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Abstract— Cross-linked polymer films with poly(melamine-
co-formaldehyde) methylated (PMF) were investigated in order 
to integrate flexible organic transistor-based sensors. A dielec-
tric film that withstands lithography of the electrodes and sem-
iconductor deposition is necessary in order to form bottom-
gate/bottom-contact thin-film transistors. This device structure 
makes it possible to fabricate integrated circuits, while exposing 
the semiconductor to gaseous analytes. For the first time, films 
from poly(methyl methacrylate) (PMMA) blended with PMF 
were shown chemically resistant to wet processing. However, 
thin-films from poly (4-vinylphenol) (PVP) blends with PMF 
featured lower RMS roughness (0.37 nm) and higher dielectric 
constant (k ~ 4.7 – 5.9).  The presence of enhanced cross-linking 
at higher PMF concentrations was confirmed for both polymers 
from chemical resistance essays, structural characterization, 
and capacitors with fully-photopatterned electrodes. 

 
Index Terms—flexible electronics, organic electronics, PVP, 

PMMA, PMF. 

I. INTRODUCTION 

Organic electronic devices benefit from optical transpar-
ency, mechanical flexibility, large area and potential low-
cost processing [1]. A bottom-gate/bottom-contact organic 
thin-film transistor structure as shown in Fig. 1 is desirable, 
since it allows the semiconductor to be exposed to a target 
gaseous analyte. Although not flexible, organic thin-film 
transistors (OTFTs) can be processed over highly-doped sil-
icon or glass. The former is usually provided with a ther-
mally-grown SiO2. This dielectric features a smooth surface 
(RMS roughness of ca. 0.2 nm), low leakage current (~10 
nA/cm2 at 0.2 MV/cm), and a breakdown electric field higher 
than 10 MV/cm [2,3]. In addition, it can withstand photoli-
thography of source and drain electrodes, as well as semi-
conductor deposition. This oxide, however, is brittle, 
opaque, expensive and processed over 1,000 °C [2]. Further-
more, the substrate acts as a common gate electrode for all 
transistors and a self-assembled monolayer (SAM) is still 

required to decrease charge carrier trapping and, conse-
quently, enhance the effective mobility in the semiconduct-
ing channel [4,5]. A glass substrate, on the other hand, de-
mands for an alternative dielectric material to replace SiO2. 
However, some of the mentioned challenges persist, such as 
withstanding electrodes and semiconductor processing, 
while providing an interface with reduced charge trapping 
[6].  

Among the most studied dielectric molecules to integrate 
OTFTs, poly (4-vinylphenol) (PVP) and poly(methyl meth-
acrylate) (PMMA) are among the most promising [6,7]. Pro-
cessing on top of an organic gate dielectric film in bottom 
gate structures requires, however, cross-linking of polymer 
chains [8]. OTFTs from PVP blended to poly(melamine-co-
formaldehyde)  methylated (PMF) have been demonstrated 
in the past decades [1,6,8]. Nevertheless, it is not clear if 
films from higher concentrations of the cross-linker agent 
provide better field-effect devices with photopatterned elec-
trodes. In addition, cross-linked films of PMMA:PMF for or-
ganic electronics still remains unexplored. In this context, 
this work is an in-depth investigation to correlate surface and 
morphological characterizations with electrical performance 
in capacitors from cross-linked polymers. It opens up the 
possibility to integrate these dielectric films to OTFTs as gas 
sensors.  

II. MATERIALS AND METHODS 

A. Fabrication details 

Substrates were BK7 glass square slides (Opto Eletrônica 
S/A, São Carlos, Brazil), except for Fourier-transform infra-
red (FTIR) spectroscopy. In this case, silicon wafers (p-type, 
B-doped, <100>, 10 – 20 Ω.cm, 3-inch diameter, 14 – 16 mil 
thick, prime grade) were used. Cleaning was performed in 
sequential baths in acetone, deionized (DI) water, and iso-
propyl alcohol, followed by blow dry in N2. PVP (Mw = 25 
kg/mol, Aldrich) and PMMA (MicroChem 950 A6, 6 wt.% 
in anisole) were cross-linked with PMF (Mn ~432, 84 wt. % 
in 1-butanol, Aldrich) at 1:1 and 1:5 ratio (r). Polymers were 
dissolved in propylene glycol methyl ether acetate (PGMEA) 
(Mn = 132,16 g/mol, 99,5 %, Aldrich) at 6.4 – 35 wt.% con-
centrations (c) and deposited by spin coating (P–6000, SCS 
Inc.) at 1,000 – 4,000 rpm for 60 s. Organic films were dried 
at 100 ºC for 10 min and cross-linked at 175 ºC for 120 min 
on a hot plate.  

