubility in 

polar/ionic media. The most polar analytes among the strong and weak binders 

(DMSO and MeOH) cause larger, irreversible responses when OBNc OTFTs are 

operated at Vgs = 0 V. Therefore, the data in Figure 3.10b and Figure 3.10c suggest 

that analytes with a ratio less than 0 better stabilize negative charge and cause negative 

Vth shifts. Conversely, non-polar analytes such as toluene have ratios greater than 0 

which is consistent with their inability to stabilize negative charge. Instead, these 

analytes could cause increases in Vth through van der Waals interactions or possibly 

contact effects.
42

 Water is omitted from Figure 3.9 and Figure 3.10 due to anomalous 

transient behavior in which the current reversibly increased during the dose, but 

irreversibly decreased after the dose. Therefore, there could be multiple precursor sites 

for adsorbed water, which influence Vth prior to stabilizing charge in the film. 

3.5 Conclusions 

Air-stable OBNc OTFT chemical sensors demonstrate unique dual response 

characteristics which yield improved sensitivity and selectivity over more 

conventional vacuum deposited H2Pc OTFTs. The sensor improvements for OBNc are 

partially attributed to the improved transport properties which exhibit mobilities of 

0.06 cm
2
V

−1
s

−1
, Ion/Ioff > 10

6
 and low threshold voltages (|Vth| < 1 V). For most 

analytes, the OBNc OTFTs demonstrate 2-5 times larger mobility decreases, which are 

attributed to stronger analyte induced perturbation of the OBNc electronic structure. 

The OBNc OTFTs have enhanced selectivity when Ids is monitored in the subthreshold 
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regime due to irreversible threshold voltage shifts. The threshold voltage may increase 

or decrease depending on the analyte’s octanol-water partition coefficient. Therefore, 

the magnitude and irreversibility of the subthreshold Ids response appears related to the 

analyte’s ability to stabilize negative charge in the OBNc film. H2Pc OTFTs are not as 

selective since they only exhibit mobility decreases and are poorer sensors in the 

subthreshold regime due to the poorer OTFT device performance. Using the OBNc 

material template, metal-octa-butoxy naphthalocyanines are currently being 

investigated for complementary sensor properties. Utilizing high and low Vgs sensing 

on an octa-butoxy naphthalocyanine array could yield highly selective vapor sensors. 
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3.7 Figures and Tables 

 

Figure 3.1. Crystal structure of 5,9,14,18,23,27,32,36-Octabutoxy-2,3-

naphthalocyanine (OBNc). (Hydrogen atoms and toluene solvate molecules were 

removed for clarity). The shortest distance between planes of naphthalocyanine 

molecules within a stack is ca. 6.6 Å, and the distance between the centers of the 

molecules is 8.0 Å. Oxygen atoms are shown in red and nitrogen atoms are shown in 

blue. 
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Figure 3.2. UV-Vis absorption spectra of OBNc in solution and thin films. A red-shift 

of the Q-band λmax is observed for the spin-cast film on glass substrates (887 nm) 

relative to the solution (864 nm). Annealing the spin-cast film at 120 ˚C for 1 min 

increased the Q-band red-shift to a λmax of 918 

overlap in the OBNc J-aggregate structure. 
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Figure 3.3. Atomic force microscopy (AFM) images of a 5 μm × 5 μm region of spin-

cast OBNc on OTS treated SiO2 (a) before annealing and (b) after annealing at 120 ˚C. 

The insets show line profiles of a 1 μm segment indicated by the red line in the image. 

The height scale on the line profiles is held constant to illustrate the flat, featureless 

surfaces for un-annealed OBNc films and the rougher surface with possible grain 

boundaries for the annealed OBNc films. 
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Table 3.1. Average device characteristics for multiple spin-coated un-annealed and 

annealed OBNc OTFTs, and vacuum deposited H2Pc OTFTs. Parameters were 

calculated from the off-to-on transfer sweep. 

 
μFE 

(cm
2
V
−1

s
−1

)  
Vth (V) Ion/Ioff S (V/decade) 

As-cast 

OBNc 
0.003 ± 0.0001 −0.58 ± 0.08 6.1 ± 0.8 × 10

4
 0.49 ± 0.02 

Annealed 

OBNc 
0.055 ± 0.005 −0.88 ± 0.15 1.2 ± 0.4 × 10

6
 0.41 ± 0.03 

H2Pc 0.001 ± 0.0002 −6.5 ± 0.21 4.7 ± 2.6 × 10
3
 2.4 ± 0.1 
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Figure 3.4. Current-voltage characterization of un-annealed and annealed spin-cast 

OBNc OTFTs and vacuum deposited H2Pc OTFTs on OTS treated substrates. 

Hysteresis output data for an (a) un-annealed OBNc OTFT, (b) annealed OBNc OTFT 

and (c) H2Pc OTFT. Hysteresis transfer data for (d) an un-annealed OBNc OTFT, (e) 

annealed OBNc OTFT and (f) H2Pc OTFT. The sweep direction is indicated for the 

hysteresis measurements. All sweeps were performed using a medium integration 

time. The red line indicates the line of fit used for μFE and Vth calculation. For each 

device, the gate oxide capacitance Ci = 34.5 nFcm
−2

, the channel width W = 10
5
 μm 

and the channel length L = 5 μm. 
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Figure 3.5. (a) Transfer data for an annealed OBNc OTFT stored in ambient air for 

three weeks. The inset to (a) plots the calculated Ion/Ioff ratio for each transfer curve. 

(b) μFE and Vth calculated from the transfer data in part (a) demonstrating small 

changes when exposed to ambient air for three weeks. 
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Figure 3.6. Transient sensing data for vacuum deposited H2Pc and spin-cast OBNc 

OTFTs exposed to 5 min pulses of 143-1430 ppm toluene (TOL), 2.8-28 ppm 

dimethylsulfoxide (DMSO), and 6.1-61 ppm trimethyl phosphate (TMP). The drain 

current (Ids) was recorded for the conditions Vds = Vgs = −10 V. All other transient Ids 

sensing data at Vgs = −10 V can be found in the Appendix Figure 3.13. 

