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1 Robust surface-subsurface modification of PDMS through atmospheric 

2 pressure atomic layer deposition 

 

 
3 

 

5  Polydimethylsiloxane (PDMS) has been widely employed as a material for microreactors and lab-on-a-chip technologies.  However, 
4 

6  in its applications, PDMS suffers from two major problems: its weak resistance against common organic solvents and its chemically 

7  non-functional surface. To overcome both issues, atmospheric pressure atomic layer deposition (AP-ALD) can be used to deposit an 

8  inorganic nano-layer (TiOx) on PDMS that in turn can be further functionalized. The inorganic nano-layer is previously communicated 

9  to durably increase the organic solvent resistance of PDMS. In this study, we investigate the possibility of this TiOx nano-layer in 

10  providing surface anchoring groups on PDMS surfaces, enabling further functionalization.  We treat PDMS samples cured at three 

11  different temperatures with AP-ALD and measure the hydrophilicity of the treated samples as an indicator of the presence of surface 

12  anchoring groups. We find that all the treated PDMS samples become hydrophilic right after the AP-ALD treatment. We further find 

13  that the AP-ALD-treated PDMS samples cured at 150◦C and 200◦C maintain their hydrophilicity, while the samples cured at 70°C 

14  become less hydrophilic over time. The presence of surface anchoring groups through TiOx nano-layer deposition on PDMS is further 

15  demonstrated and utilized by depositing gold nanoparticles (AuNPs) on the AP-ALD-treated samples. The samples exhibit visible light 

16  absorbance at 530 nm, a typical absorbance peak for AuNPs. In conclusion, this study demonstrates the use of nano-layers grown by 

17  AP-ALD to solve the two major problems of PDMS simultaneously, widening the PDMS applicability, especially for use in high-end 

18  applications such as catalysis and bio-sensing. 

19 

 

20 1 Introduction 

21  In the fields of medicine, biology, and chemistry, there is a rising trend of using polydimethylsiloxane (PDMS) as a material for 

22  microfluidics and protective coatings [1, 2]. The high transparency, excellent biocompatibility, ease of rapid prototyping, and tunable 

23  bulk properties of PDMS make it an attractive substrate, enabling wide selections of optical-based micro-(bio)processing [1, 3, 4]. 

24  However, PDMS has two major issues: its weak resistance against organic solvents and its chemically non-functional surface. When 

25  it comes in contact with common organic solvents such as chloroform and acetone, PDMS swells and deforms. Furthermore, the 

26  PDMS surface is naturally hydrophobic and mostly dominated by methyl groups, making it difficult to introduce functional groups 

27  such as hydroxyl, thiol, amine, carboxylic, epoxy rings, and many others [5, 6]. As a result, the use of PDMS is limited, especially 

28  in applications where the presence of functional groups or the use of organic solvents is vital [3, 4, 7, 8]. 

29 

 

30 To overcome the limitations of PDMS, researchers explored two main directions: bulk modification and surface treatment [5, 9]. 

31  Since bulk modification leads to undesirable changes in PDMS bulk properties (e.g. softer/stiffer, lower transparency), wet and dry 

32  surface treatments have been explored [1, 4, 5, 10, 11]. A common dry surface treatment is the use of oxygen plasma to introduce 

33  hydroxyl groups on PDMS. While it renders the surface hydrophilic, the surface recovers to its initial hydrophobic state within hours 

34  known as hydrophobic recovery [12, 13]. Furthermore, this treatment does not render the surface inert such that oxygen-treated 

35  PDMS samples cannot be used for systems involving organic solvents. As such, numerous modifications involving liquid chemistry 

36  and sol-gel methods have been developed [14–19]. While using HEMA, PEG, PVP, or PVA solutions to coat the PDMS surface 

37  does make the surface more hydrophilic [14–17], the introduced functional group could be desorbed and washed away by many 

38  solvents [15]. Furthermore, the PDMS is still susceptible to organic solvents. As an alternative, researchers looked into depositing 

39  non-organic layers. Roman and Culbertson used transition metal sol-gel precursors to introduce metal oxide groups [16] while the 
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Fig. 1 Illustration of modification of PDMS through deposition of a TiOx nanolayer and further functionalization through the deposition of gold 

nanoparticles (AuNPs). The deposition of TiOx nano-layers both increases the organic solvent resistance of PDMS and renders the surface 

hydrophilic through hydroxyl groups. These groups act as anchoring points for further functionalization, here shown for AuNPs. 

