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ABSTRACT  

Mica, a mineral consisting of alumino-silicate layers, can be cleaved to obtain atomically smooth 

surfaces, and it is often used as a model substrate for surface force measurements. Due to mica's 

chemical inertness, covalent surface modifications are not straightforward. By applying a water 

vapor plasma treatment, reactive silanol groups can be generated on the surface. Up to now, the 

optimization of the plasma process was a time-consuming trial-and-error process. Furthermore, 

no clear correlation between the plasma parameters and the hydroxyl surface density was eluci-

dated. To overcome such limitations, we invoke in-situ optical emission spectroscopy (OES). A 

correlation between the pressure-normalized OES hydroxyl intensity and the surface density of 

hydroxyl groups was found, which allows real-time optimization of the plasma conditions. The 

density of silanol groups was quantified via chemical derivatization X-ray photoelectron spec-

troscopy (XPS) using a fluorinated monochlorosilane. An apparent upper limit for the hydroxyl 

surface density of 2.7 Si-OH/nm
2
 was found—the limitation being imposed by packing restraints 

of the derivatizing reagent. While real surface density may be underestimated by derivatization, 

the obtained maximum value is an order of magnitude higher than obtained from wet-chemical 

hydroxylation, and, it is above the hitherto highest reported values for water vapor plasma treat-

ment. 
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1. Introduction 

Mica is a naturally occurring, non-swelling, hard and inert mineral and consists of alumino-

silicate layers with intercalated layers of charge-compensating potassium ions. Muscovite mica, 

as used in this work, has the chemical formula KAl2(AlSi3)O10(OH)2. Within each layer, the at-

oms are connected by strong covalent silicon-oxygen and aluminum-oxygen bonds, whereas the 

basal layers are only held together by electrostatic and weaker van der Waals forces [1]. The 

crystal preferentially fractures along these weak ionic layers and atomically smooth surfaces of 

large areas can be exposed in a straightforward manner. Therefore, mica is often used as a model 

substrate for surface force measurements requiring atomic smoothness [2,3]. This property 

makes mica also a preferred substrate for imaging adsorbed molecular assemblies and proteins 

using atomic force microscopy (AFM) [4,5]. In addition, mica as an ultra-smooth surface is used 

in template-stripping procedures to achieve a surface with only Angstrom size topographic fea-

tures for metal [6] and polymer films [7]. Recently, flat mica was applied as gate dielectric layer 

in carbon nanotube field-effect transistors to improve performance [8]. In order to expand the 

range of surface chemistries of this smooth substrate, a common strategy is to use self-assembled 

monolayer (SAM) surface modifications. Covalent bonding is preferred over the instability in-

herent to electrostatically bound surfactant films [9,10]. Parker and coworkers [9,11] have pio-

neered low-pressure water vapor plasma treatments to introduce reactive silanol (Si-OH) groups. 

They served as anchoring points for further chemical functionalization, e.g. coupling via chloro- 

or ethoxysilane chemistry to form stable hydrophobic monolayers [11-13]. Several research 

groups continued along this line and used a water vapor plasma activation procedure to function-

alize mica surfaces with alkylsilanes [10,14], amino- and ethylene oxide groups [15], polysty-

renes [16], polymer brushes [17] and proteins [18] as well as for patterning of mica [19]. Recent-
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ly, coupling via organophosphonic acids was applied after water vapor plasma activation to pre-

pare polyelectrolyte brushes [20]. As an advantage, water vapor plasma treatment is a clean, dry 

and relatively fast method which does not significantly alter the bulk properties of the treated 

substrate [1]. Moreover, insignificant increase in mica surface roughness has been observed un-

der optimal water vapor plasma conditions [11,16,18,21].  

 

Both pure water vapor [9,11,15,22] as well as mixtures of argon gas and water vapor 

[10,12,13,16,18] have been used in numerous variants of activation conditions. The optimization 

of the plasma process, i.e. the maximization of the hydroxyl surface density on mica, was always 

based on trial-and-error, where for each set of experimental plasma parameters a mica sample 

had to be processed and subsequently ex-situ analyzed. The surface density of Si-OH was quanti-

fied via different methods: (I) by measuring water contact angles after silanization with a hydro-

phobic fluorocarbon silane [11], with trimethylchlorosilane [3,16] or with hexamethyldisilazane 

[22], (II) by directly measuring contact angles using ethylene glycol exhibiting a high surface af-

finity with silanols [10], (III) by time-of-flight secondary ion mass spectrometry (ToF-SIMS) re-

cording SiOH
+
/Si

+
 ratios [10,23], (IV) by Fourier transform infrared spectroscopy (FTIR)  [24-

26], and (V) by X-ray photoelectron spectroscopy (XPS) quantification with a marker (often flu-

orine, sometimes sulfur or nitrogen) after chemical derivatization with the marker-containing 

silane [9,11,18]. Whereas methods (I) to (IV) only give an estimate of surface hydroxylation 

density, XPS is more quantitative and allows the determination of absolute surface functional 

densities. Despite the amount of performed studies, no clear correlation between the plasma acti-

vation parameters (applied power, water flow rate, pressure, and duration of exposure) and the 

resulting hydroxyl surface density was elucidated, mostly due to the lack of systematic infor-
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mation/control of the plasma process. For the modification of polymeric substrates, water vapor 

plasma treatment has been extensively studied in the past by Fisher and coworkers [27-29] ap-

plying optical emission spectroscopy (OES), mass spectrometry and laser-induced fluorescence 

to characterize the gas-phase species. They showed that OH radicals are involved in the hydro-

philic surface modification. Fumagalli et al. [30] also used OES for studying the role of hydroxyl 

molecules in a water vapor plasma process applied for biomolecules surface decontamination. 

 

To quantify molecular surface density, XPS is a method of choice. We note that in view of XPS 

peak shape analysis, the hydroxyl group signal is convoluted with other oxygen components of 

mica and thus not directly quantifiable; namely, there is hardly a significant energy shift between 

silanol and silicon oxide photoelectrons, both for the Si 2p as well as O 1s peaks [23,25,31-33]. 

Using a special peak deconvolution algorithm with the consideration of instrumental peak broad-

ening, a binding energy shift of about 0.6 eV was inferred in the oxygen O 1s signal between Si-

O-Si and Si-OH for glass surfaces [34]. Pantano and coworkers [35] pointed out that such spec-

tral deconvolution of the O 1s peak is very sensitive to various artifacts or broadening due to the 

spectrometer function; peak fitting with slightly different constraints resulted in significantly dif-

ferent Si-O-Si and Si-OH fractions. A more practical strategy for quantification of surface hy-

droxyl groups is based on selective chemical derivatization; namely, silanol groups are tagged 

with a marker element that is distinctively detected by XPS. For one, the reagent trifluoroacetic 

anhydride, which is often used to determine hydroxyl groups in polymers via chemical 

derivatization [36], is inapplicable to silanols because the derivatization reaction does not pro-

ceed well on oxidized silicon surfaces [37,38]. More suitable reagents are thus chloro- or 

alkoxysilanes, which form silanols in presence of residual trace water (from atmospheric mois-
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ture) [38-41]. Via condensation reactions (i.e. under the release of water), covalent siloxane 

(Sisurface-O-Sisilane) bonds are formed between the silanols and the hydroxyl groups present on the 

mica surface [17,40,42]. Very recently, Ahn et al. theoretically investigated the adsorption char-

acteristics of silanes on silica and showed that the siloxane bond formation is a spontaneous reac-

tion [43]. Due to their higher susceptibility toward moisture and hence increased reactivity, 

chlorosilanes are often a better choice compared to alkoxysilanes [18,44]. For a correct quantifi-

cation of the hydroxyl surface density, the usage of monofunctional silanes is imperative, as they 

are the only ones capable of selectively reacting 1:1 with an OH-activated mica surface [45]. Di- 

and trifunctional silanes bear the possibility of multi dentate chemisorption or undesired intermo-

lecular cross-linking, leading to an ill-defined vertical multilayering and polycondensate of 

organosilanes [17,40,42,44,46,47]. Compared to a solution-based derivatization, performing the 

derivatization reaction in the gas phase is applicable to a broader range of substrates [44]. Multi-

functional silanes appear throughout the literature for chemical derivatization of glass and silicon 

oxide substrates and they were mostly used for the qualitative detection of silanol groups 

[31,37,48]. For absolute quantification, monofunctional silanes like 

cyanopropyldimethylchlorosilane (nitrogen marker atom) [15,25] or (tridecafluoro-1,1,2,2-

tetrahydrooctyl)dimethylchlorosilane (fluorine marker atom) [9,11,49] have been used. 

