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Abstract 

The effect of low-pressure oxygen plasma etching on the physical properties of a dental 

photopolymer, namely UDMA:TEGDMA in 3:1 weight ratio, was investigated. Samples of the 

photopolymer were exposed to oxygen plasma from 10 to 120 min time intervals at different 

power (60, 100 and 140 W) and pressure (0.2, 0.4, and 0.6 mbar) conditions. The etching rate 

and changes in the surface roughness of the sample were measured with white light 

interferometry, while the optical properties and chemical changes were monitored by optical 

and Raman spectroscopy, respectively. It was found that by controlling the power and pressure 

parameters, steady etching rates can be set up in the 0.11 – 0.48 m/min range. Longer etching 

times (e.g. above one hour) were found to increase the surface roughness of the polymer 

significantly, while reducing its optical transparency. This loss in transparency was successfully 

restored by depositing a second polymer layer on top of the plasma-etched one. Raman 

spectroscopy investigations revealed that the degree of conversion, the amount of aromatic 

molecules and the introduced stress are all depend on the applied etching pressure and power 

conditions. Actinometry with Ar was performed to measure the internal plasma parameters, and 

the measured etching rates and observed physical-chemical property changes were correlated 

with the electron temperature and atomic O densities.  

Keywords 

acrylates, UDMA, TEGDMA, plasma etching, oxygen plasma, surface roughness, Raman 

spectroscopy 

1. Introduction 

Urethane dimethacrylate (UDMA) is a wildly utilized methacrylate resin in dental applications 

due to its preferable mechanical properties and water-resistance. This monomer can be used 

alone or in combination with other monomers, like triethylene glycol dimethacrylate 

(TEGDMA) [1]. While the more viscous UDMA (23.1 Pas [2]) usually serves as the base resin, 

TEGDMA (0.011 Pas [3]) is frequently used as its diluent comonomer to form a mixture, that 

has even better properties (better resin strength, less polymerization shrinkage, higher bending 

strength) than the individual monomers. These materials are usually polymerized by using 

photo-initiators such as camphoroquinone (CQ) with co-initiators [4] that can be activated by 

400–500 nm wavelength blue light [5].  

The UDMA:TEGDMA based resin composite is characterized by good mechanical, optical, 

and layering properties, the latter can be utilized when multi-layered structures with good 
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adhesion are needed. The thickness of the individual layers can be controlled by additive 

technologies (spin coating, molding) to a certain extent, but when a precisely defined layer 

thickness is necessary the application of subtractive technologies, like plasma etching may be 

required. 

UDMA, TEGDMA or bisphenol A-glycidyl methacrylate (BisGMA) based or their mixtures 

combined with different fillers [6, 7] are commonly used in tooth-colored metal-free post and 

core restorations next to polymethyl methacrylate (PMMA) posts. The UDMA-based posts are 

favorable because they have a higher affinity to luting agents than PMMA, and have good 

bonding adhesion and interaction of hydroxyl groups of stiff dimethacrylates with resin except 

for surface treatment [8]. During the post manufacturing a superficial polymer rich layer can be 

found on the surface of it. To obtain sufficient bonding between posts and core build-up resins, 

different surface treatments are essential like sandblasting, chemical etching, or plasma etching. 

The plasma treatment improves the adhesion of the polymer and changes the physical and 

chemical characteristics of the polymer in micrometric and submicrometric scales [9–12]. 

Moreover, the plasma etching for a suitable period increases the surface roughness of the 

polymer and even creates groove-like structures. Yavirach et al. tested a UDMA:TEGDMA-

based fiber-reinforced post with oxygen plasma treatment [9]. They found that the treatment 

was more efficient at UDMA-based post than with the argon plasma etched case. The oxygen 

plasma treatment time altered between a few seconds and 10 minutes, and the effect of longer 

exposition time was not investigated on a polymer structure. 

Generally, plasma treatment can be used to clean and sterilize surfaces with the help of the 

reactive particles in the plasma [13], but it is also widely applied in the semiconductor industry 

to develop patterns on substrates. Low-pressure plasma can cause an erosive degradation on the 

surface, which leads to the dry removal of the material. The effect of plasma etching of different 

methacrylate resins is scarcely studied in detail in the literature, except for PMMA. The etching 

rate of PMMA in different conditions is summarized in Table 1. Data corresponding to other 

acrylate resins from the literature is given in Table 2.  

Table 1 Etching rates of PMMA for different plasmas. 

(ICP – Inductively Coupled Plasma, CCP – Capacitively Coupled Plasma) 

Etching 

rate 

(nm/min) 

Plasma 

gas 
Equipment 

Source 

power  

(W) 

Pres. 

(mbar) 

Gas 

flow 

(sccm) 

 

Temp. 

(°C) 
Measurement Ref. 