 
 

 
 

40  group of Weitz used TEOS and MTES to deposit a glass-like substance on the PDMS surface e[19]. While both offer a more robust 

41  layer to both protect the PDMS from direct organic solvent exposure and provide hydrophilic surface groups, the sol-gel method 

42  cannot be used to coat complex structures uniformly because the removal of the thick sol-gel solution using gas leaves unwanted 

43  residues. Apart from being uneven, the microscopically thick coating may compromise the bulk properties [20]. Therefore, vapor 

44  deposition of inorganic nanoscopically thin layers on PDMS becomes promising due to the use of a single phase in its whole depo- 

45  sition process while solving both issues of PDMS simultaneously [6, 21–26]. 

46 

 

47 Among all vapor deposition methods, atomic layer deposition is renowned as it faithfully coats complex nanostructures with 

48  a wide variety of coating materials [27]. Using alternating reactions, the thickness of the coating layer, and its corresponding 

49  properties [27], can be controlled in a straightforward manner. When it comes to porous substrates including the elastomer PDMS, 

50  substrate infiltration could occur [26, 28, 29]. Therefore, numerous terms have been coined in order to represent the process better, 

51  such as multiple pulsed infiltrations, vapor phase infiltration, sequential infiltration synthesis, atomic layer deposition, or atomic 

52  layer infiltration [30]. In the case of PDMS, we previously communicated that both surface growth and subsurface infiltration 

53  occur during the atmospheric pressure deposition process [31]. There, we showed that this unique surface-subsurface deposition 

54  contributes positively to increasing PDMS organic solvent resistance through a coating of titanium oxide [31]. Due to more than 

55  one phenomenon taking place in our study, in this paper, we also opt to use the more general term atomic layer deposition (ALD). 

56 

 

57 In this paper, we follow up on our previous work by extending the use of the atmospheric pressure ALD (AP-ALD) of titanium 

58  oxide (TiOx) to functionalize the PDMS substrate. While TiOx has been demonstrated to provide a protective layer against organic 

59  solvent [31], it also has potential in providing hydroxyl groups that act as anchoring points for other molecules or particles [17, 32, 33]. 

60  In this study, we measure the hydrophilicity of the treated samples as an indicator for the functionality. We further demonstrate the 

61  presence of the surface anchoring groups by functionalizing the treated PDMS surface by depositing gold nanoparticles (AuNPs) 

62  on top, as illustrated in Figure 1. The presented results show a promising use of AP-ALD to tackle both weaknesses of PDMS in 

63  one go by increasing the organic solvent resistance and functionalizing the surface robustly while eliminating the need for expensive 

64  vacuum technology in its fabrication. 

65 
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66 2 Method 
 

67 2.1  Substrate preparation 
 

68  PDMS samples were fabricated by mixing the elastomer and curing agent (Sylgard 184 Elastomer Kit, Dow Corning) in a ratio of 

69  10:1. After manual stirring of the mixture for 2 min, trapped air bubbles were removed using a vacuum desiccator for 30 min. The 

70  degassed mixture was poured into a Petri dish and placed in the vacuum desiccator again for another 30 min. PDMS was then 

71  cured in an oven at 70◦C, 150◦C, or 200◦C for at least 10 hours. Samples of 25 mm × 30 mm (0.5 mm thick) were cut from the 

72  cured PDMS and bonded on a glass slide after plasma treatment (oxygen in air, Harrick, PDC-002) at 0.2 - 0.4 mbar for 140 s. 

 
 

73 2.2  Atomic layer deposition of TiOx layers 

 
74  TiOx was deposited using a home-built atmospheric-pressure setup with a tubular flat-substrate reactor, where the precursor was 

75  delivered parallel to the substrate, as described previously [31]. Tetrakis-dimethylamino titanium (IV) (TDMAT, >99.99% Merck 

76  Sigma) and ozone-enriched air (Sander Certizon) were used as titanium and oxygen precursor respectively, where nitrogen (N2 

77  99.999%, Linde) was used as carrier gas. The carrier gas flowed through a bubbler for the metal precursor (kept at 70◦C) at 

78  0.5 L/min for 10 s, while the ozone-enriched air flowed at 0.7 L/min for 30 s. In between, the nitrogen purging was done at 2 L/min 