 

This work uses a water vapor plasma to create reactive silanol groups at the mica surface. As a 

new element, we have used optical emission spectroscopy (OES) as an online tool, which allows 

better monitoring/control of the interaction between the water vapor plasma and mica. The phys-

ical background is that a significant correlation exists between the pressure-normalized OES hy-

droxyl intensity and the emerging surface density of hydroxyl groups. Monitoring the OES and 
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pressure signals thus allows efficient in-situ optimization of the water vapor plasma conditions 

and bypasses laborious iterations between plasma treatments and surface analytics. For a quanti-

tative calibration of this method, the corresponding silanol surface density was carefully deter-

mined by applying gas-phase monofunctional derivatization XPS using (tridecafluoro-1,1,2,2-

tetrahydrooctyl)dimethylchlorosilane.  

 

2. Experimental section 

2.1 Water vapor plasma treatment of mica  

Ruby mica blocks (grade # 2) were purchased from S&J Trading Inc., USA. Sheets of ca. 1 x 1 

cm
2
 of freshly cleaved mica surfaces (final thickness of about 0.25 mm) were prepared inside a 

laminar airflow cabinet, preventing dust deposition on the freshly exposed mica surfaces. The 

mica samples were immediately processed and either used for XPS (without or with an addition-

al chemical derivatization step), for AFM measurements, or, for contact angle measurements, or, 

directly transferred into the plasma reactor. The latter consists of a cylindrical, symmetric reactor 

using capacitive coupling and low-pressure discharge radiofrequency (RF) excitation (13.56 

MHz). The plasma reactor embodies two parallel round electrodes (Ø 30 cm) separated by a 

glass ring (5 cm in height). The upper electrode contains a gas showerhead, while the chamber is 

pumped via a grid in the lower electrode. The mica substrate is placed on the lower electrode that 

couples to the RF generator as previously described [50]. Fig. 1 schematically depicts the exper-

imental setup consisting of the plasma reactor and the supply of water vapor. A CEM device 

(controlled evaporation and mixing model W-102A) from Bronkhorst, Netherland was used. The 

quantity of ultrapure (18.2 MΩ·cm) water was defined by a liquid flow meter (LFC CORI-

FLOW model M12-ABD-22-0-S). The water was carried by Argon gas that was controlled by a 
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mass flow controller (MFC EL-FLOW model F-201CV-050-ABD-22-V) to a fixed flow rate of 

50 sccm (standard cubic centimeters per minute) and heated to 80 
o
C (temperature controller E-

8000, E-8507-A-1WBTU). The water/Argon mixture was transferred into the plasma chamber 

via a heated (70
 o
C) stainless steel transfer line. Using the LFC, the water flow rate was set in 

gram per hour (g/h), which can be converted to sccm by using the ideal gas law (10 g/h corre-

sponds to a water vapor flow rate of 210 sccm). Plasma input power was varied systematically 

over a range from 30 W to 150 W and liquid water flow rate from 2.5 g/h to 10 g/h. In addition, 

the pump capacity was adjusted to control the chamber pressure in a range from 0.05 mbar to 0.9 

mbar. The standard procedure included a plasma treatment duration of 5 minutes. A subsequent 

~5 minutes pumping cycle, with gas inlet valves closed, was utilized to prevent adsorption of 

water on plasma-activated sites that could reduce the amount of silanol groups [16].  The mica 

surfaces were then re-pressurized with nitrogen gas and removed from the plasma chamber for 

the optional directly successive chemical derivatization step. A protocol of immediate transfer 

(within only few minutes) to the derivatization setup as well as for XPS, AFM or contact angle 

measurements was followed in order to prevent significant loss of Si-OH due to a condensation 

reaction between neighboring silanol groups. 

 

For comparison, mica was also hydroxylated using known wet-chemical processes [42,51-54]. 

Freshly cleaved mica samples were either boiled in deionized water at 95 
o
C for 30 minutes or 

immersed in a piranha solution for 30 minutes at room temperature, both followed by rinsing 

with ethanol. The piranha solution was freshly prepared and consisted of a mixture between con-

centrated sulfuric acid and hydrogen peroxide (3:1 H2SO4 to H2O2 v/v).  
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2.2 X-ray photoelectron spectroscopy (XPS) 

XPS measurements were performed with a scanning XPS microprobe spectrometer (PHI 

VersaProbe II, Physical Electronics, Minnesota, U.S.) using monochromatic Al Kα radiation 

(1486.6 eV). The operating pressure of the XPS analysis chamber was below 5 x 10
-7

 Pa for all 

data presented here. Survey scan spectra, higher resolution narrow region spectra and angle-

resolved X-ray photoelectron spectra (ARXPS) were acquired. The former two spectra types 

were collected at a photoemission take-off angle, θ = 45
o
. The ARXPS take-off angles were 15

o
, 

30
o
, 45

o
, 60

o
 and 75

o
, with respect to the surface plane. During ARXPS measurements, the ana-

lyzer acceptance angle is ca. ±5 degrees, whereas in the normal lense mode for survey and region 

scans, it is about ±20 degrees. Survey scan spectra (0 – 1100 eV) were acquired with an energy 

step of 0.8 eV, an acquisition time of 160 - 300 ms per data point and an analyzer pass energy of 

187.85 eV. Detail spectra were acquired of C 1s and K 1s (278 eV to 300 eV), O 1s (523 eV to 

543 eV), Si 2p (94 eV to 114 eV), Al 2p (65 eV to 85 eV) and F 1s (678 eV to 698 eV) using an 

energy step of 0.125 eV and acquisition times of 1.3 s to 2.4 s per data point at an analyzer pass 

energy of 29.35 eV. To partially compensate the longer total measurement time for ARXPS due 

to the sequential recording at five different take-off angles, the step width and pass energy were 

slightly increased to 0.25 eV and 58.70 eV, respectively. The energy resolution (FWHM, full 

width at half-maximum height) measured on the silver Ag 3d5/2 photoemission line is 2.2 eV (for 

a pass energy of 187.85 eV), 0.9 eV (for a pass energy of 58.70 eV) and 0.7 eV (for a pass ener-

gy of 29.35 eV). Total acquisition times were approximately 5 minutes for survey scans, 30 

minutes per set of elemental scans and 80 minutes for a complete ARXPS measurement.  
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The samples adhered to a stainless steel holder via double-sided adhesive tape. Randomly chosen 

measurement surface positions were analyzed using a micro-focused X-ray beam of diameter 

100 µm (operated at a power of 25 W at 15 kV). The 180
o
 spherical capacitor energy analyzer 

was operated in the fixed analyzer transmission (FAT) mode. Sample charging of the mica sam-

ples was compensated using dual beam charge neutralization with a flux of low energy electrons 

(~ 1 eV) combined with very low energy positive Ar ions (10 eV). The binding energy is refer-

enced to the C-C, C-H hydrocarbon moiety signal (aliphatic C 1s peak at 285.0 eV). Intensity de-

termination and curve fitting was carried out with CasaXPS software version 2.3.16 (Casa Soft-

ware Ltd, Teignmouth, UK) using a fixed 70% Gaussian – 30% Lorentzian product function to 

fit the XPS spectra. Atomic concentrations were calculated from XPS peak areas after subtract-

ing a Shirley type background. Thereby, tabulated PHI sensitivity factors [55] corrected for our 

system’s transmission function and analyzer asymmetry parameter (correction due to a different 

angle between X-ray source and analyzer) have been used for quantification. Relative uncertain-

ties in the measured concentration are estimated to be approximately ±10% (it can be significant-

ly more at small concentration levels, i.e. ≤ 0.5 atomic %); the error estimate includes uncertain-

ties in the background determination from the energy window setting and transmission function 

correction. As an example, the detection limit of fluorine (part of the here used derivatizing rea-

gent) in a matrix of light elements is estimated based on the procedure given by Shard [56] as ca. 

0.3 atomic % under our experimental conditions. 