Metal films for capacitors were 5 nm-thick nickel:chro-
mium (Ni:Cr) adhesion layer followed by 95 nm-thick gold 
layer by DC sputtering. Electrodes were patterned by photo-
lithography followed by etching. For that, a 1.2 µm-thick 
layer of positive AZ1518 photoresist (Clariant, NJ, USA) 
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Fig.1  Schematic of the interaction between gaseous analyte molecules and 

charges in the channel of a bottom gate bottom contact organic transistor. 
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was spun at 3000 rpm for 30 s. It was pre-baked at 80 °C for 
20 min to be later exposed to a 350 W UV mercury lamp for 
6 s in a Karl Süss KG mask aligner. Development was per-
formed by immersion in AZ351, diluted at 1:5 in DI water, 
for 30 s. Finally, post-baking was performed at 100 °C for 30 
min in another oven. Gold was etched at 1 μm/min rate for 5 
s, in a bath of potassium iodide (KI) with iodine (I2) in DI 
water at 4 g : 1 g : 40 mL and 30 °C. Ni:Cr was etched at 60 
nm/min for 10 s in cerium (IV) ammonium nitrate 
(Ce(NH4)2(NO3)6) in perchloric acid (HClO4) and DI water 
at 10 : 5 : 85 volumetric ratio and at ca. 27 °C. Photoresist 
was removed in a sequence of baths exactly as in the initial 
cleaning process.  

Device structure and the chemical structure of organic 
molecules are presented in Fig. 2(a). Photomasks for pattern-
ing both bottom and top capacitor electrodes are shown in 
Fig. 2(b) and (c), respectively. Capacitor area (A) is defined 
by the overlapping of squares with sides of 25, 50, 100, and 
200 µm. The sequence of steps to fabricate organic capaci-
tors is given in Fig. 3. 

B. Chemical resistance 

In order to check thin-film resistance to opening vias in 
integrated circuits, polymer films were oxygen plasma 
etched at 100 W, 100 mTorr and 50 sccm (Plasmalab TTL, 
Plasma Technology, UK). In addition, 500 µL of organic sol-
vents, such as toluene (TOL), chlorobenzene (CB), dichloro-
benzene (DCB), and chloroform (CF), were dispensed with 
a micropipette on top of polymer films and spun at 2,000 rpm 
for 60 s. Solvent and spinning parameters emulate usual val-
ues for organic semiconducting deposition [9-11]. Thickness 
(d) was monitored with an Alpha step 100 profilometer 
(Veeco, NY, USA) after gently scratching the films. 

C. Surface and structural characterization 

Thin-film RMS roughness (Rq) was investigated in 5 x 5 

µm2 surface area by atomic force microscopy (AFM, Bruker 
NanoScope® IIIA). Chemical bonds were addressed by Ra-
man (532 nm laser wavelength, 45 mW power, Confocal Ra-
man Microscope Alpha 300 R, WITec, Germany) and FTIR 
(5 kHz frequency, QS-300 FTS-40 (BIO-RAD, USA) spec-
troscopies. All measurements were taken at room tempera-
ture and 1 atm pressure. 

D. Electrical measurements 

Breakdown voltage (Ebd) and leakage current (Jleakage) 
were extracted from current versus voltage (IxV) data taken 
from a B1500A semiconductor parameter analyzer 
(Keysight, USA). Capacitance (C) data was also acquired 
with a B1500A (1 kHz and ±1 V). The dielectric constant (k) 
was calculated from the parallel-plate capacitor model: 

 
C = ε0kA/d (2) 
 

where ε0 is the vacuum permittivity.  