79  for 100 s. Unless otherwise stated, we performed 100 cycles and kept the chamber at 100◦C. As a comparison to AP-ALD treatment, 

80  we also conducted TiOx deposition through thermal atomic layer deposition (Th-ALD) and plasma enhanced atomic layer deposition 

81  (PE-ALD) in a commercial atomic layer deposition reactor (Veeco Fiji G2) at 10−5 mbar and 100◦C. While TDMAT was used as the 

82  Ti precursor, water and oxygen plasma were used for the oxygen precursor in Th-ALD and PE-ALD, respectively. Both precursors 

83  were introduced into the chamber at 0.02 L/min for 60 ms alternatingly with 45 s (Th-ALD) or 5 s (PE-ALD) of nitrogen purging 

84  done in between. To ensure a fair comparison, we performed 100 cycles at 100◦C. 

 
 

85 2.3  Atomic layer deposition of gold nanoparticles on TiOx layers 

 
86  To demonstrate the ability to functionalize the TiOx-treated-PDMS-surface, we performed a second AP-ALD in which we deposited 

87  gold nanoparticles (AuNPs) on TiOx-treated PDMS samples cured at 150◦C. AuNPs were deposited using trimethylphosphino- 

88  trimethyl gold(III) (6-Me, prepared according to literature procedure [34, 35]) and ozone-enriched air as a precursor for 5 cycles at 

89  100◦C using the same ALD set-up. The nitrogen carrier gas flowed through a bubbler for the metal precursor (kept at 75◦C) at 

90  0.5 L/min for 15 s, while the ozone-enriched air flowed at 0.7 L/min for 30 s. In between, the purging was done at 2 L/min for 

91  100 s. As a control, we also deposited AuNPs on bare PDMS samples with similar operating parameters. 

 
 

92 2.4  Surface characterization of AP-ALD-treated PDMS samples 
 

93  In order to characterize the surface morphology, field emission scanning electron microscopy (FESEM, Hitachi Regulus SU8230) 

94  at a beam current of 1-5 µA and electron energy of 1-10 keV was conducted. To obtain the surface elemental information, X-ray 

95  photoelectron spectroscopy (XPS) (ThermoFisher Scientific Nexsa) equipped with a monochromatic Al Kα radiation source and 

96  a pass energy of 30 and 100 eV for the survey scan, and ion-beam etching unit was used. Depth profiling was conducted by 

97  etching the surface using Ar+ ions (2 keV with a raster size of 2 mm) while a flood gun was used to compensate for the differential 

98  charging. Thermo Avantage 5.913 and CASA-XPS software were used to post-process the XPS peak profile, where the spectra were 

99  charge-corrected with the adventitious carbon peak at 284.8 eV. The thickness of the TiOx layer was approximated using an etch 

100  rate obtained in the previous study [31]. This thickness was used to calibrate the etch rate of the TiOx layer on PDMS during XPS 

101  measurement, indicating an approximated elemental depth profile. 
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102 2.5  Particle size distribution of the deposited AuNPs 

 

103  To obtain the particle size distribution of AuNPs, ALD-coated PDMS samples were sonicated in HNO3 1 M (Merck Sigma) for 

104  15 minutes and left immersed for 48 h to dissolve the TiOx layer under the AuNPs and disperse them into the solution. The 

105  solution was then centrifuged (MicroCL 21/21R, Thermoscientific) at 14800 rpm for 10 min and the supernatant was decanted as 

106  much as possible prior to being washed with ethanol (96%) three times and transferred onto Quantifoil copper TEM grids (coated 

107  with carbon). Transmission electron microscopy (TEM) images of the AuNPs were acquired using a JEOL JEM1400 microscope 

108  operating at a voltage of 120 kV working in bright-field mode. The average particle size and particle size distribution (PSD) curves 

109  were obtained using the size of more than 350 individual particles analyzed using ImageJ. 