 

2.3 Chemical derivatization and quantification of the hydroxyl surface density 

The mica samples (untreated as well as with an additional water vapor plasma treatment) were 

derivatized (silanization) by exposure to silane vapors at reduced pressures. (Tridecafluoro-
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1,1,2,2-tetrahydrooctyl)dimethylchlorosilane, 97%, CAS 102488-47-1, density 1.473 g/ml, boil-

ing point 189 
o
C with the formula CF3(CF2)5(CH2)2Si(CH3)2Cl has been used as derivatizing rea-

gent. For comparison, also a smaller molecule has been applied, namely (3,3,3-

trifluoropropyl)dimethylchlorosilane, 97%, CAS 1481-41-0, density 1.11 g/ml, boiling point  

118 
o
C with the formula CF3(CH2)2Si(CH3)2Cl. Both reagents are monofunctional and were ob-

tained from abcr GmbH, Germany and used without further purification. In addition, 

(tridecafluoro-1,1,2,2-tetrahydrooctyl)trichlorosilane, 97% (Sigma-Aldrich, Switzerland), CAS 

78560-45-9, density 1.3 g/ml, boiling point 192 
o
C with the formula CF3(CF2)5(CH2)2SiCl3 as an 

analogous tri-functional derivatizing reagent has been benchmarked. For derivatization, the mica 

substrates were placed in a glass flask (250 cm
3
) which was connected via a valve to a small res-

ervoir container (volume ca. 10 cm
3
) comprising a few drops (1 ml) of the liquid derivatizing re-

agent. The flask with the mica substrates was evacuated by a mechanical pump to facilitate va-

porization of the silanization reagent. After reaching a pressure of ≤ 0.5 mbar, the pump was 

disconnected and the valve to the reservoir container opened for a specific derivatization time (5 

minutes, 10 minutes, 30 minutes or 3 hours). After exposure, the reservoir container was again 

isolated from the flask with the mica substrates and the pumping procedure was repeated before 

the samples were taken out. Subsequently, the derivatized samples were thoroughly rinsed with 

ethanol to remove any potentially physisorbed derivatizing reagents, leaving only silanes cova-

lently bonded to mica. After rinsing, the samples were dried under a stream of nitrogen gas. 

 

Herder and coworkers [57] developed a suitable methodology to use XPS for the quantitative de-

termination of surfactant densities on mica based on a complete exchange of surface potassium 

ions. The method uses the known three-dimensional chemical structure and properties of mica 
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precisely determining the number of exchangeable potassium ions per surface area, which is uti-

lized as an internal standard. Namely, the fraction of the potassium photoelectron signal corre-

sponding to the exchangeable potassium ions (labelled FR) can directly be calculated [57]. There-

in, the term FR amounts to 0.314 under our experimental conditions (take-off angle θ of 45
o
); this 

implies that from the experimentally measured potassium concentration of 4.0 at.% (see Table 

1), a fraction 1.0 at.% results from the top surface alone. After the water vapor plasma treatment, 

a potassium concentration of 3.2 at.% was measured, meaning that the plasma removed about 

80% of the surface potassium ions. Moreover, we have observed that rinsing with ethanol after 

the derivatization procedure causes additional potassium removal (presumably dependent on the 

purity of the used solvent). With this additional information, the formula developed by Herder et 

al. [57] for a 100% surface ion exchange can also be applied here to determine the surface hy-

droxyl densities after a water vapor plasma treatment of mica: 

                                                
   

  
 

 

      
      

            
 

      
    

                     (1) 

where ΓOH is the hydroxyl number density (molecules/nm
2
), [F] and [K] are the fluorine and po-

tassium atomic concentrations, respectively, d is the thickness of the derivatized layer, λ is the 

inelastic mean free path (IMFP) in the layer and θ is the angle between the sample surface and 

the detector in the XPS system. The three last parameters together form the reduced thickness 

d/(λsinθ), which was determined from [K] = [K]o exp(-d/λsinθ) by measuring the potassium 

atomic concentration before ([K]o) and after ([K]) the derivatization procedure. The digit 13 in 

Eq. (1) represents the number of fluorine atoms specific to the derivatizing reagent. 
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2.4 Atomic force microscopy (AFM) 

In order to study the influence of the water vapor plasma treatment on the mica surface rough-

ness, atomic force microscopy (AFM) measurements have been conducted in air with an 

easyScan 2 microscope (Nanosurf AG, Switzerland). Topographical images in contact mode (10 

nN) on a surface area of 2 x 2 µm
2
 were acquired using commercial silicon cantilevers (reso-

nance frequency of 15 kHz, spring constant of 0.27 N/m). Data analysis was performed using the 

open-source software Gwyddion version 2.51. A two-dimensional levelling of the data was first 

carried out by mean plane subtraction, followed by aligning the rows using a third order polyno-

mial method and setting the minimum data value to zero. The root-mean-square area roughness 

(Sq) values were obtained for the entire area of the images.  

 

2.5 Contact angle measurements 

The contact angles were used to compare changes in the wettability of the mica surfaces after 

water vapor plasma treatment. Static contact angle measurements were performed with a DSA25 

device (Krüss, Germany) by depositing drops (2 µL) of water (Chromasolv, Sigma-Aldrich, 

Switzerland), ethylene glycol (Merck, Germany) or diiodomethane (Sigma-Aldrich, Switzer-

land). Reported values are an average over about 10 contact angle determinations at different 

places on the sample surface.  

 

2.6 Optical emission spectroscopy (OES) 

Optical emission spectra were obtained in a wavelength range from 261 nm to 825 nm (2047 

pixel) for different values of plasma input power, water flow rate and chamber pressure. There-

by, the spectrometer Avaspec 3260, connected with a glass fiber (Avant FC-UV600-2SR), ob-
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served the optical emission of the water vapor plasma, as seen through the glass ring (borosili-

cate, high transmission above 250 nm) that separated the plasma electrodes. A two seconds inte-

gration time was applied and the emission lines were analyzed and assigned with the software 

Spectrum Analyzer [58]. 

 

3. Results and discussion 

First, the surface of the mica substrate is characterized using XPS, AFM and contact angle meas-

urements; the surface is prepared pristine and at different stages of the process, i.e. untreated as 

well as after water vapor plasma treatment, then both before and after the chemical derivatization 

procedure. For these initial methodological investigations, we fixed a set of plasma parameters, 

being aware that these are not yet optimized. The XPS analysis showed that derivatization is ap-

propriate for surface chemical quantification. The derivatization process was optimized based on 

a study of the kinetics of the silanization reaction using different previously described reagents, 

which indicated the necessity to use monofunctional silanes for a proper hydroxyl surface quanti-

fication. The main topic of the paper is then described in the following. In the second section, we 

assess and discuss the in-situ OES method as an online tool for the optimization of the water va-

por plasma process, which will reveal a quantitative correlation between pressure-normalized 

OES hydroxyl intensities and silanol surface densities on mica. The XPS spectra obtained with 

the optimized water vapor plasma conditions are then given as a comparison to the initial ones. 

Finally, the number density of molecular hydroxyl groups on the mica surface after water vapor 

plasma treatment optimized with OES is quantified and compared to wet-chemical hydroxylation 

processes. 
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3.1 Surface characterization of mica after water vapor plasma treatment 

The surface of mica was characterized and compared for freshly cleaved samples before and af-

ter a water vapor plasma treatment. We have applied 50 W for the plasma input power, 10 g/h for 

the water flow rate (i.e. 210 sccm with 50 sccm Ar) and 0.6 mbar for the chamber pressure as a 

fixed set of parameters for the 5 minutes plasma duration. These starting conditions have been 

chosen to be midrange of various values found in the literature applying water vapor plasma to 

functionalize mica with hydroxyl groups [10,12,13,18,22]. Fig. 2a depicts XPS survey scans for 

freshly cleaved mica, for mica after water vapor plasma treatment, for mica after derivatization 

and for mica after water vapor plasma treatment and derivatization. The corresponding elemental 

concentrations derived from these XPS survey scans are listed in Table 1. The derivatization was 

performed in vapor of (tridecafluoro-1,1,2,2-tetrahydrooctyl)dimethylchlorosilane for 30 minutes 

duration and subsequent rinsing with ethanol. The samples were homogeneous and exhibited no 

position-dependent variation in the XPS elemental compositions. Assuming an inelastic mean 

free path of λ = 2.5 nm for potassium in mica [59], the information depth of XPS (3*λ*sin θ) at a 

take-off angle θ = 45
o
 amounts to 5.3 nm, which is deep enough for a representative elemental 

composition for mica with a crystal periodicity of 1 nm [10,57,60]. The elements silicon (Si), 

oxygen (O), aluminum (Al) and potassium (K) expected for mica are clearly observed in Fig. 2a. 

