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ABSTRACT: Well characterized silane layers are essential for optimized attachment of (bio)molecules enabling reliable chem/bio 

sensor performance. Herein, binding properties and orientation of 3-mercaptopropyltrimethoxy silane layers at crystalline sapphire 

(0001) surfaces were determined by water contact angle measurements, infrared reflection absorption spectroscopy, atomic force 

microscopy, and X-ray photoelectron spectroscopy. Infrared reflection absorption spectroscopy measurements suggest an almost 

perpendicular arrangement of the MPTMS molecules to the substrate surface. Adhesion force studies between a silicon nitride 

AFM tip and modified sapphire, gold and silicon dioxide substrates were investigated by peak force tapping atomic force microsco-

py and used to define the silane binding properties on these surfaces. As expected, the Al-O-Si bond was determined to be respon-

sible for the layer formation at the sapphire substrate surface.  

Self-assembled monolayers (SAMs) are a simple yet repro-

ducible method for surface modification providing an anchor-

ing architecture for attaching, e.g., biological receptors, bi-

omarkers or labels, which is especially important for biosen-

sors.
1
 Throughout the last decades, also the formation of 

SAMs on other surfaces as copper, palladium, and silver has 

become more prevalent, compared to the well-established 

silicon and gold surfaces.
2,3

 All of these surfaces are common-

ly used as transducer materials (e.g., electrodes, waveguides, 

etc.) in chemo- or biosensors. In recent years, transparent 

transducer materials for optical chem/bio sensing applications 

were increasingly adopted in the field of biosensing.
4
 Potential 

applications in optical sensing using these materials include 

mid-infrared (MIR) sensors based on attenuated total reflec-

tion (ATR), and biosensors based on microsphere resonators 

relying on resonant wavelength shifts during binding of ana-

lytes.
5-8

 In particular, fiber optic ATR sensors enable analyzing 

binding events in real time via concentration-dependent atten-

uation of the evanescent field emanating at the interface be-

tween the optically denser waveguide made e.g., from sap-

phire, and an optically thinner medium such as an aqueous 

analyte solution.
9
 For fiber optics, glass, diamond, and sap-

phire are probably the most relevant optical transparent inter-

faces according to their accessible electromagnetic windows. 

Due to the limited stability of glass in harsh environments,
4
 

diamond and sapphire have emerged as preferred substrates 

under such conditions owing to their chemical stability and 

mechanical robustness.
10

 Sapphire is of particular interest in 

optical sensing applications, as the material is significantly 

less costly compared to diamond at almost comparable chemi-

cal and mechanical stability, next to transparency in a spectral 

region ranging from 200-5000 nm.
11

 This optical window 

particularly facilitates monitoring C-H, N-H, and OH stretch-

ing vibrations.
7
 Finally, sapphire may even be drawn into 

optical fibers, thus facilitating fiberoptic chem/bio sensing 

scenarios.
12,13

 However the sensitivity towards special analytes 

could be enhanced by chemically modification of the sapphire 

fiber.
9
 Despite its advantageous properties, there were few 

reports so far on the chemical surface modification of sapphire 

substrates,
14–16

 and specifically on their silanization.
17–21

 A 

homogenous silane layer at the optical transducer benefits the 

generation of binding sites for the immobilization of molecular 

recognition architectures, and to avoid scattering losses.
22

 The 

silane layer should therefore ideally provide accessible bind-

ing moieties, while at the same time minimizing non-specific 

binding. Since the silanization procedure is critical to provid-

ing a well-controlled immobilization architectures, detailed 

control and characterization of this step is essential.
23

 A uni-

form silane layer with high density facilitates diffusion limited 

binding, and positively affects further binding of, e.g., biore-

ceptors to this interface layer.
24-26

 In the present study, we 

present and discuss a facile modification procedure for silaniz-

ing sapphire surfaces, along with a study on the binding be-

havior of alkylsilanes at sapphire (0001) surfaces. Further-

more, the orientation of the alkylsilanes in the obtained layer 

at the surface was investigated for optimizing the attachment 

of biomolecules at these substrates enabling advanced 

chem/bio sensing.
27  

Page 1 of 10

ACS Paragon Plus Environment

ACS Sensors

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



2 

 

EXPERIMENTAL SECTION 

Sapphire wafers (c-plane, double side polished, roughness 

Ra ≤ 0.3 nm) were obtained from Hi-solar (Daechon-dong, 

Korea). Acetone and 2-propanol (VLSI grade) for substrate 

cleaning were obtained from Technic (Saint Denis, France). 

3-Mercaptopropyltrimethoxysilane (MPTMS, 95 %), and 

dodecanthiol (DDT, 98 %) were purchased from Alfa Aesar 

(Karlsruhe, Germany) and used as received. Sulfuric acid 

(95 %) and hydrogen peroxide (30 %) were obtained from 

VWR Chemicals (Bruchsal, Germany) and Merck Millipore 

(Darmstadt, Germany), respectively. Aqueous solutions were 

prepared with ultrapure water, conductivity 18.3 MΩ with 

Milli-Q academic (Merck Millipore, Darmstadt, Germany). 