 

 

110 2.6  Wettability study of TiOx coated PDMS samples 

 

111  To quantify the surface wetting property, the dynamic contact angles were measured using a Krüss drop shape analyzer (Figure S1) 

112  at ambient conditions. An automated dispensing system was used to form the droplet and to increase and decrease the volume of 

113  the droplet. After forming a droplet of miliQ-water at a needle and bringing it in close contact with the surface of a PDMS sample, 

114  the droplet formed a contact line with the surface. As the droplet volume increased gradually, the droplet grew bigger while the 

115  contact line remained pinned, resulting in an increase in the contact angle. The maximum contact angle before the droplet was 

116  unpinned and started advancing is referred to as the advancing contact angle (θadv, Figure S1a), After that, the volume of the 

117  droplet was decreased, resulting in again pinning of the contact line and a decrease in contact angle. The minimum contact angle 

118  before the droplet was unpinned and started receding is referred to as the receding contact angle (θrec, Figure S1b). Contact angle 

119  measurements were done a few minutes, 24 h, 48 h, 200 h, 400 h, and 800 h after the samples were taken out of the ALD reactors, 

120  with samples being stored in a glove box to reduce random air contamination during storage. Drop shape analysis software was used 

121  to measure contact angles from camera images. Average values were reported from 10 measurements via the typical uncertainty (2 

122  s.d.). 

 

 

123 2.7  Washing of the PDMS samples and ATR-FTIR characterization 

 

124  To examine our hypothesis about the presence of uncured monomer in PDMS that diffuses out and compromises the AP-ALD 

125  coating, we pre-washed the PDMS samples to remove the non-crosslinked molecules from the PDMS[36]. The PDMS samples were 

126  soaked in 70 mL cyclohexane (99% vol, Merck Sigma), for 72 h. Hereafter, the washing solvent was taken out and kept for infrared 

127  spectroscopy measurement, and a second soaking step of the PDMS samples was conducted for 24 h. After measuring the weight of 

128  the swollen PDMS samples, the samples were dried at room temperature for at least 8 h. The dried PDMS samples were weighed 

129  again to calculate the weight loss during the washing. The ATR-FTIR (attenuated total reflectance Fourier-transform infra-Red 

130  spectroscopy) measurements on the washing solvents were performed on a NEXUS from Thermo Nicolet instrument equipped with 

131  a liquid Nitrogen cooled MCT detector with a wavelength range of 4000 to 500 cm−1. 

 

 

132 2.8  UV-Vis spectrophotometry study 

 

133  To measure the photonic effect of the TiOx-treated PDMS surface functionalized with AuNPs, light absorption was measured with 

134  a wide scan reading (300 - 800 nm) using a NanoDrop™ 2000/2000c spectrophotometer. The reported value was an average of 3 

135  measurements via the typical uncertainty (2 s.d.). 

136 
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137 3 Result and Discussion 
 

138 3.1  Simultaneous surface and subsurface growth in AP-ALD 
 

139  Before examining the treated samples, we point out that deposition of TiOx on PDMS may result in both surface and subsurface 

140  growth, and therefore is more ambiguous to characterize [31]. Figure 2a shows the relative atomic percentage of titanium changes 

141  along the depth of the PDMS samples obtained using the XPS depth profiling method, while Figure 2b shows the corresponding XPS 

142  surface composition. On all samples, a significant percentage of Ti is observed on the surface, even to an etch depth of ∼70-80 nm, 

143  indicating the formation of the TiOx layer. A closer look at Figure 2b confirms that the atomic ratio of titanium to oxygen is 

144  about 1 to 2, indicating TiO2 deposition. The titanium atomic percentage of all samples gradually declines in a comparable manner 

145  along the etch depth, before dropping to a percentage of ∼5% at the depth of 200 nm. This gradual decline indicates the formation 

146  of an infiltrated layer. This result is in good agreement with previous results [31]. For all three AP-ALD samples, we observe 

147  similar profiles, indicating that the curing temperature has no effect on the resulting surface-subsurface structure. This is expected 

148  because the average size of the pores in PDMS is in the range of a few tens nm to a few µm [37], much larger than the size of the 

149  precursor molecules. Thus, irrespective of the relative difference between the pore sizes due to differences in cross-linking densities, 

150  the penetration behavior of the precursor is the same in all three samples. Additionally, we study the effect of the number of cycles 

151  on the depth profile. We find that the Ti2p signal is not detected on the samples deposited with 10 cycles, while an appreciable 

152  signal is detected after 20 cycles (Figure S2a), indicating the presence of nucleation delay, which is typical for non-reactive substrates 

153  such as PDMS [24, 26, 31]. Furthermore, the surface and subsurface growth seem to occur simultaneously (Figure S2b), as a higher 

154  number of ALD cycles leads to both a thicker TiOx layer and a more moderate, deeper infiltration. Besides the XPS analysis of 