In addition, a carbon (C) signal has been detected, which results from surface contamination. It 

has been shown that mica surface easily picks up carbonaceous contaminants from the ambient 

environment and that after an air exposure of only two minutes, no further significant increase in 

carbon concentration occurs [61,62]. The time needed to transfer the freshly cleaved mica sam-

ple to the XPS pumping system is exceeding this time window. Hence, under our experimental 

conditions, it is not possible to prevent the formation of this expected carbon contamination lay-
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er. The carbon concentration of 7.0 at.% determined in this work (see Table 1) agrees with val-

ues found in the literature [61,63] and is only slightly above the value of 5.2 at.% observed for 

mica in-situ cleaved in the XPS chamber [61]. This adventitious carbon was confirmed to be lo-

cated at the outer surface of mica because ARXPS at grazing incidence (take-off angle of 15
o
) 

led to an enhanced carbon to silicon ratio (C/Si) by a factor of ~2.7x  larger compared to the 

standard photoemission take-off angle of 45
o, 

which closely matches the expected ratio 

sin(45°)/sin(15°)=2.732. Sodium (Na), magnesium (Mg) and iron (Fe) as common impurities 

found in natural mica [60,61] have also been detected in small concentrations (≤ 0.2 atomic %). 

The energetic positions of these elements, hardly visible at the chosen intensity scale, are marked 

with asterisks in Fig. 2a. The atomic concentrations of the freshly cleaved mica sample given in 

Table 1 are in good agreement with the theoretical values for ideal muscovite mica 

KAl2(AlSi3)O10(OH)2 as well as with previously reported values [63,64]. Water vapor plasma 

treated mica showed a clear fluorine signal after chemical derivatization, whereas for derivatized 

mica without prior plasma treatment, only a very weak fluorine signal was observed ([F] ≤  0.2 

at.%, see Table 1); i.e. at the detection limit of XPS under our conditions. As expected, no fluo-

rine has been detected for non-derivatized, freshly cleaved mica, both before and after water va-

por plasma, confirming that it originates from the derivatizing reagent alone. 

 

To quantify further the changes induced by plasma treatment and/or derivatization, higher-

resolution elemental scans were obtained as illustrated in Figs. 2b - 2f. The dotted lines represent 

the composite peaks, which were fitted according to the bond types expected for mica and its 

modification. Before derivatization, the element carbon is present from adventitious carbon con-

tamination, therefore C-C/C-H (285.0 eV), C-O (286.4 eV) and O-C=O (289.1 eV) groups have 
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been assigned (see Fig. 2b), and the component peak energy was restrained to within ±0.3 eV of 

corresponding literature values [65]. The major contribution to the spurious carbon signal result-

ed from aliphatic hydrocarbons (C-C, C-H) with minor parts of oxidized carbon C-O (≤  20%) 

and O-C=O (≤  5%), in agreement with results from the literature [1,61,63]. The concentration 

and composition of carbon was comparable before and after water vapor plasma treatment, indi-

cating that a very similar deposit of carbon contamination was formed during the transfer from 

the plasma reactor to the XPS chamber as on freshly cleaved mica. After derivatization, the wa-

ter vapor plasma treated mica sample exhibited a significantly higher carbon signal, as expected 

due to the binding of the carbon-containing derivatizing reagent. In the case of non-optimized 

water vapor plasma conditions, most of the carbon signal still results from adventitious carbon 

on the mica substrate in-between the derivatized silanol groups. However, for optimized plasma 

parameters, nearly all of the carbon comes from the silanes itself due to the formation of a 

closed-packed monolayer of the derivatization molecules. 

 

For the oxygen signal, the following bands are expected for untreated mica and for water vapor 

plasma treated mica; they were fitted in energy intervals according to literature values 

[34,60,64,66-68]: aluminum oxide and nonbridging Si-O
-
 groups (529.8 – 531.5 eV); aluminum 

hydroxyls, bridging Si-O-Si groups and O-C from adventitious carbon (531.7 – 532.6 eV); Si-

OH (0.6 eV higher in energy than Si-O-Si, as taken from Ref. [34]); water (533.5 – 535.0 eV). 

Fig. 2c shows that the O 1s peak is rather symmetrical with no clear separation into components, 

which is due to the partial overlap of above mentioned functional oxygen groups. This insuffi-

cient separation makes a rigorous quantitative analysis difficult, as already explained in the in-

troduction. The Si signal is also not suitable to distinguish Si-O-Si from Si-OH, due to a small 
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energy shift [32]; the convoluted signal has been fitted using literature values [69,70] with two 

components as depicted in Fig. 2d, i.e. non-bridging Si-O
-
 (100.0 – 102.1 eV) and bridging Si-O-

Si plus Si-OH (102.8 – 103.6 eV). Therefore, the O 1s and Si 2p data could be used in a qualita-

tive way: namely, both the O 1s (Fig. 2c) and Si 2p (Fig. 2d) spectra exhibit a small energy shift 

of approximately +0.5eV after water vapor plasma treatment (see vertical lines in Figs. 2c and 

2d). This confirms the expected water-plasma-enhanced amount of silanols, which are located at 

higher binding energies, resulting in a shift of the overall peak maximum to higher energies. 

Along with this, a slight increase in the FWHM is observed for the O 1s and Si 2p peaks after 

water vapor plasma treatment. As expected, the spectrum for mica derivatized without a preced-

ing water vapor plasma treatment is not significantly shifted relative to the reference mica. Quan-

titative characterization of silanols will be achieved using selective monofunctional chemical 

derivatization XPS (see later). The observed small increase of oxygen concentration (see Table 

1) indicates successful incorporation of additional oxygen (presumably hydroxyl). 

 

Aluminum (Fig. 2e) and potassium (Fig. 2b) spectra exhibited a symmetrical peak shape and 

were both freely fitted with only one bond type, corresponding to Al ions (74.2 eV) and K ions 

(292.9 eV for the K 2p3/2 spin-orbit component) in mica. Table 1 shows that after water vapor 

plasma treatment, the amount of potassium and aluminum decreased relative to silicon, in 

agreement with results found by Parker and coworkers [9,11]. Because the outermost potassium 

layer is only held by ionic bonding and the covalent Al-O bond in mica is weaker than the cova-

lent Si-O bond [61], both K and Al are preferential sputtered away from the mica surface in the 

plasma environment [64]. In addition, after the depletion of potassium, the resulting excess nega-

tive charge is compensated by a loss of surface aluminum or oxygen [9]. We note that the ob-
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served changes in chemistry only involve the outermost surface of mica, since the reduction of 

potassium signal corresponds to the amount of exchangeable surface potassium ions (see Eq. 

(1)). This is in agreement with observations made by Parker and coworkers using interferometric 

measurements [11]. As depicted in Figs. 2b and 2e, the binding energies of K and Al increased 

slightly about 0.6 eV and 0.3 eV, respectively (see vertical lines in Fig. 2) after water vapor 

plasma treatment, while the spectrum is nearly unchanged for the mica sample after 

derivatization in absence of prior plasma pretreatment. In case of the aluminum signal, we attrib-

ute this small binding energy shift to a slight change in the aluminum environment at the surface 

induced by the plasma process. Dehydration of Al-OH in mica, as reported after a water vapor 

plasma treatment [10], was not significant in this work (no peaks observable at higher binding 

energies of 76.5 eV). For potassium, the peak shift to higher binding energies after a water vapor 

plasma treatment coincides with a reduction in the FWHM of the peak from ~1.8 eV to ~1.5 eV 

due to the plasma removal of surface potassium ions as discussed before in Section 3.1. In addi-

tion, potassium ions close to the surface might either react with hydroxyl groups (being present 

in the water vapor plasma environment) or also with fluorine (produced by interaction of X-ray 

radiation with the derivatizing molecule) to form KOH and KF, respectively, both species pos-

sessing a higher binding energy compared to surface potassium in mica due to the electronegativ-

ity of OH and F [71,72]. The X-ray induced degradation of fluorine has been further investigated 

by consecutive survey scans at the same measurement spot. For a typical survey scan with a du-

ration of 4 minutes, a decrease of 10% in the F 1s signal is observed (see Fig. S1 in the Supple-

mentary material). The F 1s signal loss grows to 40% and 60% for 30 minutes and 80 minutes 

duration of X-ray exposure, respectively. It is known that fluorine has a high degradation index 

since its binding electrons have a significant cross-section for excitation by X-ray radiation [65]. 
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The fluorine F 1s signal of the derivatizing reagent contains binding states around 688.8 eV relat-

ing to C-F bonds (see Fig. 2f). In the carbon C 1s spectrum, such CF2 and CF3 groups appear in a 

binding energy range of 291 eV – 293 eV [55]; unfortunately, it is partially masked by a strong 

potassium signal. After selective silanization, the C-F band is quantitatively linked to the hy-

droxyl surface density on mica (see also Eq. (1)). We find that this C-F band intensity exhibits a 

correlation with the experimental parameters of the water vapor plasma treatment as well as with 

the choice of the derivatizing molecule. An additional weak peak (≤  10% of the total fluorine 

signal) was detected in the F 1s spectrum (see Fig. 2f); namely in the energy range between 684 

eV and 686 eV; it can be assigned to the K-F bond [55] and is in agreement with the analysis of 

the potassium spectra. The relative K-F fluoride band intensity (compared to C-F) was not much 

dependent on the water vapor plasma conditions but increased with ongoing XPS measurement 

time to reach around 50% of the total fluorine signal. This is in agreement with above postulated 