~60 O2 

Cylindrical 

Discharge 

Tube 

200 0.75 - - Weight loss  [13] 

~230 O2 

ICP 

Plasma 

Chamber 

600 1.77 100 15 

Film 

thickness 

with 

ellipsometry 

[14] 

1500 

Ar 

ICP 

Plasma 

Chamber 

600 - 

50 

- 

Thickness [15] 

O2 50 

CF4 0 

400 

Ar 

600 - 

50 

- O2 40 

CF4 10 
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200 

Ar 

600 - 

50 

- O2 30 

CF4 20 

100 

Ar 

600 - 

50 

- O2 20 

CF4 30 

880 O2 
CCP 

Plasma 

Chamber 

700 - 300 40 

Thickness 

with 

spectroscopic 

reflectometer 

[16] 
829 CO2 

51.4 CO 

174 XE 

767 O2 
CCP 

Plasma 

Chamber 

700 - 300 40 

Thickness 

with 

spectroscopic 

reflectometer 

[17] 521 CO2 

23 CO 

180 
Ar 

Plasma Jet 65 - 
5000 

- Weight loss  [18] 
O2 0-50 

110 O2 CCP 

Plasma 

Chamber 

50-150 
~0.007-

0.03 
20 - 

Thickness 

with 

ellipsometry 

[19] 20 CF4 

 

Table 2 Etching rates of acrylate resins for different plasmas. (DRM – Dipole Ring Magnet, 

ICP – Inductively Coupled Plasma, CCP – Capacitively Coupled Plasma) 

Resin type 

Etching 

rate 

(nm/min) 

Plas

ma 

gas 

Equip

ment 

Source 

power  

(W) 

Press. 

(mbar) 

Gas 

flow 

(sccm) 

 

T 

(°C) 

Measu

re-

ment 

Ref. 

Polyacrylat

e ArF resin 
350 

O2 

(Ar, 

CF4) 

ICP 

Cham

ber 

200 ~0.07 50 25 

Thick

ness 

with 

ellipso

metry 

[20] BARC1 

(acrylate 

polymer) 

400 

A resist 

193 nm 

acrylate 

resists 

104 

C4F8 

DRM 

Cham

ber 

1500 - 

10 

40 
Thick

ness  
[21] 

CO 50 

B resist 

193 nm 

acrylate 

resists 

92 

O2 5 

Ar 200 

PS–b–

PDMS 
0.98 

O2 

CCP 

Cham

ber 

50-150 
~0.007

-0.03 
20 - 

Thick

ness 

with 

ellipso

metry 

[19] 

PDMS–g–

PMA-co-

PIA 

18 

PDMS–g–

PMMA 
29 

PDMS 1.2 
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Based on Table 1, it can be observed that, although the etching rate of PMMA was investigated 

in every research, the results can vary on a wide range depending on the process gas and the 

etching parameters as well. As established by our preliminary observations, different etching 

rates can be produced even if the applied parameters are similar, but a different plasma device 

is used. The other phenomenon that was commonly described by the authors of these works 

[17, 22, 23] is how the surface roughness increases, and the refractive index decreases when 

polymers are exposed to oxygen plasma. 

In our previous work [24] we have presented the influence of different gases (Ar, Ar+H, O2) on 

the etching rate of UDMA:TEGDMA. Even though oxygen proved to be the most effective gas 

in this respect, additional research was necessary in order to be able to properly control the 

thickness of the UDMA:TEGDMA samples. Our main goal here is to present how the different 

settings of the plasma discharge modify the oxygen plasma etching rate of UDMA:TEGDMA, 

and also to demonstrate the effect of the oxygen plasma on the surface of the created samples.  

2. Materials and methods 

2.1. Materials and Sample Preparation 

Photopolymerizable dimethacrylate resin mixture was used, which consists of urethane 

dimethacrylate (UDMA) (Sigma Aldrich Co., St. Louis, MO, USA) and triethylene glycol 

dimethacrylate (TEGDMA) (Sigma Aldrich Co., St. Louis, MO, USA). 1.5 g UDMA and 0.5 g 

TEGDMA was weighted and added into a round bottom glass flask. Then the photoinitiator 

(camphorquinone, CQ, 0.2 m/m%) (Sigma Aldrich Co., St. Louis, MO, USA), along with its 

co-initiator (ethyl-4-dimethylaminobenzoate, EDAB, 0.4 m/m%) (Sigma Aldrich Co., St. 

Louis, MO, USA) was dissolved in the 3:1 UDMA:TEGDMA mixture by stirring overnight at 

room temperature. 

To measure the etching rate of the substrate, solid-state layers were created with the help of two 

glass slides. A few grams of the resin mixture were dropped inside a frame attached to one of 

the glass slides (Figure 1, a). This frame, prepared by 3D printing from plastic defined the 

thickness of the initial samples which was usually around 150±5 µm. Then the second glass 

slide was applied to flatten the polymer droplet (Figure 1; b). This way the material was also 

protected from the oxygen gas in the surrounding air, as the polymerization process cannot 

proceed in the presence of oxygen. A standard dental, blue light emitting lamp (Woodpecker 

LED D, China) was used to accomplish the photo-crosslinking (Figure 1; c). The exposure time 

was 90 sec in the case of every sample. 

 
Figure 1 Schematics of the sample preparation process. 