155  the surface and subsurface, an analysis of the surface FE-SEM shows that the coating is visually smooth without nano-cracks, even 

156  after 800 h, indicating a stable TiOx layer (Figure S3). 
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Fig. 2 (a) XPS depth profiling showing the relative atomic percentage of titanium in the surface and subsurface of AP-ALD-coated PDMS 

samples cured at 70◦C, 150◦C, 200◦C, and (b) XPS elemental analysis of the surface. 
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157 3.2  Hydrophilicity as indicator of functional surface 

158  We use hydrophilicity as an indicator for the presence of surface-anchoring groups (in this case hydroxyl groups) on the ALD-coated 

159  PDMS surfaces. More specifically, we use the contact angle of a droplet of water brought into contact with the coated surfaces. 

160  Although the observed angle depends on the way of contacting, it is bounded by the contact angle hysteresis range, with an upper 

161  and lower bound intrinsic to the surface. The upper bound, called the advanced contact angle, is taken as the relevant characteristic 

162  in this work. The advancing contact angle (θadv) measurement of bare PDMS and AP-ALD-coated PDMS samples cured at different 

163  temperatures are presented in Figure 3a. Directly after coating (t=0), the (three) bare PDMS samples show a similar advancing 

164  contact angle at 118◦±1◦, in accordance with reported values [38, 39]. The AP-ALD-coated PDMS samples exhibit a significantly 

165  lower θadv, around 68◦±4◦ at t=0. A closer look at the XPS surface composition of these samples shows a high TiOx coverage 

166  (Figure 2b), indicating that the hydrophilicity of the samples depends on the composition and possibly on the structure of the TiOx 

167  coating. To confirm, we conducted two additional types of ALD treatment on PDMS samples, plasma enhanced ALD (PE-ALD) 

168  and thermal ALD (Th-ALD), that are known to yield notably different TiOx layers [31]: PE-ALD leads to a TiOx layer on top 

169  of the PDMS surface, while Th-ALD leads to a TiOx layer inside the PDMS (infilling). As expected, the PE-ALD-coated PDMS 

170  samples exhibit a θadv at 69◦±1◦ that is comparable to the AP-ALD-coated PDMS samples (Figure S4a). This result is in line with 

171  the previous finding by Pessoa [23]. By contrast, the Th-ALD-coated PDMS samples exhibit a θadv at 111◦±2◦ that is comparable 

172  to bare PDMS samples (Figure S4a). When looking at the surface elemental composition (Figure S4b), the XPS surface spectra of 

173  PE-ALD-, Th-ALD-, and AP-ALD-coated PDMS samples show the expected profile of the TiOx layers [31]. Both PE-ALD- and 

174  AP-ALD-coated samples show a dominance of Ti2p peak with little C1s and Si2p peaks, indicating high coverage of TiOx layers. 

175  On the other hand, the Th-ALD-coated samples show a dominance of C1s and Si2p peaks with little Ti2p peak instead, typical 

176  elements found in PDMS molecular chains. These observations underline the importance of the type of TiOx layer, and the type of 

177  ALD treatment used, on the hydrophilicity of the coated PDMS samples. 

 

(a) (b) 
 

 

 

Fig. 3 (a) Advancing contact angle measurement on bare and AP-ALD-coated PDMS cured at three different temperatures and (b) ATR-FTIR 

spectra of the solvent (cyclohexane) used to wash PDMS samples cured at different temperatures together with a control (pure cyclohexane). 

 

178 A well-known phenomenon in the coating of PDMS samples is the gradual temporal change in surface composition leading to the 
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181  that θadv of AP-ALD-coated PDMS samples cured at 70◦C increases along the duration of the measurement, reaching 89◦±4◦ after 

182  800 h (Figure 3a). This increase is significantly lower when compared to PE-ALD coated PDMS samples cured at 70◦C (reaching 

183  103◦±1◦ after 800 h, see Figure S4a). We argue that the combined surface-subsurface TiOx layer obtained through AP-ALD acts 

184  as a barrier for the out-diffusion of uncured monomers, slowing down the hydrophobic recovery as compared to the surface-only 

185  TiOx layer obtained through PE-ALD. This is in line with the observation that the surface-subsurface TiOx layer obtained through 

186  AP-ALD shows no visual cracks (Figure S3), while nano cracks have been reported in the surface-only TiOx layer obtained through 

187  PE-ALD [31]. While these nano cracks do not affect the hydrophilicity of the PE-ALD-coated samples at t=0 (Figure S4a), it 

188  becomes a route for the uncured monomers to out diffuse, leading to hydrophobic recovery after 800 h. 