C-F cleavage during XPS measurements and subsequent reaction of fluorine with surface potas-

sium ions. Indeed, ARXPS measurements have shown that the photoelectrons representing C-F 

bonds from the derivatizing molecule are emitted at the outermost surface, whereas the K-F fluo-

ride signal is generated at the mica surface, i.e. below the derivatizing layer. In order to minimize 

degradation of the derivatizing reagent during XPS measurements, short survey scans have been 

used. Furthermore, the signal quantifications were corrected for the 10% decrease of fluorine 

during the 4 minutes duration of this scan, as quantified above. 

 

Table 2 compares the contact angles for freshly cleaved mica surfaces before and after water va-

por plasma treatment. Fluids with variable polarity contrast the change in wetting contact angle, 
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namely water, ethylene glycol and diiodomethane. Our results are comparable to the ones found 

by Giasson and coworkers [10]. In particular, a significant decrease of the contact angle was 

found for ethylene glycol after water vapor plasma treatment. This reduction qualitatively indi-

cates successful hydroxylation of mica and hence confirms the XPS investigations, because eth-

ylene glycol with its two hydroxyl groups exhibits a high surface affinity toward silanol groups 

[10]. Diiodomethane is an apolar solvent and only partially wetted the mica surface, resulting in 

a higher contact angle (see Table 2), whereas water exhibits a low contact angle on untreated mi-

ca substrate without significant change after the water vapor plasma treatment. 

 

As mentioned in the introduction, the surface forces apparatus technique requires a high degree 

of surface smoothness. For this application, it is important that the initially atomically smooth 

surface of mica does not gain roughness by the water vapor plasma treatment. For a verification, 

Fig. 3 depicts AFM images before (Fig. 3a) and after (Fig. 3b) treatment by a water vapor plas-

ma. No significant change in the surface morphology and no significant increase in the root-

mean-square area roughness (Sq) values (0.09 nm and 0.10 nm before and after water vapor 

plasma treatment, respectively) have been found. This finding applies to all used sets of plasma 

parameters; including those conditions optimized for high silanol surface densities.  A smooth 

topography was also reported in the past when applying a water vapor plasma to mica [16,18,21]. 

This suggests that the observed chemical changes with XPS are essentially limited to the outer-

most mica layer (i.e. < 0.3 nm) as already discussed before and also pointed out by Parker and 

coworkers [11]. In conclusion, the water-plasma hydroxylated samples can still be considered as 

atomically smooth substrates for surface forces measurements.  
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In order to use chemical derivatization in XPS as a quantitative hydroxyl-detector, one has to ex-

amine the silanol derivatization reaction, its kinetics as well as the post-handling. After the reac-

tion, no chlorine has been found in XPS survey spectra, meaning that the monofunctional 

chlorosilane derivatizing molecule completely reacted with the mica hydroxyl groups. This reac-

tion proceeds either by directly forming Si-O-Si bonds under the release of HCl, or by a preced-

ing hydrolysis in the presence of residual water, followed by the formation of Si-O-Si bonds un-

der the release of water. After the derivatization reaction, no change in the fluorine concentration 

has been observed as a function of sample storage in air for one day, in agreement with the ob-

served stability of the siloxane and C-F bonds under environmental conditions [10]. Fig. 4 de-

picts the surface fluorine concentration as a function of the derivatization reaction time, for two 

related reagents. Both contain thirteen F atoms, one is a monochlorosilane (Fig. 4a), the other a 

trichlorosilane derivatizing reagent. The conversion curves are compared for untreated (open 

symbols and dotted lines) as well as water vapor plasma treated (filled symbols and permanent 

lines) mica substrates. The plasma parameters were 50 W input power, 10 g/h water flow rate 

and 0.6 mbar chamber pressure. Fig. 4a shows that the derivatization reaction was fast and a pro-

nounced fluorine signal for the plasma treated sample was already observable after 5 minutes of 

derivatization. After ca. 30 minutes, the fluorine concentration reached its asymptotic value. 

Rinsing with ethanol led to a clear reduction in the fluorine concentration (≈ 50%) for the plasma 

treated mica derivatized with the monochlorosilane reagent. This means that a significant portion 

of the derivatizing molecule was only physisorbed. Also for non-plasma activated mica, 

physisorbed derivatizing molecules were present (compare dotted lines in Fig. 4a) and could 

hence be rinsed off. A comparison with a smaller reagent containing the same reactive group 

(dimethylchlorosilane) but only three F atoms in the tail showed a very similar kinetics of the 
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derivatization reaction with a fast fluorine increase followed by an asymptotic behavior. In 

agreement with the reduced number of F atoms, about four times less fluorine signal was detect-

ed. 

 

Significant quantitative differences were observed between the monochloro- and trichlorosilane 

derivatizing reagents, where the latter one resulted in a seven times higher apparent fluorine 

atomic concentration (compare Figs. 4a and 4b). As expected, the monofunctional reagent 

formed a monolayer: ARXPS measurements, which we have performed, showed that carbon and 

fluorine (from the reagent) were mostly found at the outer surface. Oxygen, silicon, potassium 

and aluminum concentrations were lowest at grazing angle with subsequent increase and stabili-

zation toward the deeper region, which mainly represents the bulk mica composition. However, 

as discussed in the introduction, for multifunctional chlorosilane derivatization, intermolecular 

crosslinking can occur [18,46], which is seen as an excess signal of fluorine. Before rinsing, 

nearly the same high amount of fluorine is introduced by the derivatization, independent of the 

silanol-enriching water vapor plasma treatment (see Fig. 4b). Intermolecular crosslinking be-

tween multifunctional derivatizing molecules is thus more relevant than the covalent bonding of 

the reagent to silanol groups at the mica surface. Tripp and Hair confirmed on silica surfaces that 

less than 10% of the adsorbed trichloromethylsilane molecules were linked through a covalent 

Sisurface-O-Si bond, whereas about 70% of a monofunctional trimethylchlorosilane reacted with 

the surface silanol groups [40]. The tendency for intermolecular crosslinking was explained in 

terms of differing basicity of the Si-OH groups in the two reagents as well as to a difference in 

kinetics between self-condensation and reaction with surface silanols. 
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Altogether, our results confirm successful hydroxylation of a mica surface using a water vapor 

plasma treatment. For the remainder of this work, a standardized derivatization procedure with 

30 minutes reaction time was used, followed by a rinsing step with ethanol. To this end, we shall 

establish OES measurements as a quantitative in-situ tool to control the water vapor plasma pro-

cess, aiming at producing on-demand hydroxyl surface densities as well as finding its maximum. 

 

3.2 OES investigation of the water vapor plasma process and application to mica  

Optical emission spectroscopy (OES) is used to study the water vapor plasma process in-situ to 

understand the influences of plasma energy input, water flow rate and pressure as well as the role 

of surface processes for mica surface hydroxylation. The applied plasma input power, the input 

water flow-rate and the chamber pressure have been varied and the corresponding changes in the 

OES signal intensities of different species have been recorded. No mica substrate was present in 

the vacuum chamber for these initial investigations. Then, a selection of water vapor plasma pa-

rameters were applied for a fixed time of 5 minutes.  

 

As an example, Fig. 5 depicts the OES spectrum collected from the water vapor plasma with 100 

W input power, 5 g/h water flow rate, 0.3 mbar chamber pressure and 50 sccm Ar. The observed 

emission lines are in good agreement with previous work from Fisher and coworkers [27] who 

studied gas phase reactive species at plasma-polymer surfaces using an inductively coupled wa-

ter vapor plasma. Clear emission lines are observed from Ar at wavelengths between 400 nm and 

820 nm [73]. In addition, the spectrum showed emissions from atomic hydrogen (Balmer series 

at 656 nm, 486 nm and 434 nm) [74]. Excited OH
*
 lines were observed at 306.4 nm and 308.7 

nm (see inset in Fig. 5), which correspond to the following electron-impact reaction in the plas-
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ma: e
-
 + H2O → OH

*
 + H

*
 + e

-
 [27,28,75]. No emission lines from O atoms were observed. 