After the polymerization the top glass slide and the frame were removed, but the prepared 

sample remained on the bottom glass slide. Otherwise the created UDMA:TEGDMA film can 
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bend or even roll up due to the thermal effect of the plasma treatment. Measuring the layer’s 

thickness is also more precise this way and with the help of a diamond-headed glass cutter the 

measurement points can be marked on the glass slide, leaving the samples without impairment 

(Figure 1; d).  

During this research two-layered samples were also created. After preparing the first layer a 

frame was applied to the bottom glass slide with twice the thickness of the previous frame. A 

droplet of UDMA:TEGDMA was then placed on the polymerized sample, and was flattened 

into a disk shape using a second glass slide. After polymerization both the upper glass slide and 

the frame was removed. 

2.2. Plasma Treatment 

For the plasma treatment a low-pressure plasma system (Diener, Zepto RIE, Germany) was 

used. In this research high purity oxygen (99.99%) was applied as process gas. The power 

output of the chamber was set to 30-50-70%, corresponding to 60-100-140 W. The gas pressure 

was fixed on three values as well: 0.2 mbar (with gas flow of 2-3 sccm), 0.4 mbar (with gas 

flow of 11-12 sccm), and 0.6 mbar (with gas flow of 24-26 sccm). The duration of the 

treatments took a total of two hours for each sample. Each setting included three samples, the 

treatments of which were divided into different time intervals: one with 10-20-30-30-30 min 

(five-period) of treatments, one with 60-60 min (two-period) of treatments, and one with 

120 min (one-period) of treatment. Within the chamber it was not possible to monitor the 

temperature of the samples, but considering the time length of the treatments, the temperature 

in the plasma chamber often noticeably increased. The interruptions of the process, which 

involved a cooling period, might have affected the results. 

2.3. Instrumentation 

A white-light interferometer (ZYGO New View 7100) was utilized to measure the thickness of 

the samples with a 10X objective lens. To have comparable results it was necessary to make 

measurements always in the same places of each polymer disk. Therefore, the supporting glass 

slide was marked at four points and these marks were always detected before the measurement. 

The same equipment was used to determine the surface roughness, for this a 50X objective with 

scanning length of 40 µm was applied. The results were taken and compared from at least five 

points of each sample. Later these results were analyzed in Gwyddion 2.65 software and 

OriginPro 2018 was used for visualization. To get a better understanding of the surface changes 

further investigation was done with a microscope (Olympus GX53 Inverse Optical Microscope) 

with a 100X objective. For the cross-sectional view, first a 5-10 nm thick gold nanolayer was 

evaporated on the surface, to protect it during the mounting process and to help to differentiate 

the boundaries under the microscope. Then the samples were vertically mounted into an epoxy 

block which was followed by a grinding and polishing process until the surface roughness was 

around 40 nm.  

Vis-NIR absorption spectroscopy was performed with an Avaspec 2048-4DT spectrometer. An 

Avantes Avalight DHS halogen light source was used for the measurements, and the spectra 

were recorded in the 400-1000 nm range with a resolution of 0.28 nm. 

For electron temperature measurements and actinometry, the optical emission of the plasma 

during the treatments with different plasma settings was recorded with an Ocean Optics 

HR4PRO-XR-ES spectrometer. A 1-meter-long multimode optical fiber (Thorlabs Inc.) was 
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used to collect the light from the plasma chamber. The bare fiber end was aligned right behind 

the optical window of the plasma chamber in perpendicular orientation. The window was 

covered with black shielding cloth to avoid surrounding light entering the fiber. The calibration 

of the spectrometer was performed with a small neon lamp attached to the other side of the 

window opposite to the fiber end. For electron temperature determination of the oxygen plasma, 

we used the Boltzmann curve method with the two sharpest emission lines at 777.33 nm and 

844.85 nm. To determine the oxygen atom density, we used actinometry with Ar, where the 

intensity of the line located at 763.65 nm was compared with the intensity of the line at 844.85 

nm. For more information and details regarding actinometry please see the Supplementary 

Materials. 

Raman spectroscopic measurements were performed on a Renishaw InVia micro-Raman 

spectrometer with 532 nm laser excitation. The excitation was focused into a spot of cca. 

2 microns diameter on the sample surface. The spectra were recorded in the 1000-2000 cm-1 

region with 10 seconds integration time. The baseline correction of the spectra and the fitting 

of the Raman peaks were performed using the Renishaw WIRE software. 

The optical emission of the plasma during the treatments with different plasma settings was 

recorded with an Ocean Optics HR4PRO-XR-ES spectrometer. 

3. Results and discussion 

3.1. Etching rate  

The main goal of this research was to determine the plasma etching rate of the 

UDMA:TEGDMA copolymer. A total of three power settings were applied, and three different 

pressure settings were tested for each power. In Figures 2-4 the etching rates are collected for 

each experiment. In these figures the etchings rates (𝑣𝑡𝑖
) at every given time point (𝑡𝑖) are given 

in a progressive (incremental) manner, as defined by Eq. 1, where ℎ𝑖 is the thickness of the 

sample measured by white light ellipsometry. For the five-period treatment 𝑡𝑖 =
{0,10,30,60,90,120} min, for the two-period treatment 𝑡𝑖 = {0,60,120} min and for the one-

period treatment 𝑡𝑖 = {0,120} min. (In other words, at every step the etching rate is calculated 

by comparing the height of the sample to the previous step, not the initial state.) 