  



66 

 

 

Figure 3.7. Calculated sensitivities for OBNc and H2Pc OTFT sensors monitored at 

Vgs = −10 V, Vds = −10 V. The sensitivity is calculated from the peak to peak response 

(R = ΔIds/Ibaseline), between the beginning and the end of the dose, and the sensitivity is 

the slope of R plotted against dose concentration, c; therefore S(c) = ∂R/∂c. The error 

bars represent standard deviations of the sensitivity calculations for three OBNc or 

H2Pc sensors. 
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Table 3.2. Calculated sensitivities (S), standard deviations (σ S) and enhancement 

factors (SOBNc/SH2Pc) of OBNc and H2Pc OTFT sensors monitored at 

Vgs = Vds = −10 V. Abbreviations: Dimethyl methylphosphonate (DMMP), dimethyl 

sulfoxide (DMSO), trimethyl phosphate (TMP), toluene (TOL), diethyl ether (DEE), 

isopropanol (IPA), methanol (MeOH). 

Analyte 
S (% ppm

−1
) 

(OBNc) 
σ S 

(OBNc) 
S (% ppm

−1
) 

(H2Pc) 
σ S 

(H2Pc) 
SOBNc/SH2Pc 

DMMP −0.23 0.004 −0.071 0.007 3.3 

DMSO −0.85 0.010 −0.20 0.018 4.2 

TMP −0.17 0.004 −0.079 0.017 2.1 

TOL −3.9×10
−3 7×10

−5 −8.7×10
−4 3×10

−5 4.6 

DEE −1.1×10
−3 1×10

−5 −2.1×10
−4 2×10

−5 5.1 

IPA −3.1×10
−3 1×10

−5 −7.9×10
−4 5×10

−5 3.9 

H2O −1.0×10
−3 7.5×10

−4 −8.8×10
−4 5×10

−5 1.1 

MeOH −7.9×10
−4 1×10

−5 −3.6×10
−4 2×10

−5 2.2 
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Figure 3.8. Transient sensing data for vacuum deposited H2Pc and spin-cast OBNc 

OTFTs exposed to 5 min pulses of 143-1430 ppm toluene (TOL), 2.8-28 ppm 

dimethylsulfoxide (DMSO), and 6.1-61 ppm trimethyl phosphate (TMP). The drain 

current (Ids) was recorded at Vds = −10 V, Vgs = 0 V for OBNc OTFTs and 

Vds = −10 V, Vgs = −6 V for H2Pc OTFTs. The different Vgs accounts for the different 

Vth, so that both sensors are monitored in the OTFT subthreshold regime (Vgs ≈ Vth). 

All other transient Ids sensing data at these gate voltages can be found in the Appendix 

Figure 3.15. 
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Figure 3.9. Calculated analyte sensitivities for OBNc OTFTs compared for 

Vgs = −10 V and Vgs = 0 V. Note that although the response at Vgs = 0 V is reversible 

for some analytes and irreversible for others, the peak-to-peak Ids response, was used 

to calculate sensitivity in all cases. The sensitivity is calculated from the peak to peak 

response (R = ΔIds/Ibaseline), between the beginning and the end of the dose at the 

specified Vgs. The sensitivity is defined as the slope of R plotted against dose 

concentration, c; therefore S(c) = ∂R/∂c. The error bars represent standard deviations 

of the sensitivity calculations for three OBNc sensors. 
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Table 3.3. Calculated sensitivities for OBNc OTFT sensors monitored at Vgs = −10 V 

(S10) and Vgs = 0 V (S0), with standard deviations (σ S10, σ S0) and relative sensitivity 

ratios (S10−S0)/S10. The response for water at Vgs = 0 V increases and decreases during 

dosing therefore the sensitivity is not well defined.  

Analyte S10 (% ppm
−1

)  σ S10  S0 (% ppm
−1

)  σ S0  (S10−S0)/S10 

DMMP −0.23 0.004 −0.26 0.009 −0.078 

DMSO −0.85 0.010 −1.24 0.10 −0.33 

TMP −0.17 0.004 −0.16 0.08 0.099 

TOL −3.9×10
−3 7×10

−5 2.6×10
−3 2.5×10

−4 1.6 

DEE −1.1×10
−3 1×10

−5 −4.4×10
−4 1×10

−5 0.57 

IPA −3.1×10
−3 1×10

−5 −1.51×10−3 9×10
−5 0.54 

H2O −1.0×10
−3 7.5×10

−4 Undef Undef Undef 

MeOH −7.9×10
−4 1×10

−5 −1.2×10
−3 6×10

−5 −0.41 
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Figure 3.10. (a) Relative sensitivity ratio (S10−S0)/S10 for OBNc OTFT sensors where 

S10 is the sensitivity for Vgs = −10 V and S0 is the sensitivity for Vgs = 0 V. Relative 

sensitivity ratio plotted against the octanol-water partition coefficient for (b) the strong 

binding analytes and (c) the weak binding analytes. Ratios significantly greater than or 

less than 0 indicate strong influence of the analyte on Vth. The trend illustrates how 

more polar analytes stabilize negative charge. The standard deviations were calculated 

using the values for σ S10 and σ S0 and propagating the error for the equation 

(S10−S0)/S10. 
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3.8 Appendix 

a) b)  

Figure 3.11. Atomic force microscopy (AFM) phase data corresponding to the 5 μm 

× 5 μm regions presented in Figure 3.3of spin-coated OBNc on OTS treated SiO2 (a) 

before annealing (scale bar range 6.8˚) and (b) after annealing at 120 ˚C (scale bar 

range 31.7˚).  
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a) b)  

Figure 3.12. Current-voltage characterization of annealed OBNc OTFT aged in 

ambient air for three weeks. (a) Hysteresis output data. (b) Hysteresis transfer data. 

The sweep direction is indicated for the hysteresis measurements. All sweeps were 

performed using a medium integration time. The gate oxide capacitance 

Ci = 34.5 nFcm
−2

, the channel width W = 10
5
 μm and the channel length L = 5 μm. 
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a)  

b)  

Figure 3.13. Transient Ids sensing data for vacuum evaporated H2Pc and spin-cast 

OBNc OTFTs held at 25 ˚C and exposed to 5 min pulses of (a) 150-1500 ppm 

isopropanol (IPA), 800-8000 ppm methanol (MeOH) and (b) 156-1560 ppm water 

(H2O), 7.8-78 ppm dimethyl methylphosphonate (DMMP) and 700-7000 ppm diethyl 

ether (DEE). The drain current (Ids) was recorded for the conditions Vds = Vgs = −10 V. 