189 

190 The AP-ALD coating on PDMS samples cured at 70◦C renders the surface hydrophilic over prolonged times, yet it is subject to 

191  change due to the out-diffusion of uncured monomers. Earlier studies have suggested that curing of PDMS at higher temperature 

192  changes the internal crosslinking of PDMS, leading to a tighter network [40] and fewer low-molecular-weight molecules [41]. For 

193  the AP-ALD-coated PDMS samples cured at 150◦C and 200◦C, we indeed observe a negligible increase of advancing contact angle, 

194  from 69◦±4◦ after coating to 71◦±4◦ after 800 h for 150◦C, and from 68◦±2◦ after coating to 73◦±2◦ after 800 h for 200◦C (Figure 

195  3a). Another way to reduce the amount of uncured monomer present in PDMS samples is to wash the cured PDMS samples using 

196  a solvent. The ATR-FTIR spectra of the solvent used to wash PDMS samples cured at 70◦C, 150◦C, and 200◦C show elevated 

197  peaks associated with the Si-O-Si and Si-C bonds in reference to the spectrum of the pure solvent [6, 22, 42], with the amount 

198  of uncured monomer decreasing with increasing curing temperature (Figure 3b). As expected, the advancing contact angle of the 

199  AP-ALD-coated PDMS samples cured at 70◦C and washed prior to ALD show a reduction in hydrophobic recovery, reaching 80◦±4◦ 

200  after 800 h. Given that the surface of the AP-ALD-coated PDMS samples cured at 150◦C and 200◦C remains stable, washing with 

201  solvent is expected to have a little gain. Indeed, the advancing contact angle after 800 h is 70◦±3◦ and 70◦±3◦, respectively, similar 

202  to the non-washed samples. To confirm that this gain is exclusive to only AP-ALD-coated samples, we carried out an additional 

203  experiment by coating the PDMS samples cured at 150◦C with PE-ALD. The advancing contact angle after 800 h is 94◦±4◦, with 

204  the hydrophobic recovery attributed to cracks in the TiOx coating [31]. This shows that both curing at temperature 150◦C and 

205  200◦C and deposition of an (intact) surface-subsurface layer through AP-ALD are essential in obtaining a stable hydrophilic TiOx 

206  coating on PDMS. 

207 

 

208 3.3  Demonstration of functional surface 

209  To demonstrate the ability to functionalize the PDMS surface, we deposit gold nanoparticles (AuNPs) on AP-ALD-coated PDMS 

210  samples. Figure 4a shows the presence of AuNPs on the PDMS samples sequentially coated with the Ti and Au precursors (indicated 

211  by Au4f signal in Figure 4a, inset), while no appreciable Au4f signal is found on the control PDMS sample coated with only Au 

212  precursor that shows no AuNPs (Figure 4b). The post-processing of the signal (Figure S5a, calibrated with C1s peak at 248.8eV) 

213  shows the presence of mostly Au (0) at the peak of 84.4eV and 88.1eV, a well-separated spin-orbit component of 3.7eV. From the 

214  comparison, the presence of the (stable) TiOx layer on the PDMS is critical in providing reactive groups for initiating gold-based 

215  ALD. Furthermore, to check the purity of the formed AuNP, an extra scan is conducted on P2p binding energy range as phosphorus 

216  is an identifiable element in the ALD Au precursor ligand. Figure S5b shows that the P2p signal is below the detection limit, sug- 

217  gesting the absence of AP-ALD by-products or the remaining ligands. We examine the photonic performance of the AuNP-coated 

218  sample by measuring the diffuse surface reflectance of the sample within UV-Vis. A clear peak of 530 nm is observed (Figure 4c), 

219  corresponding to a typical local surface plasmon resonance of AuNPs [43]. We confirm that this peak is not seen in bare PDMS 

220  samples and TTiOx-coated PDMS samples. To characterize the particle size distribution, the AuNPs are dispersed by dissolving 

221  the underlying TiOx layer first using HNO3 1 M, before being washed with ethanol and placed on a TEM grit. The processed image 
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Fig. 4 Scanning electron microscopy image of PDMS samples coated with 5 cycles of Au precursors preceded by (a) 100 cycles and (b) 0 cycles 

of Ti precursors on PDMS samples cured at 150◦C. Both AP-ALD processes were conducted at 100◦C. The insets show the corresponding XPS spectra 

at the typical Au4f binding energy range. (c) UV-Vis spectra of PDMS, PDMS coated with TiOx, and PDMS coated with TiOx and AuNPs. 