𝑣𝑡𝑖
=

ℎ𝑖−1 − ℎ𝑖

𝑡𝑖 − 𝑡𝑖−1
                                                                  (1) 
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Figure 2 Etching rate of the plasma treatment of UDMA:TEGMA for 60 W power. The 

darkest colored results show the results of the five-period treatment, while the lighter belongs 

to the two-period treatment, and the lightest to the one-period treatment.  

The results belonging to the 60 W power setting can be seen in Figure 2, while Figures 3 and 4 

present the etching rates corresponding with the 100 W and 140 W experiments.  

 

Figure 3 Etching rates of the plasma treatment of UDMA:TEGMA for 100 W power. The 

darkest colored results show the results of the five-period treatment, while the lighter belongs 

to the two-period treatment, and the lightest to the one-period treatment.  

The most important observations that can be made based on the measured trends are the 

following.  

1) The etching rate shows a declining trend in the function of time. In the first 30 min, the 

etching rate is higher in all cases, then it decreases over time and reaches a quasi-stable or 

steady-state rate. This effect is more pronounced at some pressure/power combinations. E.g. at 

high power (at 140 W in Fig. 4) all curves show a steep drop after 10 min etching, while at 

lower powers (60 and 100 W in Figs. 2-3) only the curves measured at 0.6 mbar show this steep 

decline. 

2) Both the initial etching rate (measured after the first 10-minute etching) and the steady-state 

etching rate increase noticeably with the increasing power (at a fixed pressure setting), while 

the steady-state etching rate increases only slightly with the increasing pressure at a fixed 

power. 

3) The etching rates obtained by the five-period treatments are usually lower than the ones 

obtained by the two- and one-period treatments at the same time point. This is caused by the 
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declining trend of the etching rate and the way of calculation (see Eq. 1). For example, in the 

case of the data points at 120 min, the one-period etching rate is calculated by comparing to the 

initial height (at 0 min, thus it takes into account the initially higher etching rate as well), while 

the five-period treatment is calculated based on the heights measured at after 90 min and 120 

min points (see Eq. 1).  

4) As mentioned in the experimental section, longer treatments can cause a noticeable (couple 

of 10oC) increase in the temperature of the samples, which might also cause variation by 

comparing the longer etching times (60 min, 120 min) with the shorter periods containing 

interruptions and cooling times between the cycles. The effect of possible heating will be 

discussed in Section 3.5., in the light of the observes chemical changes measured with Raman 

spectroscopy. 

 

Figure 4 Etching rate of the plasma treatment of UDMA:TEGMA for 140 W power. The 

darkest colored results show the results of the five-period treatment, while the lighter belongs 

to the two-period treatment, and the lightest to the one-period treatment. 

For the sake of better understanding the effect of plasma parameters on the etching rate a 

cumulative etching rate (𝑣𝑡𝑖
̅̅̅̅ ) was calculated on the dataset obtained by the five-period etching, 

as in Eq. 2. 

𝑣𝑡𝑖
̅̅̅̅ =

ℎ0 − ℎ𝑖

𝑡𝑖 − 𝑡0
                                                                  (2) 

Here the thickness of the sample at a given time (ℎ𝑖 , 𝑡𝑖) is always compared to the initial state 

(ℎ0, 𝑡0 = 0 𝑚𝑖𝑛). An example for the resulting characteristics is given in Fig. 5, where the three 

pressure setups are compared for the 140 W power case. 
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Figure 5 Cumulative etching rate (see Eq. 2) of the plasma treatment of UDMA:TEGMA 

measured at 140 W power for the three investigated pressures. The datasets were fitted with an 

exponential decay equation (see Eq. 3). 

The exponentially decaying characteristic of the etching rate is even more apparent in Fig. 5. 

The results are fitted with a standard decay equation (Eq. 3) to obtain the steady-state etching 

rate (𝑣𝑠𝑠), where 𝐴 and c are fitting parameters. 

𝑣 = 𝐴𝑒−
𝑡
𝑐 + 𝑣𝑠𝑠                                                                  (3) 

The resulting steady-state etching rates are given in Table 3, along with the rates calculated for 

the initial 10-minute etching.  

Table 3 The etching rates of UDMA:TEGDMA at different experimental conditions, based on 

the five-period treatments. Data is given for both the initial 10-minute etching period and the 

steady-state etch, as defined in the text. 