  



75 

 

a) b)  

c)  

Figure 3.14. Transient mobility sensing data for vacuum evaporated H2Pc and spin-

cast OBNc OTFTs at 25 ˚C and exposed to 5 min pulses of (a) 156-1560 ppm H2O, 

150-1500 ppm isopropanol (IPA) and 800-8000 ppm MeOH; (b) 700-7000 ppm 

diethyl ether (DEE) and 143-1430 ppm toluene (TOL); (c) 7.8-78 ppm dimethyl 

methylphosphonate (DMMP) and 2.8-28 ppm dimethyl sulfoxide (DMSO). The 

response from OBNc sensors is enhanced for all analytes with the exception of H2O, 

which is nearly equal to H2Pc. The mobility was calculated based on the slope of the 

linear portion of the square root of the drain current equation for saturation mode (see 

main text). The gate voltage range for mobility calculation was [−4, −2] for OBNc and 

[−10, −8] for H2Pc which is approximately 3 V less than Vth for each sensor tested. 
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a)  

b)  

Figure 3.15. Transient sensing data for vacuum deposited H2Pc and spin-cast OBNc 

OTFTs exposed to 5 min pulses of (a) 700-7000 ppm diethyl ether (DEE), 150-

1500 ppm isopropanol (IPA), 156-1560 ppm water and (b) 7.8-78 ppm dimethyl 

methylphosphonate (DMMP) and 800-8000 ppm methanol (MeOH). The drain current 

(Ids) was recorded at Vds = −10 V, Vgs = 0 V for OBNc OTFTs and Vds = −10 V, 

Vgs = −6 V for H2Pc OTFTs. The different Vgs accounts for the different Vth, so that 

both sensors are monitored in the OTFT subthreshold regime (Vgs ≈ Vth). 
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Figure 3.16. Example sensitivity calculation for an OBNc OTFT sensor dosed with 

7.8, 23.4, 35, and 78 ppm DMMP. The slope of the linear fit to the data yields the 

sensitivity (0.23% ppm
−1

). 
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CHAPTER FOUR 

Organic Thin-Film Transistors for Selective Hydrogen Peroxide and Organic 

Peroxide Vapor Detection 

In in full, reprinted with permission from J. E. Royer, E. D. Kappe, C. Y. 

Zhang, D. T. Martin, W. C. Trogler and A. C. Kummel, “Organic Thin-Film 

Transistors for Selective Hydrogen Peroxide and Organic Peroxide Vapor Detection.” 

Submitted to Journal of the American Chemical Society 

4.1 Abstract 

Direct selective detection of hydrogen peroxide and tert-butyl peroxide vapors 

was demonstrated using organic thin-film transistor (OTFT) threshold voltage shifts. 

Positive threshold voltage shifts are observed during peroxide vapor sensing for metal-

phthalocyanine (MPc) and naphthalocyanine (Nc) based OTFTs. The positive 

threshold voltage shift observed for peroxides is not evident with non-oxidizing 

analytes such as dimethyl methylphosphonate (DMMP) and water. MPc and Nc OTFT 

sensors operating at room temperature have distinct responses in mobility and 

threshold voltage to peroxide vapors. The mobility changes are reversible under dry 

air flow, whereas positive threshold voltage shifts are reversed by counter-dosing with 

a polar, electron-withdrawing analyte.  The peroxide induced threshold voltage shifts 

suggest an accumulation of uncompensated positive charge in the MPc/Nc film. The 

results are consistent with a dual response mechanism in which the peroxide 

molecularly chemisorbs and, subsequently, catalytically decomposes forming reactive 

products and increasing fixed positive charge. 
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4.2 Introduction 

Detection of vapor phase hydrogen peroxide (VHP) has applications in the 

fields of biomedicine and counter terrorism technologies. The presence of VHP in 

expired breath is a marker for acute respiratory failure, as well as for acute airway 

inflammation.
1,2

  Sterilization of medical/pharmaceutical equipment is commonly 

performed with VHP at concentrations 1000 times above the permissible human 

exposure levels set by OSHA; therefore, in-situ and post-sterilization VHP monitoring 

is needed for environmental health and safety monitoring in the workplace.
3
  In the 

security sector, hydrogen peroxide and organic peroxide based explosives are a 

significant problem because they can be prepared from readily available chemicals.
4,5

 

Environmental monitoring of organic peroxides is required for analysis of harmful 

tropospheric air pollutants, as well as in ozone-treated drinking water.
6
 Methods for 

peroxide vapor detection include chromatographic,
7,8

 spectrophotometric
9
 and 

chemiluminescence
10

 techniques; however, these methods require expensive and bulky 

instrumentation for continuous monitoring. This report describes direct selective 

peroxide vapor sensing using metal-phthalocyanine (MPc) and naphthalocyanine (Nc) 

based organic thin-film transistors. 

Organic thin-film transistors (OTFTs) are promising candidates for selective 

chemical sensors because multiple chemical and electrical parameters govern sensor 

response. Chemically selective OTFT sensor arrays use multiple sensors with different 

organic thin film semiconductor materials to develop a unique response pattern for 

each analyte.
11-16

 Analyte selectivity can also be obtained using multiparameter 

electrical monitoring of a single OTFT, which is sensitive to changes in mobility, 
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Ion/Ioff ratio, or threshold voltage.
17-19

 The present study describes selective hydrogen 

peroxide and organic peroxide sensors based on MPc/Nc OTFT multiparameter 

analysis, with focus on positive threshold voltage shifts. Detection of strong oxidant 

vapors using OTFTs has been previously investigated,
19-23

 and mechanisms for 

oxidant induced threshold voltage shifts in p-type OTFTs have been proposed;
24,25