III. RESULTS AND DISCUSSION 

A. Investigation of spin-coated thin-film thickness 

PVP:PMF films from 1:1/16 wt.% solutions featured a 
thickness of 644 – 1,335 nm depending on the spinning fre-
quency in Fig. 4(a). After increasing the ratio to 1:5, while 
keeping the concentration constant, film thickness decreased 
to 177 – 333 nm. A pure PVP film from a less concentrated 
solution (6.4 wt.%) was prepared in order to understand the 
effect of PMF addition to thin-film thickness. The obtained 
values were comparable to PVP:PMF at 1:5. Therefore, PMF 
addition tends to bring close together PVP molecules and, 

 
Fig.2  Parallel-plate organic capacitors: (a) schematics of device structure 

and materials; and photomasks for (b) bottom and (c) top electrodes. 

 

 

 
Fig.3  Sequence of processing steps for capacitor fabrication. 
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consequently, form a more compact and dense film [9]. 
A similar behavior is observed for PMMA:PMF films in 

Fig. 4(b). Even though the concentration is the same, increas-
ing PMF mass ratio with respect to PMMA brings down 
thickness by a factor of two. It decreases from 374 – 735 nm 
to 185 – 357 nm. In this case, however, less-concentrated 
pure PMMA solutions seem to have higher viscosity, since 
films are thicker for all processing frequencies and 1,302 
nm-thick films at 1,000 rpm show defects even with bare 
eyes. 

B. Chemical resistance in oxygen plasma and organic 
solvent environments 

Thin-film thickness variation as a function of O2-plasma 
etching time is given in Fig. 5. Note that thinner films have 
less data points, since it gets fully etched after a shorter time 
compared to thicker ones. Among films without the cross-
linking agent, PVP has a lower etching rate (115 ± 16 
nm/min) compared to PMMA (160 ± 3 nm/min). By adding 
PMF to PVP at 1:1 mass ratio, there is a decrease of approx. 
28 % of the etching rate. Further increasing PMF ratio does 
not alter the etching rate (83 ± 15 nm/min). At this ratio, 
PMMA:PMF showed the highest resistance to O2-plasma 
etching (71 ± 10 nm/min). Even though cross-linked films 
are harder to etch and, consequently, to open vias in inte-
grated circuits, these results corroborate the presence of 
cross-linking already at 1:1 ratio. 

Thin-film resistance to organic solvents is shown in Fig. 
6. Heating of the solvents prior to spin coating derives from 
the need to deposit organic semiconductors from low-vola-
tile solvents. Despite an enhancement in film crystallinity 
from a slow drying, heating is mandatory due to a poor sol-
ubility in these solvents [9,11,12]. PVP:PMF films at 1:1 ra-
tio tend to thin down after spin coating of room-temperature 

DCB, CB, and TOL. An increase in thickness after exposure 
to CF points to thin-film bloating. By heating the solvents 
prior to spinning, an even more aggressive dissolution was 
expected. In this case, however, films tend to bloat in DCB, 
TOL, and  CF. The absence of a drying step after solvent spin 

 
Fig.4  Thin-film thickness versus spin coating frequency of (a) PVP and 

(b) PMMA solutions 
 

 
Fig.5  Thickness variation as a function of O2 plasma etching time for (a) 

PVP and (b) PMMA films 

 

 

 
Fig.6  Change in thickness of (a) PVP and (b) PMMA thin-films at 1:1 ra-

tio with PMF after spin coating of solvents. 



4 GARCÍA et al.: Organic Dielectric Films for Flexible Transistors as Gas Sensors 
 

coating could explain why the thickness increase in some 
cases. However, by taking into account that the change in 
thickness is smaller than the error bar, one could conclude 
that PVP:PMF films could withstand spin coating of the sem-
iconductor solution to form bottom-gate OTFTs. 

Similar to cross-linked PVP films, PMMA:PMF at 1:1 ra-
tio resisted to room-temperature DCB, CB, and TOL. After 
heating TOL, however, the decrease in thickness was higher 
than the error bar. Even worse, CF dissolved PMMA:PMF 
even at room temperature. These results are, nevertheless, 
promising for semiconductors deposited from DCB and CB 
solutions [9]. It is worth mentioning that these thickness var-
iations are expected to be even lower at 1:5 ratio, due to en-
hanced cross-linking. The authors believe the higher chemi-
cal resistance of films at 1:5 ratio to O2 plasma etching 

should also be observed against exposure to organic solvents. 