Initial 10-minute etching (± based on 4 measurements) 

Plasma 

pressure, mbar 

Etching rate, µm/min  

Plasma power, W 

60 100 140 

0.2  0.12±0.03 0.26±0.06 0.82±0.13 

0.4  0.14±0.03 0.26±0.04 0.96±0.10 

0.6  0.63±0.04 0.68±0.12 0.92±0.10 

 

Steady-state etching from exponential fit 

Plasma 

pressure, mbar 

Etching rate, µm/min  

Plasma power, W 

60 100 140 

0.2  0.14  0.20  0.39  

0.4  0.12  0.20  0.43  

0.6  0.22  0.27  0.43  

 

The results in Table 3 support our previous observations, however, the etching rate increase is 

noticeably not always monotonous in the function of the pressure or power increase. This will 

be investigated in more detail in the next chapter. 

3.2. Etching rate in the function of the internal plasma discharge parameters 

In order to understand the effect of the considered external engineering parameters (pressure 

and power) on the etching rates we obtained the internal plasma discharge parameters (electron 

temperature and radical number density) for the investigated oxygen plasmas. These internal 

plasma parameters directly correlate with induced physical-chemical changes in the material 

[25]. Besides, since the ion density and energy strongly depend on the external parameters, 

which may strongly vary between different instruments, knowing the internal parameters is also 

essential for the sake of reproducibility.  

The detailed methodology to obtain the internal plasma parameters with optical spectroscopy 

is discussed in the Supplementary Materials section. The obtained electron temperatures are 

also compared with other published results measured on similar oxygen plasmas here.  
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In short, we first obtained the electron temperature of the generated plasmas, by using the 

Boltzmann curve method, based on [26-29]. Subsequently we determined the oxygen atom 

density (𝑛𝑂) with actinometry using 5% Ar in the oxygen plasma, based on [30-32]. At 0.2 mbar 

the plasma equipment (Diener Zepto) could not maintain the Ar and O2 flow rates required for 

the 5% Ar ratio. Thus, in this case only the electron temperature was determined based on clean 

oxygen plasmas. The resulting electron temperatures and O densities in the function of the 

external (power, pressure) parameters are presented in Fig. 6, while the etching rates are 

correlated with the internal parameters in Figs. 7 and 8.  

   

Figure 6 The electron temperatures (a) and O densities (b) in the function of the applied 

pressure and power parameters. 

As can be seen, both the electron temperature and O density increase with increasing power, 

and the electron temperature also has a clear negative correlation with the applied pressure, 

consistent with other works using actinometry to measure plasma parameters [30]. However, 

there is no clear correlation between the O density and the pressure. Interestingly at 140 W 

power the O density is higher at 0.4 mbar than at 0.6 mbar. This is not a measurement error. As 

can be seen in the Supplementary Materials section there is a strong negative correlation 

between the pressure and the 𝑛𝑂/𝑛𝑂2
 ratio, consistently with other reports working in the same 

pressure range [32], but taking into consideration the density of molecular oxygen in the 

chamber, we get the characteristics presented in Fig. 6 b). 

By comparing Figures 7 and 8 we can see that although both the initial and the steady-state 

etching rate correlates with both the electron temperature and the O density, the absolute 

pressure still modulates the results. At a given pressure increasing the electron temperature 

(which can be directly related to the peak energy of the ion energy distribution function, IEDF 

[33]) increases both the initial and the steady-state etching rates (Fig. 7). 
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Figure 7 Etching rates in the function of the electron temperatures. (a) Etching rate calculated 

in the first 10 minutes of etching; (b) steady-state etching rate (see definition in the text and 

Table 3). The trendlines are linear fits of the corresponding data. 

The etching rates also increase with the density of oxygen in the plasma. The correlation is 

especially nice for the steady-state case (Fig. 8 b), where the slope of the two trendlines 

corresponding with the two pressures coincide within the experimental uncertainties. By 

comparing Fig. 8 a) and b) we can also see that in the first phase of the etching the rate is more 

sensitive to the O density (the characteristics are steeper), compared to the later stages.  

   

Figure 8 Etching rates in the function of the O density. (a) Etching rate calculated in the first 

10 minutes of etching; (b) steady-state etching rate (see definition in the text and Table 3). The 

trendlines are linear fits of the corresponding data. 

In the next sections the physical and chemical properties of the etched samples will be 

investigated and discussed in comparison with the external and internal parameters of the 

plasma discharge. 

3.3. Surface roughness 

To investigate the changes in the surface physical properties, the samples of two-period 

treatment were examined with microscopy. In Figure 9 b) the image of an untreated sample can 

be seen. This picture presents well how transparent the polymerized samples are and (except 

for major surface injuries or bubbles) it is almost impossible to create a representative picture 
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of the surface with a microscope. Thus, we investigated the surfaces with a white-light 

interferometer (ZYGO New View 7100) and calculated the surface roughness of the treated 

samples according to Eqs. 4 and 5, where {zi, i = 1,…,N} are the height of the individual scanned 

points on the surface.   