Many bands with low intensity were detected throughout the spectrum between 310 nm and 500 

nm and mostly result from weaker Ar bands [73], from H2 [74] as well as from CO [27] emission 

lines, which is probably due to desorption from the chamber walls. 

 

OES spectra like the one shown in Fig. 5 were used to correlate in-situ OH intensities to plasma 

parameters. The most intense OH band at 308.7 nm (see inset in Fig. 5) was selected for further 

analysis. Fig. 6 depicts this OES hydroxyl band intensity as an absolute value; a systematic var-

iation of three water vapor plasma parameters is displayed in this data set. For the sake of clarity, 

only a representative selection of data is shown in Fig. 6, whereas Fig. S2 in the Supplementary 

material depicts the complete data set. The plasma duration was not varied, because no signifi-

cant change has been observed in the hydroxyl surface density on mica by extending the plasma 

process duration beyond 5 minutes. The absolute OES hydroxyl intensity noticeably increased 

with plasma input power up to 100 W due to increased electron densities, while saturation can be 

observed for higher power values, probably due to gas heating. A power value of 100 W thus 

seems to be optimum for the formation of hydroxyl species in our plasma reactor. A lower water 

flow rate generally led to increased OES hydroxyl intensities. This relates to a longer residence 

time in the plasma before reaching saturation at higher power values of 100 W and 150 W, and 

flow rates of 5 g/h achieve similar or even slightly enhanced hydroxyl intensities compared to 

2.5 g/h. Pressure variation, on the other hand, showed a minor effect on hydroxyl intensity in the 

plasma, probably due to an inherent balance between electron density and residence time. At 150 

W input power, a lower pressure yielded lower hydroxyl intensity, according to a reduced resi-

dence time. No significant effect of the argon gas has been detected, as shown by the plotted ra-
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tio of OES signal intensities between OH and Ar (see I_OH/I_Ar in Fig 6). For the argon intensi-

ty, the strong band at 750 nm was used for analysis (see Fig. 5). 

 

According to Eq. (1), the measured fluorine concentration should be proportional to the hydroxyl 

surface density. It is thus interesting to compare the XPS fluorine signal with the OES hydroxyl 

intensities (Fig. 7a). The estimated relative uncertainties for the fluorine concentration are given 

as error bars and amount to ±10%, ±20% and ±40% for a fluorine content of > 2 at.%, 0.6 – 2 

at.% and ≤  0.5 at.%, respectively. A simple correlation is not readily visible; although an in-

crease in the OES intensity of OH generally led to increased fluorine concentrations (see cone 

area marked in Fig. 7a). However, a surprisingly clear correlation appears, if we instead use the 

pressure-normalized OES hydroxyl intensity, as shown in Fig. 7b. A linear range of increased [F] 

(i.e. enhanced surface hydroxyl densities) vs. larger values of I_OH/p is observed (see full line in 

Fig. 7b) up to a range where the fluorine atomic percentage has reached the monolayer limit. 

What plasma mechanism can explain such pressure dependence? According to literature data, 

OH species have a diffusion length (mean square displacement) of about 3 cm at a pressure of ~2 

mbar, estimating a lifetime (half-life) of ~10 ms, whereby quenching by Ar is considered to be 

insignificant [76,77]. Therefore, the diffusion length is distinctly larger than the plasma-wall dis-

tance, i.e. the plasma sheath width, for our conditions and OH decay is thus only slightly depend-

ing on the used pressures (0.05 - 0.9 mbar). Hence, surface processes for the mica surface hy-

droxylation need to be considered to explain the observed correlation of the fluorine signal with 

the pressure-normalized OES hydroxyl intensity. Most of all, the energy of incident ions (and 

fast neutrals) on the mica surface roughly scales with p
-1

 in the considered pressure range due to 

collisions in the plasma sheath [78]. Increased ion bombardment at reduced pressure thus yield 
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enhanced radical site formation, which enables the chemical binding of physisorbed radicals 

[79]. The here suggested dependence on radical site formation is underpinned by the finding that 

OH radicals per-se only show a moderate reactivity towards Si surfaces [80]. OH-

functionalization of mica in a water vapor plasma is thus a synergistic effect of OH radical densi-

ty in the gas phase and highly energetic, non-equilibrium conditions at the surface.  

 

Let us now discuss the quantification monolayer limit inherent to fluorine derivatization (see Fig. 

7b). With the known orientation, methylsilane derivatizing molecules are expected to occupy a 

certain surface area that can be estimated by geometric arguments. At the limit of a close packed 

monolayer of the derivatization molecules, one has an equivalent of 2.5 – 3 molecules/nm
2
, as 

previously reported for the upper validity values for the Si-OH surface density determinations 

applying methylsilane derivatization [45,81]. This methodological monolayer saturation limit is 

shown as dotted line in Fig. 7b. Its appearance is thus understood as an artefact of the chosen 

derivatization method; meaning that the true –OH surface densities can be higher. Higher surface 

hydroxyl densities are indeed reported for fully hydrated silica in the order of 4.5 – 5.5 OH/nm
2
; 

they are semi-quantitatively confirmed by other methods like secondary ion mass spectrometry, 

desorption studies, or considerations of the known crystallographic structure [35,81]). This upper 

OH limit cannot be detected via derivatization. We can expect that by further decreasing the 

plasma pressure, the final surface hydroxyl density will inevitably go through a maximum due to 

a decreased amount of particles (OH radicals in the plasma).   

 

 

 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

28 

 

3.3 Maximum (practical) hydroxyl surface density 

For the untreated mica substrate, the fluorine peak after derivatization was very weak (in the or-

der of our detection limit of 0.2 at.%, see Table 1), corresponding to a negligible silanol content 

of untreated mica. This is in agreement with observations that non-activated freshly cleaved mica 

surfaces remained unreactive toward silanization [11]. After applying a water vapor plasma 

treatment, a significant increase in the fluorine concentration after derivatization was found, 

which could be further optimized with the help of OES (see Fig. 7b). This is shown in Fig. 2, 

where XPS spectra for mica treated with initial and optimized water vapor plasma parameters are 

compared. A plasma input power of 100 W, a water flow rate of 5 g/h and chamber pressures of 

0.2 mbar and lower yielded the highest detected fluorine concentrations ([F] = 12.0 at.%, see Ta-

ble 1), which correspond to the methodological monolayer saturation limit (see before). An ap-

parently saturating density of 2.7 Si-OH/nm
2
 resulted using Eq. (1). Effective XPS-values for the 

potassium atomic concentration before and after the derivatization procedure are [K]o = 3.2 at.% 

and [K] = 2.0 at.%, respectively; these values are used to derive the reduced thickness d/(λsinθ) 

in Eq. (1). Applying a derivatization procedure with methylchlorosilanes, the OH surface con-

centrations may thus be underestimated [45]. If two Si-OH groups are at close proximity, the 

derivatization may effectively passivate the second group due to steric reasons. The probability 

for such occurrence increases with OH surface density and reaches values around unity at the 

monolayer saturation limit. Therefore, the OH surface density may continue to grow, while the 

fluorine signal no longer increases (see Fig. 7b). The maximum number density of passivated 

(undetected) OH groups can be estimated. Using the hexagonal arrangement of the mica surface 

Si-O top layer as given by Ostendorf et al. [62] and taking into account that 1 out of 4 Si atoms is 

substituted by an Al atom [9], about 6 Si atoms are present per nm
2
. This means that at the 
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monolayer saturation limit, the density of 2.7 Si-OH/nm
2
 includes at least 45% of all Si surface 

atoms that are potentially hydroxylated. Hence, the underestimation of the true hydroxyl surface 

density on mica due to a monolayer saturation limit from the derivatization is not more than 

about a factor of two.  

 

We quantitatively compared the mica surface hydroxylation via water vapor plasma treatment 

with wet-chemical hydroxylation processes, i.e. boiling in water or immersing in a piranha solu-

tion. For the wet-chemical treatments, a reduced silicon content at the cost of a more pronounced 

adventitious carbon contamination was found (see Table S1 in the Supplementary material). Im-

portantly, a ten times increased F/Si ratio has been obtained for the water vapor plasma treat-

ment, making water-plasma the process of choice for mica surface hydroxylation. In the wet-

chemical treatment, the instability of silanol groups in water compared to their stability in air 

over some time [10,11,43], may explain the unfavorably shifted equilibrium.  

