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Highlights 

 
• In this study, PAA films were successfully deposited by iCVD method. 

• Closed-batch iCVD approach allows the fabrication of more smooth film surface. 

• The amount of monomer consumed in the closed batch iCVD method was 18 times less than that of 

continuous iCVD method. 
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ABSTRACT: In this study, poly(acrylic acid) (PAA) thin films were deposited on silicon wafer and glass 

surfaces by initiated chemical vapor deposition (iCVD) method using di-tert-butyl peroxide (TBPO) as the 

initiator and acrylic acid (AA) as the monomer. During iCVD, two different precursor feeding approaches, 

namely continuous and closed-batch, were employed. The effects of substrate temperature and the 

precursor feeding approaches on the deposition rates and surface morphology of the films were 

investigated. The highest deposition rates for the continuous and closed-batch iCVD approaches were 

found as 26.1 nm/min and 18.6 nm/min, respectively, at a substrate temperature of 15 °C. FTIR analysis of 

the films deposited by both approaches indicated high structural retention of the monomer during the 

polymerization. AFM results indicated that, PAA thin films possessed low RMS roughness values of 2.76 

nm and 1.84 nm using continuous and closed-batch iCVD, respectively. Due to the slightly higher surface 

roughness of the film deposited under continuous iCVD, that film exhibited a lower water contact angle 

of 16.1° than the film deposited in closed-batch iCVD. In terms of monomer utilization ratio, closed-batch 

system was found to be more effective, which may help to minimize the carbon footprint of iCVD process. 

 

Keywords: Poly(acrylic acid), Thin film, Hydrophilic, Chemical vapor deposition, iCVD 

1. INTRODUCTION 

Poly(acrylic acid) (PAA), which is obtained by polymerization of acrylic acid monomer and is 

commercially available in powder form, has a wide range of industrial applications. PAA has a 

hydrophilic structure that has a high capacity for the retention of water molecules thanks to the carboxyl 

(-COOH) groups in its structure. Its easy solubility in water, non-toxicity, biodegradability, 

biocompatibility and excellent optical properties make PAA an important material for various 

applications such as superabsorbents, adhesives, pharmaceutics, drug delivery, water treatment, personal 

care products, coatings and packaging [1-5]. Cross-linked PAAs with a more stable structure and superior 

mechanical properties can be used in applications where linear PAAs cannot be used. For example, linear 

PAA thin films do not offer a permanent solution for anti-fog applications because they are not resistant 

to water vapor. However, cross-linked PAA thin films show excellent anti-fog properties [6]. 

In general, PAA is synthesized commercially in nano/micro particulate, gel, and thin film forms. Thin 

films of PAA on various surfaces can be formed using two different approaches, namely solvent-based 

(wet) and vapor-based (dry) processes. Solvent-based methods do not require specialized and expensive 

equipment, that is why they are widely used. Solvent-based methods for producing PAA homopolymers 

and copolymers include reversible addition fragmentation chain transfer (RAFT) polymerization [7], atom 

transfer radical polymerization (ATRP) [8], electrochemically induced free radical polymerization [9], 

living radical polymerization [10], sol-gel [11], photopolymerization [12] and electrospinning [13]. 

Nevertheless, there are a number of serious drawbacks to solvent-based techniques, including the need 

for several time-consuming steps and the possibility of solvent surface damage. In addition, the use of 

solutions in solvent-based methods can cause environmental and health problems. Environmentally 

friendly chemical vapor deposition (CVD) technique, as a vapor-based method, eliminate solvent related 
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problems. CVD offers many advantages such as being a single-step process with short synthesis time, low 

temperature, substrate independence, adjustable film thickness and scalability [14, 15]. 

It is possible to produce PAA thin films by two different CVD methods: Plasma enhanced chemical 

vapor deposition (PECVD) and initiated chemical vapor deposition (iCVD). In PECVD polymerization, 

the activation energy required to initiate polymerization is provided by plasma discharge. However, high 

power plasma may lead to the fragmentation of the monomers, which may cause the loss of the functional 

groups. Furthermore, ion bombardment during PECVD may cause a decrease in the deposition rate [16]. 

In iCVD process, plasma-induced problems are minimized by the use of heated filaments to initiate the 

polymerization process. In addition to the monomer, initiator, which has chemical bonds that can be easily 

radicalized at low temperatures, is fed into the chamber. The presence of initiator ensures the production 

of polymer thin films with highly functional groups at low temperatures [17]. 