𝑆𝑎 =
1

𝑁
∑|𝑧𝑖|

𝑁

𝑖=1

                                                                          (4) 

𝑆𝑞 = √
1

𝑁
∑ 𝑧𝑖

2

𝑁

𝑖=1

                                                                       (5) 

The surface roughness in this initial state is Sq=0.9±0.1 nm, Sa=0.6±0.1 nm on a 100×100 µm2 

area. The microscopic images of the plasma-treated samples are more comparable if arranged 

not according to the applied power but to the applied pressure. Thus, in Figure 10 and Figure  

11 the results of the treatments at 0.2 mbar, 0.4 mbar and 0.6 mbar pressure can be seen 

respectively. In all cases there was a visible difference not just between the reference image 

(Figure 9 b), but between the one-hour (Figure 10) and two hours (Figure 11) etching as well. 

It can also be seen that increasing the power of the plasma chamber results in a greater change 

in the surface even on a microscopic level. In Figure 12 the cross-sectional views of the samples 

can be seen, where it is detectable that the depths of these changes can even reach several 

microns. Figure 9 a) shows a schematic image of this phenomena. Further analysis of the 

formed surface structures was then performed with a white light interferometer instead of a 

microscope.  

 
Figure 9 a) Schematic illustration of the changes in the surface roughness of the 

photopolymers after plasma etching. b) Optical microscopy image of the untreated sample. 
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Figure 10 Optical microscopy images of samples after 1 hour of plasma treatment with 

different power and pressure conditions. 

 
Figure 11 Optical microscopy images of samples after 2 hours of plasma treatment with 

different power and pressure conditions. 
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Figure 12 Cross-sectional view of the cold mounted, gold coated samples after plasma 

treatment. 

In Figure 13 the results of the surface roughness measurements are presented with RMS 

roughness (Sq) and mean roughness (Sa) on a 100×100 µm2 area. As the applied pressure 

decreased the surface roughness increased in the long term, the two hours treatments showed 

higher values in the case of 100 W and 140 W settings with 0.4 mbar (140 W Sq > 1 µm) than 

with 0.6 mbar (140 W Sq ~800 nm). The results for 0.2 mbar are not presented here as the white 

light interferometer could not measure the surface inequalities properly in that case. 

 
Figure 13 Result of surface roughness measurements with white light interferometry on a 

100×100 µm2 area for a) 0.4 mbar and b) 0.6 mbar plasma pressures. With blue the Sq while 

with green Sa is presented. 

In Fig. 14 the surface roughness (Sa) measured after 120 min exposure is plotted against the 

electron temperature and O density parameters. As can be seen there is a direct correlation 

between the obtained surface roughness and the O density in the plasma (Fig. 14 b), confirming 

that this parameter is the most important in determining the roughness of the samples after 

etching. Considering that based on Figs. 10 and 11 samples etched in 0.2 mbar have the highest 
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roughness and we can presume that at this pressure the O density is higher at the respective 

powers. 

  

Figure 14 Correlation between the surface roughness (Sa, after 120 min etching) with the 

electron temperature and O density parameters of the used plasmas. 

The increasing surface roughness during etching can be one of the reasons behind the 

exponentially decreasing etching rate (see Fig. 5). But it has to be mentioned that the 

exponential etching rate is possibly a result of more complex processes caused by the plasma, 

including changes in the surface energy of the polymer [38], changes in the degree of 

conversion (see Section 3.5 Chemical properties) and also temperature effects in the case of 

longer etching times performed in one run.  

By comparing the relationships between the obtained etching rates, surface roughness and the 

plasma parameters we can see that although the process naturally depends on the ion energies 

(directly related to the electron temperature [33]), the clear correlation with the O density 

(especially in the case of surface roughness) shows that the density of reactive neutrals is the 

principal parameter of the etching process. This observation corresponds well to previous 

studies, where they found that the presence of oxygen atoms significantly increases the etching 

process in acrylates compared to pure argon plasmas, where physical sputtering by ions is the 

main mechanism of etching [39]. Oxygen atoms enhance the etching rate, because 

carbohydrates in polymers are easily volatized in the presence of reactive oxygen [39], forming 

CO, CO2, HO, and H2O molecules as products [40]. The reason for increased surface roughness 

– and for the dependence of surface roughness on the oxygen concentration – can be explained 

by the etching selectivity of the components of our composite material [40], namely the 

different probability for oxidation with O atoms in the cases of UDMA and TEGDMA. The 

development of surface roughness is affected by many other factors, such as chemical 

inhomogeneity (e.g. inhomogeneity in the degree of polymerization, void fraction etc.) or 

etching inhibitors on the surface of the polymer [41]. As in our Diener Zepto RIE system the 

electrode is exposed inside the plasma chamber, we can also assume the presence of sputtered 

alumina particles on the surface, which can act as etching inhibitors and thus as nano- or micro-

masks during etching [42]. More, in-depth investigations would be needed to discern the effect 

of these factors on the developed roughness pattern. 
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3.4. Optical properties 

During this research it was also noticed that the transparency of the samples changes as the 

etching progresses; the completely transparent samples lose this quality after 2 hours of 

treatment for all parameter combinations (Figure 15). 