 

however, the link between intermolecular interactions and sensor response remains 

undetermined. The analysis in this study demonstrates consistent OTFT sensor 

response for different peroxide vapors on several MPcs/Ncs, thereby elucidating the 

chemical detection mechanism for peroxides on MPc/Nc OTFTs. The OTFT sensor 

response is distinctive for peroxide detection, and could be translated toward direct 

detection of organic peroxide explosives such as triacetone triperoxide (TATP) or 

hexamethylene triperoxide diamine (HMTD). While electrochemical sensors can 

easily detect aqueous hydrogen peroxide in the low ppb level,
26

 electrochemical 

detection of organic peroxides requires strong acidic media to catalyze the conversion 

to H2O2.
27,28

 The MPc/Nc OTFTs in this work operate at room temperature in air, and 

exhibit selective sensor response to H2O2 and organic peroxides through positive 

threshold voltage shifts. The positive threshold voltage shifts upon cessation of 

peroxide doses are irreversible; however, counter-dosing using water vapor resets the 

threshold voltage shifts to the sensor baseline. The threshold voltage shifts are 

monitored in parallel with the OTFT mobility, which, unlike the threshold voltage, is 

reversible at room temperature and under dry air flow. The results are consistent with 

the peroxide reversibly interacting with the MPc/Nc through molecular chemisorption, 

as well as reacting through oxidative decomposition to form reaction products with 
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fixed charge. Mobility responses saturate quickly and are fully recoverable, consistent 

with molecular chemisorption, whereas positive threshold voltage shifts are 

dosimetric, consistent with an accumulation of uncompensated positive charge in the 

MPc/Nc film.  

4.3 Materials and Methods 

Bottom-contact thin-film transistor substrates were prepared by 

photolithography, using a bilayer lift-off process.
29,30

 Interdigitated source-drain 

electrodes were fabricated on 100 nm thermally grown SiO2/n
++

Si (100) substrates 

(Silicon Quest). Electrodes composed of a 5 nm Ti adhesion layer followed by a 

45 nm Au layer were deposited by electron beam evaporation under high vacuum. 

Deposition of the MPc was performed under ultra-high vacuum using rates between 

0.5 and 1 Ǻs
−1

 with the substrates held at room temperature. All MPcs were purchased 

from Aldrich and purified by multiple-zone sublimation under high vacuum.  

5,9,14,18,23,27,32,36-Octabutoxy-2,3-naphthalocyanine (OBNc) thin-films were 

spin-cast from a 2 % by weight OBNc solution in toluene on OTS treated substrates. 

The films had a thickness of approximately 50 nm as determined by profilometry. 

Synthesis of OBNc followed the literature procedure.
17,31

 

Prior to chemical sensing, the OTFTs were electrically characterized in an 

optically isolated probe station using an Agilent B1500 Semiconductor Parameter 

Analyzer. The devices were wire-bonded on a ceramic DIP and mounted on a printed 

circuit board for chemical sensing. Measurements during chemical sensing were 

recorded on a National Instruments PXI-6259 M-Series Multifunction DAQ and 

controlled by a custom designed LabVIEW program. Current-voltage (I-V) data for 
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the OTFTs were analyzed every 30 or 60 seconds by a gate voltage (Vg) sweep from 

+10 V to −10 V at 4 Vs
−1

 with the drain voltage (Vds) held at −10 V. The drain-current 

was monitored at a constant Vds = −10V, and variable Vgs, as indicated in the figures. 

The threshold voltage (Vth) and mobility (μ) for each device were calculated using an 

automated LabVIEW program. The extracted Vth and μ were obtained based on a 

linear fit to the equation for OTFT drain current in the saturation regime (Equation 1). 

    
2

ox
ds gs th

W C
I sat V V

L
     (1) 

For all OTFTs, the gate oxide capacitance (Cox) was 34.5 nF cm
-2

, the channel 

width (W) was 10
5
 μm and the channel length (L) was 5 μm.  

Sensing experiments were performed with zero grade air (Praxair, < 2 ppm 

H2O, < 0.02 ppm NOx) at a constant total flow of 1000 standard cubic centimeters per 

minute (sccm). Analyte vapors were introduced into a temperature regulated, optically 

isolated, chamber with electrical feedthroughs, by bubbling zero grade air through the 

liquid analyte. The saturated vapor was mixed with a separate dilution line within a 

manifold before being introduced into the sensing chamber. It is noted that some of the 

H2O2 may have reacted before reaching the sensors, since calibrated dositubes showed 

that the H2O2 present at the exit of the sensor flow system was only 25% of the 

concentration out of the bubbler; therefore, it is possible the sensitivities are up to four 

times greater than reported. 

For safety reasons, 30 % H2O2 in water (Fisher) was used, and the 

concentration of H2O2 in the vapor phase over 30 % H2O2 (aq) was derived from 

published data.
32,33

 At 25°C, the mole fraction of H2O2 in the vapor with respect to 
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water above the solution is only 0.01. Therefore, the vapor above a 30 % solution of 

H2O2 is approximately 1 part H2O2 to 100 parts H2O.
32

 Any H2O2 dose is accompanied 

by a large water dose. Sensors were also dosed with tert-butyl peroxide (Aldrich, 

98%). Vapor pressures of the tert-butyl peroxide from published data were used to 

generate concentrations of approximately 13,000 ppm using the Clausius-Clapeyron 

equation.
34

   

4.4 Results and Discussion 

4.4.1 Threshold Voltage Sensor Response 

Threshold voltage shifts in p-type OTFT sensors have been analyzed for 

several oxidizing and reducing agents such as NO2 and NH3.
19-21,23,35

 The analyte 

induced threshold voltage shift may be positive or negative depending on the redox 

properties of the analyte.
36

 Organic semiconductors have electron rich π conjugation 

which makes the semiconductor molecules susceptible to strong oxidants. The 

oxidants can react with the semiconductor to trap positive charge through several 

possible mechanisms, including complex formation, bond cleavage, or dipole 

formation.
21,24,25

 For MPc OTFTs, oxidizing species such as ozone and NO2 oxidize 

the MPc film, resulting in an accumulation of uncompensated holes in the film, 

increasing drain current and/or shifting Vth to more positive values.
22,23,37,38

    

Multiparameter sensing data for a 4 monolayer (ML) CuPc OTFT exposed to 

water (H2O), hydrogen peroxide (H2O2) and dimethyl methylphosphonate (DMMP) 

with a dry air background are presented in Figure 4.1. Five minute analyte pulses of 

9400 ppm water (pulses 1 and 2) and 118 ppm DMMP (pulses 5 and 6) exhibit 

reversible, negative ΔIds/Ids0 responses. For both water and DMMP, a reversible 
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decrease in mobility is observed, consistent with the weak electron donating 

characteristics of these analytes towards CuPc.
39

 Five minute pulses of 94 ppm H2O2 

(pulses 3 and 4) exhibit an initial negative ΔIds/Ids0 response which inverts during 

dosing and becomes a positive ΔIds/Ids0 shift. The dual effect from mobility and Vth 

contribute to the inversion of ΔIds/Ids0 at Vgs = −10V from negative to positive during 

H2O2 dosing.  