In this study, iCVD technique was used for the synthesis of PAA thin films. The high-vapor pressure 

(4 mmHg at 20°C) of acrylic acid (AA) makes it a suitable monomer for iCVD processes. Acrylic acid 

monomer can be fed into the reactor by evaporation at 23°C ambient temperature, without the need for 

heating and without the need for a carrier gas. The effect of substrate temperature in PAA synthesis and 

the effect of continuous or batch chemical feed to the reactor on the deposition rate were investigated. For 

the first time in literature, a comparison between two monomer feeding approach, namely continuous and 

closed-batch, were made; and it was shown that closed-batch approach is effective in terms of monomer 

utilization ratio. 

2. MATERIAL AND METHODS 

2.1 Materials 

Monomer AA (98% purity) and initiator di-tert-butyl peroxide (TBPO) (98% purity) were purchased 

from Aldrich. The precursors were used without any further purification process. Silicon wafer 

(University Wafer, 725 µm thickness, ⟨100⟩, p-type and 10–20 Ω·cm) and glass slide (ISOLAB) were used 

as substrates. The chemical structures of precursors are displayed in Figure 1(a). 

2.2 Methods 

A schematic diagram of the custom-built iCVD reactor that was used in this study is given in Figure 

1(b). A more detailed description of iCVD process is given elsewhere [18]. Substrates were placed on the 

bottom of the reactor, which was cooled by water from a recirculating chiller (Lab Comp., RW-0525G), 

with the substrate temperature adjustable between 15 and 30°C. The reactor has a 2.5 cm thick quartz top 

plate which allows in-situ monitoring of the film thickness using a laser interferometry system. In the 

interferometry, the intensity of a diode laser (Huanic, DI650-1-5) with a wavelength of 650 nm light from 

the silicon wafer was measured using a laser power meter (Thorlabs). A vacuum was created in the reactor 

using a rotary vane vacuum pump (Edwards RV12). The chamber pressure was measured using a 

capacitive pressure sensor (MKS Baratron) and for all depositions the initial pressure set values were 

adjusted to be at 600 mTorr. The pressure during deposition was controlled and maintained at the desired 

level by a PID-controlled butterfly valve (MKS) placed between the reactor and the vacuum pump. The 

heat energy required to initiate polymerization during iCVD was provided by heating a 12-turn tungsten 

(Alfa Aesar, 99.9%) filament array that was suspended 2.5 cm above the sample surface to be deposited 

using a variac (Varsan). The K-type thermocouple (Omega) was used to measure the temperature of a 

randomly selected wire. The temperature of the filament and reactor wall were both kept constant at 230°C 

and 36°C, respectively. The AA monomer and TBPO initiator were evaporated at 23°C ambient 

temperature in two separate stainless-steel vessels and their vapors were introduced into the reactor at 

ambient temperature via needle valves. Two different precursor feeding approaches were employed 

during iCVD polymerization. In the first one, the precursors were fed to the reactor and the by-product 

vapors were pumped-out of the reactor in continuous manner. In the second one, the precursors were fed 
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to the reactor sequentially until desired pressure was reached and then the reactor in and out valves were 

all closed [19]. The former way of deposition is named as continuous, and the latter one is named as closed-

batch. In continuous system, iCVD films were deposited at an AA flow rate of 0.95 sccm, and a TBPO flow 

rate of 0.95 sccm with a filament temperature of 230 C. The same filament temperature was used in closed-

batch iCVD, also. The experimental details of the iCVD deposition of PAA are summarized in Table 1. 

Table 1. iCVD parameters used in the experiments of this study. 

Sample name Precursor flow 

approach 

Substrate 

temperature (°C) 

AA / TBPO 

ratio 

Reactor pressure 

(mtorr) 

PAA1 Continuous 15 1/1 600 

PAA2 Continuous 20 1/1 600 

PAA3 Continuous 25 1/1 600 

PAA4 Continuous 30 1/1 600 

PAA5 Closed-batch 15 1/1 600 

PAA6 Closed-batch 20 1/1 600 

PAA7 Closed-batch 25 1/1 600 

PAA8 Closed-batch 30 1/1 600 

 