 

Finally, the hydroxyl surface density of 2.7 Si-OH/nm
2
 achieved in this work can also be com-

pared to literature values. Parker and coworkers [9,11] determined a slightly lower value of 2.1 

Si-OH/nm
2
 using the same derivatizing reagent. Their plasma parameters might have yielded a 

hydroxyl functionalization leading to a derivatization just below the monolayer saturation limit. 

Kiss and Gölander [15] applied a different monochlorosilane derivatizing reagent containing ni-

trogen instead of fluorine as marker atom and obtained a density of 1.0 Si-OH/nm
2
 using Eq. (1). 

Okusa et al. [18] used a variety of multifunctional (bi- and trichloro as well as trialkoxysilanes) 

derivatizing reagents and obtained hydroxyl surface densities in the range of about 1 to 6 Si-

OH/nm
2
, which we would interpret as notorious overestimations due to cross-linking of the 
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derivatizing reagent as discussed in Section 3.1. By optimizing the water vapor plasma process 

using in-situ OES measurements as performed in this work, the surface density of hydroxyl 

groups on mica reached the monolayer saturation limit for derivatization. Our results confirm 

that the maximum of the surface hydroxyl density achieved by water vapor plasma treatment on 

mica must be between 2.7 and 6 Si-OH/nm
2
. 

 

4. Conclusions 

We successfully (re)used water vapor plasma treatments to systematically enrich the mica sur-

face with hydroxyl functional groups and indirectly quantified the –OH surface density using 

monofunctional fluorinated derivatization in XPS. We found an upper detection limit for this 

method, which coincides with the monolayer saturation limit from derivatization. With the help 

of pressure-normalized optical emission spectroscopy (OES) signals, we could quantitatively 

control OH surface densities during plasma treatment. We thus identified both the OH density in 

the water vapor plasma as well as energetic plasma-surface interaction resulting in surface radi-

cal sites formation as key for achieving high hydroxyl surface densities. Applying an optimized 

water vapor plasma treatment, a hydroxyl surface density of 2.7 Si-OH/nm
2
 on mica was 

reached. This value corresponds to the derivatization monolayer saturation limit; we anticipate 

that additional reduction of plasma pressure from 0.2 mbar down to 0.05 mbar (at 100 W power 

input and 5 g/h water flow rate) should further increase the OH surface density, beyond detection 

limit, towards the structural-stoichiometric maximum ≈ 6 Si-OH/nm
2
. Because water vapor 

plasma treatment did not significantly change the surface roughness, mica with enhanced func-

tional surface densities will enlarge its application as substrate for surface force measurements 

requiring atomically smooth surfaces.  
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Table 1 

Elemental composition
a
 for differently treated mica substrates obtained from XPS survey scans. 

The values are given in atomic percentage concentrations
b
 and have been normalized to 100%.  

treatment of freshly cleaved mica
 

C O Si Al K F 

none 7.0(4) 63.9(4) 14.1(2) 11.0(5) 4.0(2) - 

water vapor plasma
c 

6.5(9) 66.5(13) 14.5(7) 9.3(5) 3.2(3) - 

derivatized
d 

7.1(14) 63.5(8) 14.3(6) 11.2(7) 3.8(4) 0.1(1) 

water vapor plasma and derivatized
c,d

 10.3(1) 62.9(8) 13.1(2) 9.6(7) 2.6(4) 1.5(3) 

 
optimized plasma and derivatized

d,e 
9.7(4) 55.3(3) 13.4(2) 7.6(4) 2.0(3) 12.0(2) 

  
  

a
 Sodium, magnesium and iron are only detected in minor concentrations ≤ 0.2 at.% and have not 

been taken into account in the analysis. 
b
 The errors are given in brackets and are one standard deviation in the average of three to five 

replicates. 
c
 Water vapor plasma treatment conditions were 5 minutes duration, 50 W input power, 10 g/h 

water flow rate and 0.6 mbar pressure. 
d
 Derivatization using (tridecafluoro-1,1,2,2-tetrahydrooctyl)dimethylchlorosilane for 30 minutes 

duration and subsequent rinsing with ethanol.                                                                                  
e
 Optimized water vapor plasma treatment conditions were 5 minutes duration, 100 W input 

power, 5 g/h water flow rate and 0.2 mbar pressure. 

 

 

 

Table 2 

Contact angles
a
 of the three liquids water, ethylene glycol and diiodomethane measured for 

freshly cleaved and water vapor plasma treated mica substrates.  

treatment of freshly 

cleaved mica 

 

water 

 

ethylene glycol 

 

diiodomethane 

 
none 

 

(5.5
 
± 3.7)

o
  (25.5

 
± 4.9)

o
  (34.4 ± 4.0)

o
                        

water vapor plasma
b
 

 

(8.3 ± 3.5)
o 

(11.8 ± 1.5)
o 

(31.1 ± 5.3)
o 

a
 The errors are one standard deviation in the average of 10 contact angle determinations at           

different areas on the mica sample surface. 
b
 Water vapor plasma treatment conditions were 5 minutes duration with 50 W input power,     

10 g/h water flow rate and 0.6 mbar pressure. 
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Figure captions 

Figure 1. Schematic view of the experimental setup for the mica surface hydroxylation using a 

water vapor plasma treatment. It consists of the plasma reactor (containing the mica samples) 

and the CEM (controlled evaporation and mixing) device supplying the water vapor. LFC: liquid 

flow meter, MFC: mass flow controller, LN2: liquid nitrogen. 

Figure 2. Comparison of XPS spectra of freshly cleaved mica for different treatments. 1: none, 2: 

water vapor plasma, 3: derivatized, 4: water vapor plasma and derivatized, 5: optimized condi-

tions for water vapor plasma and derivatized. The spectra are offset in the y-direction for better 

visualization. (a) Survey scans with a normalized O 1s signal intensity of one. Peak positions of 

sodium, magnesium and iron are marked with asterisks. (b) High-resolution scans (full lines) and 

deconvolution (dotted lines) for C 1s and K 2p, (c) for O 1s, (d) for Si 2p, (e) for Al 2p and (f) 

for F 1s. Thin vertical lines mark the shift in binding energy due to the changed surface chemis-

try after water vapor plasma treatment (see text for details).  

Figure 3. AFM images of mica (a) before and (b) after five minutes water vapor plasma treat-

ment (100 W input power, 5 g/h water flow rate and 0.3 mbar chamber pressure). The root-

mean-square area roughness (Sq) for the entire area (2 x 2 µm
2
) is given in the bottom part of the 

figure. 

Figure 4. Derivatization conversion curves for untreated (open symbols) compared to water va-

por plasma treated mica (filled symbols). The fluorine content as a function of the derivatization 

duration is given without and with an additional ethanol-rinsing step after derivatization. The 

points are connected by lines, which only serve as a guide for the eye. The estimated relative un-

certainties for the measured fluorine concentration are given as error bars and amount to          

±5-10%, ±20% and ±40% for a fluorine content of > 2 at.%, 0.6 – 2 at.% and ≤  0.5 at.%, respec-

tively. Derivatizing reagent used were (a) (tridecafluoro-1,1,2,2-tetrahydrooctyl)-

dimethylchlorosilane and (b) (tridecafluoro-1,1,2,2-tetrahydrooctyl)trichlorosilane. 

Figure 5. OES spectrum of an Ar (50 sccm) / water vapor (5 g/h) plasma with 100 W input pow-

er. The chamber pressure was fixed at 0.3 mbar. The peak labels represent the assignments of the 

bands. The inset shows a zoom of the OH band around 310 nm.  

Figure 6. OES hydroxyl intensity as a function of a selection of various water vapor plasma con-

ditions (input power, water flow rate, and chamber pressure). In addition, the OES intensity ratio 

between hydroxyl and argon is given on the right y-axis. All lines only serve as a guide for the 

eye.  

Figure 7. Correlation diagrams between the XPS fluorine concentration after derivatization and, 

(a) the OES hydroxyl intensity, (b) the pressure-normalized OES hydroxyl intensity (i.e. intensi-

ty divided by the chamber pressure). The cone area in a) marks the general increase of [F] with 

OH intensity. A linear regression curve is displayed in b) for the first points up to the monolayer 

saturation limit (dashed line). The plasma chamber pressure (in mbar) is given at the measure-

ment points and the legend depicts (color-coded) the other plasma parameters, i.e. input power 

and water flow rate. Open symbols concern data displayed in Fig. 6, whereas full symbols repre-

sent additional measurement points. 