The initial negative response on H2O2 dosing could be attributed to the 

accompanying H2O vapor during H2O2 dosing, since H2O2 vapor is produced by 

bubbling carrier gas through a 30 % H2O2 (aq) solution. The vapor produced using this 

solution contains a 100:1 H2O to H2O2 vapor ratio. Therefore, it is unknown whether 

the mobility decrease observed during H2O2 dosing is a result of H2O2 and/or H2O in 

the vapor mixture. The distinguishing metric for H2O2 response is the positive Vth 

shifts, which are not observed for H2O or DMMP. A small reversible Vth increase 

occurs during the water and DMMP dosing; however, this is likely an artifact of the 

Ids-Vgs fitting method due to the induced non-linearity of the Ids-Vgs curve during 

analyte dosing. Therefore, this study focused on positive Vth shifts as being diagnostic 

for peroxides. 

To further investigate the irreversible response of H2O2, H2O, and DMMP, the 

ΔIds/Ids0 data for multiple gate voltages are presented in Figure 4.2. As several reports 

on OTFT sensors have demonstrated, ΔIds/Ids0  becomes more sensitive to Vth changes 

when the OTFT is operated in the subthreshold regime, or Vgs ≈ Vth.
 17,40,41

 The Vth for 

the 4 ML CuPc OTFTs in this study are typically between −0.5 V and −2 V, therefore 

the transient ΔIds/Ids0 for Vgs = −10 V, −6 V, and −2 V are presented in Figure 4.2. The 
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ΔIds/Ids0 response in Figure 4.2 exhibits negative response for H2O and DMMP at all 

gate voltages; suggesting that the reversible Vth increases in Figure 4.1 are fitting 

artifacts. At Vgs = −2 V, ΔIds/Ids0 exhibits irreversible negative response to H2O and 

DMMP doses, consistent with dipole induced negative fixed charge in the CuPc 

film.
17

 Conversely, during H2O2 doses, ΔIds/Ids0 at Vgs = −2 V exhibits monotonic 

increases with larger irreversible response than at Vgs = −10 V. The larger ΔIds/Ids0 

response as |Vgs| decreases is consistent with H2O2 induced positive Vth shifts even 

without completely isolating the influence of the simultaneous H2O exposure in the 

H2O2 doses. 

To isolate the effects of H2O2 vapor from those of H2O vapor, a constant H2O 

vapor background was used during H2O2 dosing. The sensors were stabilized in a 

9400 ppm H2O ambient before H2O2 dosing. The same H2O vapor concentration was 

maintained throughout the dosing sequence by decreasing the flux of pure water 

during the H2O2 pulse to compensate for the H2O in the H2O2 pulse (Figure 4.3).  

Using the constant H2O vapor background technique with 4 ML CuPc OTFT sensors, 

there is no longer an initial decrease in ΔIds/Ids0 at Vgs = −10 V. At Vgs = −2 V, ΔIds/Ids0 

is larger using a constant H2O vapor background than a dry air background (Figure 

4.2). Similarly, larger Vth shifts are observed when H2O2 is dosed with a constant H2O 

background. The mobility no longer decreased on H2O2 exposure but instead increased 

slightly, as observed in Figure 4.3. The data is consistent with a model in which the 

weak binding sites on the CuPc film are nearly saturated with H2O; however, this is a 

dynamic process which could allow slow chemisorption of H2O2 when the sites are 

briefly vacant. Therefore, the constant chemisorption of H2O or H2O2 on CuPc is 
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consistent with small mobility changes but cumulative, irreversible Vth shifts. The 

irreversible Vth shifts due to H2O2, in dry air (Figures 4.1 and 4.2) and humid air 

(Figure 4.3) backgrounds, suggests that H2O2 traps charge as a result of a chemical 

reaction such as oxidation, and/or a structural breakdown of the film bulk electronic 

structure. 

4.4.2 Dosimetric H2O2 Sensing 

Previous reports for MPc sensors exposed to electron donating analytes 

demonstrate reversible adsorption, with well defined on and off response kinetics.
39,42-

44
 Conversely, H2O2 induced Vth shifts in MPc OTFTs are time dependent (dosimetric) 

and irreversible (Figure 4.4). The Vth shift on H2O2 exposure increases linearly with 

dose time for doses up to 20 min in length (Figure 4b). The mobility decrease saturates 

for doses longer than 5 min, similar to the response of electron donating analytes 

(Figure 4.4a).
43

 As explained above, the accompanying water vapor in the H2O2 vapor 

dose prevents conclusive evidence for the cause of the mobility decreases. For each 

dose period, ΔIds/Ids0 at Vgs = −10V has a transient decrease followed by an irreversible 

increase whereas ΔIds/Ids0 at Vgs = −2V has larger, irreversible increases. Similar to the 

Vth shifts, the percent current increases (ΔIds/Ibaseline) are dosimetric at Vgs = −2V 

(Figure 4.4c). 

This dosimetric response further supports a sensing mechanism involving a 

chemical reaction between CuPc and H2O2, which differs from the weak 

chemisorption events that are characteristic of most electron donating analytes on 

MPcs. Chemisorbing analytes, such as water and DMMP, reversibly decrease mobility 

through preferential binding at the CuPc metal atom.
45

  However, the data for H2O2 
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doses exhibit both reversible mobility changes and irreversible Vth increases. 