 
Figure 1. a) Chemical structures of the precursors used in this study, b) schematic diagram of the iCVD 

reactor 

2.3 Characterizations 

The chemical structures of the as-deposited PAA thin films were characterized by FTIR 

spectrophotometer (Thermo Scientific, Nicolet iS 10), which performed a total of 32 scans at 4 cm-1 

resolution between 400–4000 cm-1 wavenumbers. The surface topographies and roughness values of the 

as-deposited PAA thin films on silicon wafers were analyzed by AFM (NT-MDT) in semi-contact mode 

with a scanning area of 10 × 10 µm2. To confirm the interferometric thickness measurements of PAA thin 

films, an ex-situ film thickness measurement was carried out with a thin film reflectometer (Avantes 

Avaspec-ULS2048L). Water contact angle analysis was performed of the as-deposited PAA thin films 
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coated silicon wafer using 4.0 µL of DI water and a video capture system (Kruss Easy Drop). PAA thin 

film optical transmission spectra were obtained in the 400–800 nm wavelength range using a UV/vis 

spectrophotometer (Shimadzu UV-1800) with a spectral resolution of 1 nm. 

3. RESULTS AND DISCUSSION 

The effect of substrate temperature and feeding approaches of precursors into the reactor on the 

deposition rates at constant pressure and monomer/initiator ratio was investigated and the results are 

summarized in Figure 2. The reported deposition rates in Figure 2 were obtained by dividing the thickness 

of as-deposited film on the silicon wafer by the total deposition time. The deposition rates of PAA thin 

films deposited by the continuous iCVD method were calculated to be 26.1, 20, 15.8 and 12.4 nm/min at 

substrate temperatures 15, 20, 25 and 30 °C, respectively. The films deposited under closed-batch 

conditions were deposited at rates of 18.6, 15.3, 10.4 and 8.5 nm/min at substrate temperatures 15, 20, 25 

and 30 °C, respectively. The lower deposition rates in closed-batch approach as compared to the 

continuous approach can be attributed to the decrease in the concentration of the precursor as reactants 

are consumed with time [19, 20]. In continuous approach, since the precursors are continuously fed to the 

reactor, constant reactant concentrations are achieved, which in turn keeps the deposition rates constant 

and high. In that perspective, it can be said that continuous approach is advantageous in terms of the 

deposition rates. However, in terms of the monomer consumption amount, which we define as the amount 

of monomer consumed per 100 nm as-deposited film, the closed batch configuration appeared to be more 

advantageous. In closed-batch approach, only 37.8 mg of AA monomer consumed per 100 nm as-

deposited film, whereas in continuous approach the monomer consumption was found as 680 mg for the 

same amount of film production, which indicated a nearly 18-fold higher monomer consumption in 

continuous iCVD.  

 

 
Figure 2. Effect of substrate temperature on deposition rate using continuous and closed-batch iCVD 

 

 Activation energies were calculated using Arrhenius equation to investigate the effect of substrate 

temperature on the deposition rates. Semilogarithmic graphic of the deposition rates on silicon wafer 

versus different substrate temperatures is given in Figure 3 (a,b). A negative activation energy was 

observed during PAA thin film depositions in both cases, indicating that PAA deposition is adsorption 

limited [21-23]. The activation energies of PAA thin films as-deposited by continuous and closed-batch 
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iCVD approaches were calculated as -35.94 kJ/mol and -39.44 kJ/mol, respectively. The observed small 

difference in the activation energies can be attributed to the changes in the deposition rates in both cases. 

In the continuous iCVD approach, the reactant concentration and reaction pressure are constant, whereas 

in the closed-batch iCVD approach, the reactant concentration and reaction pressure change throughout 

the polymerization. The reactant concentration decreases during polymerization in the closed-batch iCVD 

method, which in turn reduces the partial pressure (Pm)/monomer saturation pressure (Psat) value [20, 

24]. Pm/Psat is an important parameter in iCVD kinetics that can affect the deposition rate [22, 25]. A 

decrease in the Pm/Psat ratio can change the activation energy required to initiate polymerization, which 

in turn can affect the deposition rate [26, 27]. 

 

Figure 3. The deposition rate as a function of substrate temperature for PAA activation energy 

calculation in (a) continuous and (b) closed-batch iCVD process. 