 
Figure 15 (Left) Absorbance of the UDMA:TEGMA sample before and after a two-layer 

100 W, 60 mbar plasma treatment. (Right) Photo of two-layered UDMA:TEGMA samples, a) 

two layers without plasma etching treatment, b) bottom layer with, top layer without plasma 

etching treatment c) two layers with plasma etching treatment. 

In Figure 15 while image a) shows that the samples are transparent after the polymerization, 

and even with stacking, this quality does not change, in Figure 15 c) it is visible that how the 

transparency decreased due to the plasma etching treatment. In Figure 15 b) it was demonstrated 

that even though the first layer lost its transparency after etching, adding and polymerizing a 

second layer on the top of the first, the sample’s transparency is comparable to the one in 

Figure 15 a). Must be mentioned that in Figure 15 b) around the perimeter of the top layer we 

can observe a ring with a lighter shade that is due to the fact that the UDMA:TEGDMA polymer 

cannot polymerize if oxygen is in the surrounding area, as it was mentioned before. This means 

there is some left over unpolymerized material next to the second layer because of the sample 

preparation arrangement, which could be removed after polymerization.  

The changes in color are purely of mechanical origin. As it was shown previously the surface 

roughness of the samples increases as a result of the plasma treatment, which is typical for 

methacrylates [17, 22]. This assumption is also supported by Figure 15 b), as the second applied 

layer can fill up the inequalities of the surface, restoring the sample to its original transparency. 

Finally, the Raman spectroscopy investigations did not find any chemical changes which could 

be accounted for color changes, as it will be discussed in the next section. 
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3.5. Chemical properties 

The Raman spectra of the samples etched with different powers at 0.2 mbar pressure, together 

with the untreated one are shown in Figure 16. They are normalized to the intensity of the 

1460 cm-1 peak, related to C–H deformation vibrations of the CH3 groups of the methacrylate 

backbone [34]. Similar spectra were recorded on the 0.4 mbar and 0.6 mbar samples.  

The spectra contain the characteristic Raman bands of the UDMA:TEGDMA mixture and the 

residual photoinitiator. Their detailed assignment can be found in [35], and also in Table 4. The 

effect of plasma etching can be observed mainly on the changes in the 1605, 1638 and 1715 cm-

1 bands. In the following, these peaks will be analyzed in detail. 

 
Figure 16 Raman spectra of the untreated (0 W) and plasma etched with different plasma 

powers at 0.2 mbar pressure UDMA:TEGDMA surfaces. 

The 1605 cm-1 Raman peak is related to aromatic C=C vibrations. In the present system the two 

monomers, UDMA and TEGDMA, as well as the CQ initiator contain no aromatic ring. 

Therefore, this peak can solely be attributed to the EDAB co-initiator molecules being 

entrapped in the highly cross-linked polymer matrix. The change of the peak position and 

intensity with plasma pressure and power are shown in Figure 17. It can be seen that the plasma 

etching causes a peak shift to higher wavenumbers. The highest change in the band position can 

be observed for the 60 W and 0.2 mbar plasma conditions. With further increase of the pressure 

the change in the peak position is less prominent. On the other hand, the intensity of the peak 

decreases, especially in the structures obtained with 0.4 and 0.6 mbar pressures. The highest 

drop belongs to 140 W power. 

 

 

 

 

Jo
urn

al 
Pre-

pro
of



Table 4. Assignment of the main Raman peaks observable in the spectra of the 

UDMA:TEGDMA samples. 

Raman peak, cm-1 Assignment 

1033 C-O stretch (TEGDMA, UDMA) 

1122 CH2 twist (TEGDMA, UDMA) 

1185 C-H bend (EDAB) 

1242 C-O stretch (TEGDMA, UDMA) 

1280 C-O stretch (TEGDMA, UDMA) 

1402 C-CH2 (UDMA) 

1445 C-C + C-H2 stretch (TEGDMA, UDMA) 

1605 C=C stretch (EDAB) 

1638 C=C stretch (TEGDMA, UDMA) 

1715 C=O stretch (TEGDMA, UDMA) 

 

The lowering of the Raman band intensity indicates the decrease of the number of aromatic 

rings in the plasma etched regions of the polymer. This can be due to the 1) removal of the 

EDAB from the structure by the ion bombardment and/or heating and 2) damage and 

destruction of the entrapped EDAB molecules by the ion bombardment. The peak shift, on the 

other hand, indicates increased internal stress in the plasma treated regions of the polymer. This 

can be attributed to remarkable structural changes in the matrix, supporting the distortion and 

destruction of the co-initiator molecules by the plasma treatment.  

As it has been shown earlier, the higher the plasma pressure, the higher the (initial and steady-

state) etching rate. As the Raman results for the 1605 cm-1 band show, the increase of the etching 

rate is accompanied with lower internal stress in the polymer structure, but also with a lower 

amount of the entrapped molecules. 

The dependence of these Raman peak parameters on internal plasma parameters is shown in 

Figs. S7 and S8 of the Supplementary Materials section. It can be seen that (except in the 0.2 

mbar/140W case) the peak position (internal stress) rapidly decreases, and the peak intensity 

(amount of entrapped EDAB molecules) rapidly increases with the electron temperature. On 

the other hand, both parameters decrease with the oxygen density. 