Therefore, the H2O2 doses on CuPc OTFTs exhibit response characteristics of both 

weak chemisorption and irreversible oxidation. To determine if the peroxide induced 

fixed charge reaction occurs via a precursor chemisorption state, a study with organic 

peroxide is required since organic peroxide can be dosed in the absence of any water 

vapor. 

4.4.3 Organic Peroxide Sensing 

An alternative approach to isolating the effects of the peroxide on MPc OTFTs 

was performed using the organic peroxide, tert-butyl peroxide, which is available as a 

nearly pure liquid. Tert-butyl peroxide also functions as a low-hazard simulant for the 

explosive organic peroxides, triacetone triperoxide (TATP) and hexamethylene 

triperoxide diamine (HMTD). Since water is not a significant impurity, the mobility 

and Vth response can be interpreted without ambiguity since the common O−O 

peroxide bond induces similar oxidative sensing chemistry as hydrogen peroxide.  

Multiparameter sensing data for a 4 ML CuPc OTFT exposed to 13000 ppm 

tert-butyl peroxide doses for 1 min, 3 min, 10 min and 20 min are plotted in Figure 

4.5a. The responses in all three parameters are similar to those obtained with H2O2. At 

Vgs = −2V, the ΔIds/Ids0 response is irreversible and positive for all doses, whereas at 

Vgs = −10V, the ΔIds/Ids0 response changes from negative to positive. These results are 

consistent with the positive Vth shifts and reversible mobility decreases observed in 

Figure 4.5a. A maximum change in mobility is obtained at approximately 3 minutes of 

dosing, similar to H2O2 (Figure 4.4a) and previous reports of chemisorbing analytes.
43
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Conversely, the irreversible Vth shift increases linearly with dose time (Figure 4.5b), as 

does the irreversible component of the ΔIds/Ids0 response at Vgs = −2V (Figure 4.5c). 

The results support a mechanism proceeding through reversible molecular 

chemisorption followed by CuPc oxidation and irreversible cleavage of the peroxide 

O−O bond. The nearly identical mobility and Vth responses for both tert-butyl 

peroxide and H2O2 suggests that both peroxides undergo this chemisorption/oxidation 

reaction mechanism. Previous reports have attributed reversible mobility decreases to 

chemisorption on MPc OTFTs,
44,46

 whereas irreversible Vth increases are usually 

attributed to induced trap states or fixed charge.
37,47

 However, few reports have shown 

both reversible mobility decreases and irreversible Vth increases for a specific 

analyte.
20

 The sensing mechanism distinguishes peroxides from non-redox analytes, 

which only chemisorb to the MPc through hydrogen bonding or electron donation and 

therefore do not break bonds.
43

 Strong oxidants, such as chlorine or ozone, exhibit 

irreversible sensing, but do not exhibit evidence of a detectable reversible bound 

precursor.
48

 The data for both peroxide analytes suggest that CuPc may act as a 

catalyst for breaking the peroxide RO−OR bond. Previous reports have demonstrated 

decomposition of TATP and HMTD using Cu
2+

 ions,
49

 and many different MPcs have 

been reported as oxidation catalysts with peroxides.
50,51

Therefore, the consistency of 

this sensing mechanism was investigated using different MPcs, as described below. 

4.4.4 Tert-butyl Peroxide on Different MPc OTFTs 

Changing the metal atom in metal-phthalocyanines provides a facile approach 

to array-based sensing using multiple MPc thin-films. MPcs with different metal 

atoms yield different sensor response since the analyte-dependent pertubations to the 
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MPc electronic structure initiate at the metal center.
39,45

 In resistive sensors, the redox 

behavior of CoPc toward H2O2 is known to differ from that of CuPc, H2Pc and NiPc.
52

 

For the MPc OTFTs in this study, the dual response in threshold voltage and mobility 

are consistent with an oxidation reaction that proceeds via chemisorption; however, 

the influence of the metal atom remains undetermined. Therefore, CuPc, CoPc, and 

H2Pc OTFTs were tested simultaneously in-situ to determine the effects of different 

metal centers on the threshold voltage and mobility responses.  

The multiparameter response of 4 ML CuPc, CoPc, and H2Pc OTFTs exposed 

to 1 min, 3 min, 10 min, and 20 min doses of 13000 ppm tert-butyl peroxide are 

presented in Figure 4.6. Dosimetric behavior is observed for all MPc OTFTs; 

however, CoPc tends towards saturation in ΔVth and ΔIds/Ibaseline for the longest doses 

(Figure 4.6b and Figure 4.6c). The drain current was monitored at different Vgs for 

each device so that the irreversible increase is maximized while maintaining low 

noise. The Vgs values were chosen to be close to the devices’ Vth in dry air, which are 

presented in the ΔIds/Ids0 panel of Figure 4.6a. Compared to CuPc, the CoPc sensor 

exhibits a larger ΔVth (Figure 4.6b), and a larger ΔIds/Ibaseline (Figure 4.6c). For sensors 

of each material, the mobility decrease saturates for dose lengths of 3 min or longer 

and the percent decrease is within a factor of two. The similar mobility response, but 

different Vth response between the three different MPcs is consistent with the 

mechanism described above for CuPc OTFTs. A schematic for the catalytic 

decomposition of peroxide by MPc is shown in Scheme 4.1.
52,53

 The enhanced Vth 

shifts observed for CoPc may be attributed to its improved catalytic properties. CoPc 

is often utilized as a catalyst for peroxide oxidation due to its high redox activity.
50,54
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Therefore, the CoPc film would have a higher surface concentration of reactive O−R 

radicals, which should lead to irreversible oxidation reactions. The other O−R group 

could also remain adsorbed to the metal center, forming a fixed dipole and causing 

positive Vth shifts. Note that the proposed mechanism still requires further analysis to 

determine the chemical nature of the surface bound analyte redox products. 

4.4.5 Improved Sensor Response Using Solution Processed OTFTs 

The dual sensor response for vacuum deposited MPc OTFTs yields a distinct 

signature for organic peroxide vapor detection; however, these MPc OTFTs have low 

OTFT performance and can be unstable in ambient air. Vacuum deposited MPcs are 

also incompatible with solution processing methods which make them undesirable for 

large area sensor array fabrication. Spin-coated octa-butoxy naphthalocyanine (OBNc) 

OTFTs have demonstrated improved OTFT device characteristics and sensor 

performance relative to H2Pc OTFTs.
17

 The OBNc OTFTs also exhibit improved air-

stability, which permits more stable sensor baselines.  