The insets show a photograph of the three samples, a TEM image of the TiOx-AuNPs-coated PDMS sample, and the corresponding particle 

size distribution of the AuNPs. 
 

 
222  (Figure 4c, inset) shows an average size (diameter) and width of the size distribution of 4.57 nm and a standard deviation of 0.67 nm 

223  accordingly. This AuNPs size with a relatively narrow size distribution is of interest in many applications including photocatalysis 

224  and biosensing [44, 45]. 

225 

 

226 4 Conclusion and outlook 

227  In conclusion, we show that a nanolayer of metal oxide can be deposited on the transparent soft elastomer PDMS, providing it 

228  with the necessary hydroxyl groups to allow further functionalization of the surface. We find that the surface-subsurface TiOx layer 

229  obtained through atmospheric pressure ALD is critical in providing a surface that remains hydrophilic and stable over prolonged 

230  periods of time, with reduced out-diffusion of uncured monomer. For stable hydrophilic TiOx layers that do not display hydrophobic 
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231  recovery, curing of PDMS at a temperature of at least 150◦C is found to be of key importance. We illustrate the further functional- 

232  ization of the TiOx -coated PDMS surfaces by depositing gold nanoparticles, also through ALD, opening the opportunity window 

233  to high-end applications. 

234 
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333 6 Supplementary Information 

 

(a) (b) 

 
Fig. S1 Measurement of the advancing (right) and receding contact angle (left) on AP-ALD-treated PDMS samples. In the main manuscript, 

we report the advancing contact angles. 
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Fig. S2 (a) Approximated TiOx layer thickness obtained from XPS depth profiling with the etch rate determined using a TiOx layer on a silicon 

wafer as described previously [31]. (b) XPS depth profiling of AP-ALD coated PDMS samples for 30, 50, 75, and 100 cycles. All PDMS samples 

are cured at 150◦C. 
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AP-ALD on PDMS cured at 70°C AP-ALD on PDMS cured at 150°C 

 

AP-ALD on washed PDMS, cured at 70°C AP-ALD on PDMS cured at 200°C 

  
 

Fig. S3 SScanning electron microscopy images of AP-ALD treated PDMS samples after 800 h. Both of the left images were cured at 70◦C 

(the lower figure was washed in cyclohexane before AP-ALD treatment), and the right images were cured at 150◦C, and 200◦C (lower). 
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Fig.  S4  (a) Advancing contact angle measurement on bare PDMS and PDMS coated with PE-ALD, Th-ALD, and AP-ALD. AP-ALD is also 

performed on washed samples. All PDMS samples were cured at 70◦C. (b) Corresponding XPS surface spectra of the ALD-coated PDMS samples. 

The XPS spectra show a high presence of Si2p peak and a low presence of Ti2p peak on Th-ALD samples, indicating minimum TiOx surface 

coverage. The PE-ALD and AP-ALD samples show the opposite, indicating high TiOx surface coverage. 

 

Th-ALD 

PE-ALD 

 
AP-ALD 

 
 

Th-ALD 

PE-ALD 

AP-ALD 

T
i 2

p
 

C
 1

s 

Si
 2

p
 

Author-formatted, not peer-reviewed document posted on 02/05/2023. DOI:  https://doi.org/10.3897/arphapreprints.e105413



Residual STD= 0.998161 

(a) 

 
24 

 

20 

 
16 

 

12 

 
8 

 
x101 

 
Au4f scan 

(b) 
x101 

48 

46 

44 

42 

40 

38 

36 

34 

 

P2p scan 

96 92 88 84 80 
Binding energy (eV) 

144 140 136 132 128 
Binding energy (eV) 

 

Fig. S5 XPS spectrum of (a) Au4f, (b) P2p of coated PDMS samples. The samples were coated with 100 cycles of Ti precursors and 5 cycles 

of Au precursors. The horizontal line gives the baseline for the background signal. No clear peak of P2p was observed at the measured binding energy 

range. 
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