C. Surface and morphological characterization 

The addition of PMF to PVP films tend to form more 
compact and rougher films [8]. PVP:PMF at 1:1 ratio in Fig. 
7(a) showed a 0.37 nm Rq, which is comparable to previous 
results [6]. PMMA:PMF at the same ratio in Fig. 7(b) fea-
tured a 6.8 nm Rq. A rougher film could be originating from 
a lower spinning frequency of 1,000 rpm. Higher rotating 
speeds are advised to OTFTs, since semiconducting film 
thickness can be even lower than 20 nm [10,11]. 

According to FTIR results in Fig. 8(a), PVP:PMF films at 
1:1 ratio showed a strong presence of a band at 1,481 cm-1 
attributed to CH2 and CH3 groups [13], as well as bands at 
2,960 and 3,410 cm-1 assigned to the stretching vibration of 
C-H and O-H groups, respectively [14,15]. These bands tend 
to decrease and, in some cases, disappear with an increase in 
the PMF ratio. In the opposite trend, there was an increase in 
bands at 810 cm-1 related to the triazine ring-sextant out-of-
plane bending [13], 1,372 cm-1 attributed to C-N groups 
[16,17], 1,558 cm-1 from C–N bonds directly attached to the 
triazine ring [13], and 1,072 cm-1 due to C-O-C out-of-phase 
stretching modes [13,18]. The observed behavior at these 
bands is a sign of enhanced cross-linking in the film. The 
absorption peak at 2,360 cm-1 is believed to be due to the 
presence of environmental carbon dioxide (CO2) inside the 
spectrometer during data acquisition [19,20]. 

Similar observations can be made for PMMA films in Fig. 
8(b). There is an increase in bands attributed to C-N and C-
O-C groups. Even for these films, there was CO2 during the 
measurements. In particular, PMMA-based films featured 
bands at 1,728 cm-1 related to the stretching vibration band 
of C=O, and 2,960 cm-1 from O-CH3 (stretching vibration) 
and C-CH3 (asymmetric vibration) bonds [21]. Higher cross-
linking at higher mass ratios agrees well with results from 
plasma etching. 

 
Fig.7  AFM micrographs of cross-linked (a) PVP and (b) PMMA films 

 

 

     
Fig.8  FTIR spectra of (a) PVP and (b) PMMA films 
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Raman spectra of PVP-based films are shown in Fig. 9(a). 
Typical bands from the PVP molecules are at 840 cm-1 from 
out-of-plane C-H deformation, and 1,614 cm-1 related to C-
C bonds in the phenyl group [22]. By increasing the PMF 
concentration with respect to PVP, the intensity of the band 
at 1,614 cm-1 increases due to C-N groups from the triazine 
ring in PMF [13]. In addition, there is an increase of the 
bands at 1,265 and 1,452 cm-1 related to C-O-C [22,23] and 
C-N [13,23] groups, respectively. As for FTIR, these are a 
sign of enhanced cross-linking at higher PMF ratios. New 
peaks arise at 676 from in-plane bending of C-N bonds ex-
ogenous to the triazine ring [13,23,24], 980 cm-1 due to the 
triazine ring breathing vibration [24], and 1,553 cm-1 from 
contraction of the C–N bond directly attached to the ring 
[13,23]. They relate to the triazine ring from the PMF mole-
cule. By considering the fact PVP-based films are hygro-
scopic [25], peaks between 3,200 and 3,400 cm-1 can relate 
to the presence of water molecules during data acquisition 
[26-28].  

Raman spectra from PMMA-based films as shown in Fig. 
9(b) featured peaks at: (i) 603 cm-1 related to C-(C=O)-O de-
formation [21,22]; (ii) 993 and 1,113 cm-1 from O-CH3 [21]; 
(iii) 1,456 cm-1 due to C-H bonds [21]; and (iv) 1,729 cm-1 

from hydrogen-bonded C=O. PMF incorporation to the film 
gave rise to peaks at 558, 676, 980 [13,24], and 1,562 cm-1 
[13] attributed to the triazine ring. By increasing PMF con-
centration with respect to PMMA, peaks at 993 and 1,113 
cm-1 were replaced with peaks at 1,100, 1,126, and 1169 cm-

1 originating from N-C-O-C, C-C and C-O-C groups, respec-
tively [13,23].  

In conclusion, these results point to a more pronounced 
cross-linking at a 1:5 ratio for both molecules. An illustration 
of the chemical structure of cross-linked polymers is given 
in Fig. 10. It is worth noting that, while the chemical reaction 
with PMF is known for PVP [29], this work is pioneer for 
PMMA.   