Multiparameter sensor response for spin-coated OBNc OTFTs exposed to 1 

min, 3 min, 10 min, and 20 min doses of 13000 ppm tert-butyl peroxide are presented 

in Figure 4.7a. OBNc OTFTs exhibit large ΔIds/Ids0 response at Vgs ≈ Vth, similar to the 

4 ML CoPc OTFT response, even though the calculated Vth shifts are smaller for 

OBNc. The large ΔIds/Ids0 response is attributed to the improved subthreshold slope of 

OBNc OTFTs (≈ 0.5 V/decade), which is an order of magnitude smaller than the 4 ML 

CoPc OTFTs (≈ 6 V/decade) (Table 4.1). The improved subthreshold slope for OBNc 

OTFTs suggests that OBNc OTFTs more easily shift from the off state to the on state 

when peroxide vapor reacts with the OBNc to form positive fixed charge. Therefore, 
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small Vth shifts cause large modulation of Ids when monitored at Vgs ≈ Vth. The mobility 

decrease observed for OBNc OTFTs is similar to the decrease observed for the MPc 

OTFTs. Therefore, the multiparameter response characteristics for OBNc OTFTs are 

consistent with the dual response mechanism for peroxide sensing observed for the 

MPc OTFTs. The ΔVth and ΔIds/Ibaseline for OBNc OTFTs also maintains linearity with 

time for larger analyte doses (Figure 4.7b and Figure 4.7c), unlike the CoPc OTFTs. 

The sensitivity and detection limit for tert-butyl peroxide are significantly improved in 

OBNc OTFTs relative to MPc OTFTs (Table 4.1). Note that the sensitivities are 

expressed as %ppm
−1

min
−1

 since these sensors are dosimetric; therefore, the values for 

sensitivity do not directly compare with non-dosimetric peroxide sensors, which 

demonstrate saturated response within 10 min.
52

 The detection limits were calculated 

based on the ΔIds/Ibaseline percentages for 20 min doses at a signal-to-noise ratio of 3. 

Due to their improved stability in ambient air, OBNc OTFTs are more suitable 

for practical sensing applications. Therefore, the OBNc OTFTs were exposed to tert-

butyl peroxide doses under a humid atmosphere to simulate practical sensing 

conditions. The multiparameter data for OBNc OTFTs exposed to 1 min, 3 min, 

10 min, and 20 min doses of 13000 ppm tert-butyl peroxide under a 30% relative 

humidity background are presented in Figure 4.8a. The calculated sensor responses for 

Vth and ΔIds/Ibaseline are very linear (Figures 4.8b and 4.8c), and are of similar 

magnitude to those with a dry air background (Figures 4.7b and 4.7c). However, the 

mobility in Figure 4.8a increases slightly on tert-butyl peroxide exposure, similar to 

the case of the 4 ML CuPc OTFT exposed to H2O2 with a humid background (Figure 

4.3). These results suggest that the background conditions, dry air or humid air, 
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primarily influence the initial reversible chemisorption of the peroxide on the MPc or 

OBNc. This chemisorption state could be sensitive to co-adsorbates, such as water; 

however, the net reaction of peroxides leading to fixed positive charge is independent 

of the background conditions, as exhibited by the dosimetric response in all devices 

with and without background H2O. 

Since peroxide vapors reproducibly induce a positive Vth shift in MPc and 

OBNc OTFTs, it is possible to reverse the effect of peroxide on the sensors by 

inducing a negative Vth shift. Previous work has identified analytes, such as water, 

which stabilize negative charge in OBNc OTFTs, and cause negative Vth shifts.
17

 A 

similar effect was demonstrated for CuPc OTFTs in Figure 4.2 by the irreversible 

negative shifts in ΔIds/Ids0 at Vgs = −2V for 5 min DMMP and H2O doses. Therefore, 

water vapor doses were utilized in between tert-butyl peroxide doses on OBNc OTFT 

sensors to investigate the reversibility of peroxide dosing using simple H2O counter-

dosing. Tert-butyl peroxide was dosed for 10 min at 13000 ppm and, subsequently, 

water was dosed for 10 min at 9400 ppm while monitoring the multiparameter 

response for OBNc OTFTs (Figure 4.9).  

The ΔIds/Ids0 response at Vgs = 0V illustrates the effects of positive and negative 

Vth shifts due to the peroxide and water. Although water doses cause anomalous 

transient ΔIds/Ids0 and Vth increases, as observed in previous reports,
17

 the net effect on 

the current at Vgs = 0V is an irreversible negative shift. The ΔIds/Ids0 and Vth−Vth0 

panels of Figure 4.9 illustrate how the sensor returns to the baseline shortly after the 

water dose. The pattern is repeated to illustrate consistent response in the Vth shifts.  

As observed with previous tert-butyl peroxide and water dosing, the mobility decrease 
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is fully reversible; therefore, the positive and negative shifts are consistent with 

analyte induced fixed positive and negative charge in the OBNc film. 

4.5 Conclusions 

MPc and OBNc based OTFTs exhibit positive threshold voltage shifts on 

exposure to hydrogen peroxide, and tert-butyl peroxide. By sensing at gate voltages 

near the Vth, the ΔIds/Ids0 response is enhanced and the sensitivity to peroxide analytes 

increased. The sensor response to peroxide vapor is positive and irreversible for both 

ΔIds/Ids0 and ΔVth in dry air, whereas the mobility change is reversible, and dependent 

on the background conditions. The dual response for peroxide sensing suggests a 

mechanism in which chemisorption reversibly increases or decreases mobility, 

followed by redox cleavage of the peroxide bond, which induces fixed positive charge 

causing a positive Vth shift. These sensors can directly and selectively detect peroxide 

analytes and present unique practical advantages over competing technologies. 
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4.7 Figures, Schemes, and Tables 

 