 

The chemical structures of PAA thin films deposited on glass substrate by both iCVD methods was 

revealed by FTIR analysis. The FTIR spectrum of monomer AA is compared with the spectra of PAA thin 

films deposited at a substrate temperature of 15°C by both iCVD approaches in Figure 4. The presence of 

AA is evidenced by broad O-H stretching in the 3671-2169 cm-1 range. The strong absorption peak at 1701 

cm-1 assigned the carboxyl group (-COOH), which is a clear fingerprint of PAA [6, 28, 29]. The other major 

vibrational spectra of PAA revealed the C-H stretching, C-H bending, C-O-H bending, C-O stretching and 

O-H bending vibrations at 2933, 1538, 1440, 1237 and 805 cm-1, respectively [30-33]. The peak at 

approximately 2351 cm-1 corresponds to the CO2 bond [34]. The increase in the intensity of this peak is 

thought to indicate that the CO2 in the atmosphere was not very well stabilized during the measurement. 

The FTIR analysis revealed a C=C stretching peak at 1634 cm-1 in the spectrum of the monomer, but it was 

not observed in the spectrum of the PAA deposited by the continuous and closed-batch iCVD method. 

This suggests that the polymerization occurs via an unsaturated C=C bond [35, 36]. According to the FTIR 

results, it is seen that the carbonyl and hydroxyl groups in the structure of the monomer are well preserved 

in both PAA thin films [37, 38]. 
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Figure 4. FTIR spectra of (a) AA monomer, PAA thin films deposited by (b) continuous and (c) closed-

batch iCVD method. 

 

UV-vis transmittance results of uncoated and PAA coated glasses at 15°C substrate temperature are 

presented in Figure 5. It can be clearly seen that PAA deposition on the glass slightly reduces the optical 

transmittance.  The 100 nm-thick PAA thin film has a refractive index of 1.527 at wavelength of 633 nm 

[39, 40]. The refractive index of PAA thin films deposited by iCVD method is higher than the refractive 

index of glass (nglass=1.5), which slightly reduced the transmittance of glass. The possible reason for the 

reduced transmittance can also be attributed to the changed surface structure of the PAA thin films [41-

43]. The UV-vis spectra of deposited PAA thin films using both iCVD techniques gave similar results in 

the visible region. All samples showed a very high optical transmittance in the visible region.  

 

 
Figure 5. UV-vis spectra of bare and PAA coated glasses at 15°C substrate temperature. 
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The average roughness (Ra), root mean square (Rq) values and 3D AFM images of PAA films 

deposited by both iCVD approaches are shown in Figure 6 (a,c). Ra and Rq values of bare silicon wafer 

were given in our previous study as 0.482 nm and 0.596 nm, respectively [44]. PAA films deposited by the 

continuous iCVD approach have a rougher surface compared to those deposited by the closed-batch iCVD 

approach. The lower roughness of films produced by the closed-batch iCVD approach may be a 

consequence of the slower deposition rate [45].  The water contact angle images are given in Figure 6 (b,d). 

The water contact angle value of bare silicon wafer was given as 57.6±0.2° in our previous study [44]. The 

water contact angle values of PAA films deposited by continuous and closed-batch iCVD methods were 

measured as 16.1 ± 0.06° and 24.4 ± 0.73°, respectively. Wettability of materials depends on surface energy 

and surface roughness. The increase in surface roughness of materials with high surface energy increases 

wettability. [46]. This may be the reason why the PAA thin film deposited by continuous iCVD has a lower 

water contact angle value. 

 

 
Figure 6. The AFM and water contact angle images of the PAA thin films deposited on silicon wafers by 

(a,b) continuous and (c,d) closed-batch iCVD at 15°C substrate temperature. 

4. CONCLUSIONS 

PAA films were successfully deposited by iCVD method on glass and silicon wafer surfaces. In 

continuous and closed-batch approaches, the highest deposition rates were obtained at a substrate 

temperature of 15 °C. The apparent activation energies of PAA thin films deposited by continuous and 

closed-batch iCVD methods were calculated to be -35.94   kJ/mol and -39.44 kJ/mol, respectively. The 

negative activation energies implied an adsorption-limited iCVD regime. AFM results showed that the 

closed-batch approach allows the fabrication of more smooth film surface. The amount of monomer 

consumed to produce a 100-nm-thick film in the closed-batch iCVD approach was 18 times less than that 

of continuous iCVD approach. Therefore, in terms of monomer utilization ratio, closed-batch system 

appeared to be more effective, which may help to minimize the carbon footprint of iCVD process. 
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