 
Figure 17 Change of the position (left) and the relative intensity (right) of the 1605 cm-1 

Raman peak with plasma pressure for different powers. 
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The 1638 cm-1 Raman peak in the spectrum belongs to the C=C vibrations of the vinyl group 

on the methacrylate monomers. The polymerization is realized through the braking of this 

double bond leading to the formation of interconnections between the monomers. Both UDMA 

and TEGDMA are dimethacrylates, therefore, instead of chains their polymers consist of highly 

crosslinked structures. The breaking of the double bonds and the decrease of the corresponding 

Raman peak intensity can be used to monitor the degree of polymerization in these materials 

[34]. 

As Figure 18 shows, both the peak position and the relative intensity of the 1638 cm-1 Raman 

peak are affected by the plasma etching. The Raman band shifts to higher wavenumbers by 

more than 1 cm-1 in all cases. This shift is almost independent of the plasma power, and slightly 

increases with the plasma pressure. The bond intensity increases with pressure up to 0.4 mbar 

for 60 W power, then it returns to a value being close to that of the untreated sample. For 100 W 

and 140 W powers, however, it decreases with the pressure. 

From the above changes the peak shift indicates the increase of the internal stress of the plasma 

etched structure. This is in good agreement with the behavior of the Raman peak of the 

entrapped (chemically unbound) co-initiator. The intensity changes, however, are different for 

the 60 W and 100 W and 140 W cases. For 60 W the number of C=C double bonds increases, 

meaning the decrease in the level of crosslinking (degree of polymerization) of the polymer. 

This behavior is less pronounced for higher plasma pressures. At higher plasma powers, on the 

other hand, the treatment results in increased crosslinking of the polymer network in the treated 

region, indicating the formation of a more crosslinked polymer structure because of the 

treatment. 

 
Figure 18 Change of the position (left) and the relative intensity (right) of the 1638 cm-1 

Raman peak with plasma pressure for different powers. 

A similar behavior can be observed for the 1715 cm-1 Raman band that can be assigned to the 

carboxyl (C=O) bond of the methacrylate group (Figure 19). This strong bond is not breaking 

during the polymerization, but its Raman activity is dependent on the conjugation with the 

neighboring C=C bond described above (the 1638 cm-1 Raman peak). Due to this, the C=O peak 

intensity decreases as the number of conjugated C=O bonds lowers during the polymerization. 

However, the C=O groups of the formed polymer network will have their own Raman scattering 

contribution slightly shifted to higher wavenumbers due to the lack of conjugation.  
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As Figure 19 shows, the C=O peak shifts to higher wavenumbers, and, based on the findings 

described above, this can be attributed to two factors: the increase of internal stress due to 

structural changes and the higher degree of crosslinking [24,34,36]. A similar behavior has been 

observed earlier during the Raman spectroscopic study of the degree of conversion of another 

methacrylate-based polymer [37]. As it was shown, the degree of polymerization decreases in 

samples treated with 60 W plasma power and this behavior can be observed for the intensity of 

the C=O band as well. And it also appears in the peak shifts as they are the smallest in the 60 W 

samples. The trends for the other two plasma powers are also in good agreement with those of 

the C=C band.  

 
Figure 19 Change of the position (left) and the relative intensity (right) of the 1715 cm-1 

Raman peak with plasma pressure for different powers. 

 

4. Conclusions 

The rate and effect of low-pressure oxygen plasma etching of a UDMA:TEGDMA 3:1 polymer 

mixture were investigated for various plasma etching settings. It was shown that by controlling 

the power and pressure parameters, steady etching rates in the 0.11 – 0.48 m/min range can 

be reached. The relationship between the etching time and the increase of the surface roughness 

was discussed: as the former increases, the changes in the latter affect the etching rate and also 

cause a decrease in optical transparency. It was also pointed out that in the case of plasma 

etching the applied pressure and the surface roughness are in an inverse relationship in the 

investigated parameter range. Correlating these results with the internal plasma parameters 

obtained by actinometry showed that both the etching rate and the surface roughness correlates 

well with the O density in the applied plasmas, indicating the dominance of reactive neutral 

density in these processes. It was also shown with Raman spectroscopy that etching the polymer 

with oxygen plasma causes minor structural changes in the polymer matrix, including the level 

of crosslinking and internal stress, as well as breakdown or removal of the EDAB co-initiator 

molecules entrapped in the structure. 
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Highlights 

 

The effect of low-pressure oxygen plasma etching on the physical properties of 

UDMA:TEGDMA in 3:1 weight ratio was investigated. 

By controlling the power and pressure parameters, steady etching rates can be set up in the 0.11 

– 0.48 mm/min range. 

Etching times above one hour increased the surface roughness of the polymer significantly, 

while reduced its optical transparency. 

This loss in transparency was successfully restored by depositing a second polymer layer on 

top of the plasma-etched one. 

Raman spectroscopy showed that the degree of conversion and the amount of aromatic 

molecules were influenced by the etching. 
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