Figure 4.1. Multiparameter OTFT sensor analysis for 9400 ppm water (H2O) (pulses 1 

and 2), 94 ppm hydrogen peroxide (H2O2) (pulses 3 and 4) and 118 ppm dimethyl 

methylphosphonate (DMMP) (pulses 5 and 6). The ΔIds/Ids0 increases for H2O2 are due 

to positive Vth shifts, which are characteristic of an oxidant, such as H2O2. 
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Figure 4.2. Gate voltage dependent ΔIds/Ids0 response for 4 ML CuPc OTFTs to 

9400 ppm water (H2O) (pulses 1 and 2), 94 ppm hydrogen peroxide (H2O2) (pulses 3 

and 4) and 118 ppm dimethyl methylphosphonate (DMMP) (pulses 5 and 6). At Vgs 

= −2 V, the H2O2 response is only positive, whereas at Vgs = −10 V the H2O2 response 

inverts during dosing from negative to positive; however at both gate voltages the net 

effect is an irreversible positive response due to a positive Vth shift. 
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Figure 4.3. Multiparameter response of a 4 ML CuPc OTFT exposed to 5 min, 

94 ppm H2O2 doses in a constant 9400 ppm water vapor ambient.  Both the ΔIds/Ids0 

and Vth responses monotonically increase on H2O2 dosing, consistent with isolation of 

the H2O2 oxidation effect on OTFT properties. 
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Figure 4.4. (a) Multiparameter response of a 4 ML CuPc OTFT exposed to 1 min, 

5 min, and 20 min, 94 ppm H2O2 doses.  (b) Vth shift plotted against dose time for the 

response in (a). (c) ΔIds/Ibaseline values calculated from the un-normalized ΔIds/Ids0 data 

at Vgs = −2V in (a). The Vth shift and ΔIds/Ibaseline values are calculated for the 

irreversible response as opposed to the peak to peak response. 
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Figure 4.5. (a) Multiparameter response of a 4 ML CuPc OTFT exposed to 1 min, 

3 min, 10 min, and 20 min, 13000 ppm tert-butyl peroxide (TBP) doses. (b) Vth shift 

plotted against dose time for the response in (a). (c) ΔIds/Ibaseline values calculated from 

the un-normalized ΔIds/Ids0 data in (a). The ΔIds/Ids0 and Vth shift is calculated for the 

irreversible response as opposed to the peak to peak response. 
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Figure 4.6. (a) Multiparameter response of 4 ML CuPc, CoPc, and H2Pc OTFTs 

exposed to 1 min, 3 min, 10 min, and 20 min, 13000 ppm tert-butyl peroxide (TBP) 

doses. (b) Vth shift plotted against dose time for the response in (a). (c) ΔIds/Ibaseline 

values calculated from the un-normalized ΔIds/Ids0 data in (a). CoPc exhibits the largest 

ΔIds/Ids0 and Vth responses, consistent with the higher catalytic activity of CoPc. The 

ΔIds/Ibaseline and ΔVth is calculated for the irreversible response as opposed to the peak 

to peak response.  

  



103 

 

 

Scheme 4.1. Model of the catalytic decomposition of peroxides on MPc to form 

positive fixed charge. 
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Figure 4.7. (a) Multiparameter response of spin-coated OBNc OTFTs exposed to 1 

min, 3 min, 10 min, and 20 min, 13000 ppm tert-butyl peroxide (TBP) doses. (b) Vth 

shift plotted against dose time for the response in (a). (c) ΔIds/Ibaseline values calculated 

from the un-normalized ΔIds/Ids0 data in (a) for Vgs = 0V. The large ΔIds/Ids0 response is 

consistent with the steep subthreshold slope for OBNc devices. The ΔIds/Ibaseline and 

ΔVth is calculated for the irreversible response as opposed to the peak to peak 

response.  
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Table 4.1. OTFT device parameters and detection limits for tert-butyl peroxide (TBP). 

Device parameters were calculated from transfer data recorded in the dark, at room-

temperature, in ambient air. The sensitivities and detection limits are calculated for 

TBP doses with dry air background. Standard deviations are shown in parenthesis. 

 
μ 

(cm
2
V

−1
s

−1
) 

Vth 

(V) 

Ion/Ioff 

×1000 

S 

(V/dec) 

Sensitivity 

(%ppm
−1

min
−1

) 

×100 

Detection 

Limit TBP 

(ppm) 

OBNc 
0.003  

(1×10
−4

) 

−0.58  

(0.08) 

61 

(8) 

0.49    

(0.02) 

0.027        

(0.005) 
0.64 

CoPc 
7.6×10

-5
 

(1.8×10
-5

) 

3.5    

(0.2) 

0.22 

(0.14) 

6.1        

(3.0) 

0.015        

(0.003) 
4.1 

CuPc 
2.7×10

-4
 

(0.6×10
-4

) 

−0.19  

(0.22) 

2.2 

(2.1) 

2.5        

(0.7) 

0.007         

(4×10
-4

) 
11.1 

H2Pc 
2.2×10

-4
 

(1.8×10
-4

) 

−1.6  

(0.3) 

1.3 

(0.9) 

1.5        

(0.6) 

0.004         

(4×10
-4

) 
1230 
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Figure 4.8. (a) Multiparameter response of spin-coated OBNc OTFTs exposed to 1 

min, 3 min, 10 min, and 20 min, 13000 ppm tert-butyl peroxide (TBP) doses with a 

30% relative humidity background. (b) Vth shift plotted against dose time for the 

response in (a). (c) ΔIds/Ibaseline values calculated from the un-normalized ΔIds/Ids0 data 

in (a) for Vgs = 0V. The large ΔIds/Ids0 response is consistent with the steep 

subthreshold slope for OBNc OTFTs. The ΔIds/Ibaseline and ΔVth is calculated for the 

irreversible response as opposed to the peak to peak response. 
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Figure 4.9.  Multiparameter response for reversible tert-butyl peroxide sensing on 

OBNc OTFTs. The OBNc OTFTs were exposed to 10 min doses of 13000 ppm tert-

butyl peroxide followed by 10 min doses of 9400 ppm H2O. The peroxide irreversible 

positive shifts in ΔIds/Ids0 and Vth can be compensated by H2O induced irreversible 

negative shifts in ΔIds/Ids0 and Vth. The dotted yellow lines are a guide to illustrate the 

return to baseline in ΔIds/Ids0 and Vth. 
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