Figure 1 

CEM 

 

LFC MFC 

Reactor 

vacuum 

N2 

…. …
…

 
..
…
. 

…. 

Bypass 

Pre- 

vacuum 

LN2 

vacuum 

for purging 

H2O 

Ar 

heated 70°C 

………. 

13.56 

MHz 

Match- 

Box 

80°C 

…
 

735 m3/h 

33 m3/h 

…. …. 

…. 

Figure 1
Click here to download Figure: Figure1n.pptx

http://ees.elsevier.com/apsusc/download.aspx?id=3447106&guid=28d09e50-7c24-4bfa-b980-1080fc43d27d&scheme=1


680 685 690 695 

0 

400 

800 

1200 

1600 

Binding Energy (eV) 

In
te

n
s
it
y
 (

c
/s

) 

70 72 74 76 78 80 

0 

500 

1000 

1500 

2000 

2500 

Binding Energy (eV) 

In
te

n
s
it
y
 (

c
/s

) 

98 100 102 104 106 108 

0 

1000 

2000 

3000 

4000 

5000 

Binding Energy (eV) 

In
te

n
s
it
y
 (

c
/s

) 

526 530 534 538 

0 

0.5 

1 

1.5 

2 

2.5 

3 

Binding Energy (eV) 

Figure 2 

a) 
 O1s 

 Si2p  Al2p 

1  

1  

1  

2 

2 

2 

3 

3 3 

4 

4 4 

c) 

d) e) 

 F1s 

1  

2 

3 

4 

f) 

* 

In
te

n
s
it
y
 (

c
/s

) 

280 285 290 295 300 

0 

1000 

2000 

3000 

4000 

5000 

Binding Energy (eV) 

 C1s 
 K2p3/2 

 K2p1/2 

1  

2 

3 

4 

b) 

200 400 600 800 1000 
0 

0.5 

1 

1.5 

2 
 -

O
 K

L
L
 

 -
F

 K
L
L
 

 -
F

1
s
 

 -
K

2
s
 

 -
K

2
p
 

 -
S

i2
s
 

 -
S

i2
p
 

 -
C

1
s
 

 -
O

2
s
 

 -
A

l2
s
 

 -
A

l2
p
 

 -
O

1
s
 

1  

2 

3 

4 

* 

N
o
rm

a
liz

e
d

 I
n

te
n

s
it
y
 

1 Mica  

2 Mica, plasma treated  

3 Mica, derivatized  

4 Mica, plasma treated  

and derivatized  

0 

Binding Energy (eV) 

* * 

5 

5 Mica, plasma treated 

(optimized) and derivatized  
5 

In
te

n
s
it
y
 (

c
/s

) 

x 10 
4 

5 

5 5 

5 

Figure 2
Click here to download Figure: Figure2n_revised.pptx

http://ees.elsevier.com/apsusc/download.aspx?id=3447136&guid=4d5d1c41-1054-4fc6-9ec4-8a61e77d4ac1&scheme=1


Figure 3 

a) b) 

Sq = 0.09 nm Sq = 0.10 nm 

Figure 3
Click here to download Figure: Figure3n.pptx

http://ees.elsevier.com/apsusc/download.aspx?id=3447108&guid=e81a9966-d55a-47a9-970c-807ef5652044&scheme=1


Figure 4 

0 

1 

2 

3 

4 

5 

0 10 20 30 40 

F
lu

o
ri
n

e
 c

o
n
te

n
t 
[a

t.
%

] 
 

Derivatization time [min] 

plasma / not rinsed 
plasma / rinsed 
pristine / not rinsed 
pristine / rinsed 

170 180 190 

a) 

0 

5 

10 

15 

20 

25 

30 

0 10 20 30 40 

F
lu

o
ri
n

e
 c

o
n
te

n
t 
[a

t.
%

] 

Derivatization time [min] 

plasma / not rinsed 
plasma / rinsed 
pristine / not rinsed 
pristine / rinsed 

170 180 190 

b) 

Figure 4
Click here to download Figure: Figure4n.pptx

http://ees.elsevier.com/apsusc/download.aspx?id=3447109&guid=88604510-c74d-4460-ae3b-797ca9e00e35&scheme=1


Figure 5 

0 

5,000 

10,000 

15,000 

20,000 

25,000 

30,000 

35,000 

40,000 

300 350 400 450 500 550 600 650 700 750 800 

In
te

n
s
it
y
 (

a
.u

.)
 

Wavelength (nm) 

H 

H 

H 

Ar 

OH 

Ar 

Ar 

0 

4,000 

8,000 

12,000 

300 310 320 330 

OH 

308.7 nm 

OH 

306.4 nm 

Figure 5
Click here to download Figure: Figure5n.pptx

http://ees.elsevier.com/apsusc/download.aspx?id=3447110&guid=237fa41d-5e7c-4e8c-9eed-90e9e6ed49cb&scheme=1


0 

1 

2 

0 

10,000 

20,000 

30,000 

40,000 

50,000 

O
E

S
 i
n
te

n
s
it
y
 r

a
ti
o

 

O
E

S
 i
n
te

n
s
it
y
 (

a
.u

.)
 

I_OH 

I_OH / I_Ar 

Figure 6 

30 W 50 W 100 W 150 W 

2.5 g/h  5 g/h    10 g/h 2.5 g/h   5 g/h    10 g/h 2.5 g/h   5 g/h    10 g/h 2.5 g/h    5 g/h   10 g/h 

0
.3

 m
b
a
r 

0
.6

 m
b
a
r 

0
.9

 m
b
a
r 

0
.3

 m
b
a
r 

0
.6

 m
b
a
r 

0
.9

 m
b
a
r 

0
.3

 m
b
a
r 

0
.6

 m
b
a
r 

0
.9

 m
b
a
r 

0
.3

 m
b
a
r 

0
.6

 m
b
a
r 

0
.9

 m
b
a
r 

0
.3

 m
b
a
r 

0
.6

 m
b
a
r 

0
.9

 m
b
a
r 

0
.3

 m
b
a
r 

0
.6

 m
b
a
r 

0
.9

 m
b
a
r 

0
.3

 m
b
a
r 

0
.6

 m
b
a
r 

0
.9

 m
b
a
r 

0
.3

 m
b
a
r 

0
.6

 m
b
a
r 

0
.9

 m
b
a
r 

0
.3

 m
b
a
r 

0
.6

 m
b
a
r 

0
.9

 m
b
a
r 

0
.3

 m
b
a
r 

0
.6

 m
b
a
r 

0
.9

 m
b
a
r 

0
.3

 m
b
a
r 

0
.6

 m
b
a
r 

0
.9

 m
b
a
r 

0
.3

 m
b
a
r 

0
.6

 m
b
a
r 

0
.9

 m
b
a
r 

I_OH 
 

I_OH : I_Ar 

Figure 6
Click here to download Figure: Figure6n.pptx

http://ees.elsevier.com/apsusc/download.aspx?id=3447111&guid=95fe0ec6-bfa7-4948-99f2-e37a031eac6b&scheme=1


Figure 7 

0
.9

 

0
.6

 

0
.6

 

0
.3

 

0
.6

 

0
.3

 

0
.3

 

0
.3

 

0
.1

 

0
.0

5
 

0
.2

 

0 

2 

4 

6 

8 

10 

12 

14 

10,000 20,000 30,000 40,000 

[F
] 
(a

t.
%

) 

OES intensity of OH (a.u.) 

0
.9

 

0
.6

 
0

.6
 

0
.3

 
0

.6
 

0
.3

 
0

.3
 

0
.3

 

0
.1

 

0
.0

5
 

0
.2

 

0 

2 

4 

6 

8 

10 

12 

14 

0 200,000 400,000 600,000 

[F
] 
(a

t.
%

) 

OES intensity of OH (a.u.) / p (mbar) 

monolayer saturation limit 

a) 

b) 

□ 50 W, 10 g/h 

□ 50 W, 5 g/h 

□ 30 W, 10 g/h 

□ 150 W, 10 g/h 

□ 50 W, 2.5 g/h 

□ ■ 100 W, 5 g/h 

Figure 7
Click here to download Figure: Figure7n_revised.pptx

http://ees.elsevier.com/apsusc/download.aspx?id=3447210&guid=3224da84-a4d2-4399-a18c-a1dcae6124f5&scheme=1