D. Electrical characterization of capacitors 

Table I summarizes the electrical performance of capaci-
tors from cross-linked organic dielectric films. These values 
were obtained from capacitance density (Cd) and leakage 
current (Jleakage) plots as shown in Figs. 11 and 12, respec-
tively. Differently from the thickness values given in Fig. 4, 
organic dielectric films to fabricate capacitors were formed 
on a surface containing bottom gold electrodes. A concentra-
tion of 35 wt.% in PGMEA was chosen for films from 1:5. 
Typical dielectric thin-film thickness values for organic tran-
sistors as gas sensors are usually higher than 200 nm [12,30-
32]. 

PVP:PMF-based devices featured a less-dispersive data 
with Cd ~ 2 – 14 nF/cm2 and k ~ 4.7 – 5.9. These values are 
typical for high-k cross-linked organic dielectrics [33,34]. 
Devices from a 1:5 ratio featured a higher dielectric constant, 
but also higher leakage currents, which are a sign of en-
hanced cross-linking [1,34]. In the absence of cross-linking, 
photolithography of electrodes tends to damage the dielectric 
film. On the other hand, a higher cross-linking density gen-
erates a more defective and, consequently, porous film. Alt-
hough a higher surface area is desirable for gas sensing ap-
plications, if the leakage current gets too high, an additional 

   
Fig.9  Raman spectra of (a) PVP and (b) PMMA films 

 

 

 
Fig.10  Illustration of the structure of cross-linked polymers with PMF. 
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insulating layer may be necessary for proper transistor oper-
ation [35]. Currently, the main strategy to enhance sensitivity 
is to add a porogen material to the semiconductor solution 
[30-32]. That so-called porogen material either decomposes 
after a thermal treatment [31] or is washed off the semicon-
ducting film [30,32]. It is worth noting that a decrease in the 
concentration of hydroxyl groups in cross-linked PVP as 
shown in Fig. 10 is also beneficial to diminish charge trap-
ping at the dielectric/semiconductor interface in OTFTs [6]. 
Comparable breakdown electric fields were obtained for all 
devices.  

Data from thicker PMMA:PMF films deposited at 1,000 
rpm featured a large dispersion among capacitors from the 
same sample. Films obtained at low rotating frequency were 
visually non-uniform in thickness (data not shown). In addi-
tion, PMMA:PMF films from a lower ratio seem not to com-
pletely withstand damage from the photolithographic pro-
cess. As a matter of fact, the lowest k (~ 2.8) was observed 
for PMMA:PMF capacitors at 1:1 ratio. Previous reports on 
cross-linked PMMA with different cross-linking agents fea-
tured a k of 3.7 – 3.9 [7,36,37], which agrees well with 
PMMA:PMF at 1:5 spun at 4,000 rpm. Note, however, that 
the closest results are from a completely different device. Li 

et al. functionalized PMMA with propargyl and azido groups 
by free radical copolymerization [36]. Cross-linking was in-
duced by the thermal azide–alkyne cycloaddition reaction at 
100 ℃. In addition, metal evaporation through a shadow 
mask was used to pattern the electrodes. 

In summary, the devices herein were demonstrated com-
patible with photopatterned bottom electrodes and semicon-
ductor deposition for low-voltage OTFTs as gas sensors. 
Since the highest processing temperature is 175ºC, these di-
electric films are also compatible with most mechanically 
flexible substrates [38].   

CONCLUSIONS 

Cross-linking of both studied polymers after PMF addi-
tion was verified from chemical resistance essays and struc-
tural characterization. Photopatterned high-k capacitors from 
both blends were demonstrated. The best electrical perfor-
mances were observed for capacitors deposited from solu-
tions at 1:5 ratio and spun at higher spinning frequencies. 
Despite being the first demonstration of device feasibility 
from PMMA:PMF films, PVP-based films were considered 
more adequate to integrate bottom-gate/bottom-contact or-
ganic transistors. They featured a reduced surface roughness, 
a higher resistance to organic solvents, and a higher dielec-
tric constant. Replacing oxidized silicon wafers with chemi-
cally-resistant organic dielectric films will make it possible 
to fabricate flexible, transparent, integrated circuit-based and 
potential low-cost sensors with fully-photopatterned elec-
trodes. 
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