Argon 4.6 was purchased from MTI IndustrieGase AG (Neu-

Ulm, Germany).  

Substrate preparation. Micropatterned substrates were 

produced on a bare sapphire surface (0001, c-plane) by depos-

iting a layer (100 nm) of silicon dioxide using plasma en-

hanced chemical vapor deposition (Oxford Plasmalab PE-

CVD, Oxford Instruments, Wiesbaden, Germany), followed 

by e-beam lithography (Leica EBPG 5 HR, Leica Microsys-

tems, Jena, Germany), and HF etching for structuring the SiO2 

layer, yielding the first segment of the pattern (i.e., ‘flow-

er-shaped petals’). The gold surface in the middle of the pat-

tern (figure 4) was obtained via e-beam lithography and sub-

sequent deposition of a Ti/Au layer by thermal evaporation 

(Edwards Temescal FC-1800, Ferro Tec, München, Germany) 

with a total thickness of 50 nm, followed by a lift-off proce-

dure. The substrate was further cleaned by ultrasonification in 

acetone and 2-propanol for 5 min each, and then dried in a 

nitrogen stream. The substrate surface was activated via plas-

ma treatment (100 W/100 torr O2/10 min) (Plasmalab µ-etch, 

Oxford Instruments, Wiesbaden, Germany), rendering the 

surface hydrophilic for the subsequent modification. 

Gas phase silanization. The micropatterned as well as bare 

sapphire substrates were silanized using a gas phase deposition 

device specifically tailored for silanization.
28

 350 µl MPTMS 

were loaded into the reaction device and an argon stream was 

guided through the liquid silane reservoir. The argon stream 

then passes the substrate, allowing evaporated silane to react 

with and deposit onto the substrate surface. For a reaction time 

of 1 h, the argon flow was set to approximately 5 L/h. After 

the reaction, the substrate was rinsed with 2-propanol and 

dried in an argon stream. 

Silanization by immersion. For silanization procedures in 

liquid, sapphire substrates were cleaned for 10 min in piranha 

solution (caution: Piranha solution interacts strongly with 

organic compounds and needs to be handled with extreme 

caution!) (3:1, sulfuric acid: hydrogen peroxide), extensively 

rinsed in DI water, and dried in an argon stream. For the self-

assembling, the sapphire substrates were immersed in 1 mM 

dodecanthiol dissolved in 2-propanol solution for 20 h. After 

the reaction, the modified substrates were successively cleaned 

in an ultrasonic bath with 2-propanol, and dried in an argon 

stream. 

Contact angle. Water contact angles were measured using a 

Dataphysics OCA 15 Pro contact angle system (DataPhysics, 

Filderstadt, Germany) and a SCA20 analyzer using the sessile 

drop (needle-in) method. Here, the quasi-static water contact 

angles at three different spots per sample were obtained. 

IRRAS. Infrared reflection absorption spectroscopy 

(IRRAS) was performed using with a Bruker Vertex 70 spec-

trometer (Bruker Optics, Ettlingen, Germany) equipped with 

an A513/Q angle grazing unit and a motorized polarizer holder 

A121. For each IR spectrum, 500 scans at a spectral resolution 

of 4 cm
-1

 in the range of 4000-400 cm
-1

 were averaged. Spec-

tra at various angles of incidence between the surface normal 

and the IR beam, were measured. Additionally, differently 

polarized light (s- and p-polarized) was used at each angle of 

incidence. A cleaned blank sapphire substrate was used as 

background sample for determining the absorbance value 

following A = - log (R/R0) where R is the reflectivity of the 

modified layer on sapphire and R0 is the reflectivity of a bare 

sapphire substrate.  

AFM. Atomic force microscopy (AFM) measurements were 

carried out using a BrukerBioScope Catalyst system (Bruker 

Optics, Ettlingen, Germany). Silicon nitride probes (DNP-A, 

f0 = 65 kHz, Bruker Nano Analytics, Karlsruhe, Germany) 

with a nominal spring constant of 0.35 N/m were used. All 

measurements were performed in aqueous solution (0.1 mol/L 

KCl) using the peak force tapping mode (peak force: 3 nN, 

oscillation frequency: 1 kHz) at ambient conditions. For data 

evaluation, the NanoScope Analysis Software was used. 

XPS. X-ray photoelectron spectroscopy (XPS) measure-

ments were performed with a PHI 5800MultiTechnique ESCA 

System (Physical Electronics, Eden Prairie, USA) using mon-

ochromatized Al Kα radiation (1486.6 eV). Each substrate was 

analyzed at take-off angles of 20° and 45° with respect to the 

surface by recording survey scans (pass energy: 93.3 eV, step 

width: 0.4 eV and high-resolution scans of the peaks of inter-

est (29.35 eV and 0.125 eV increments). The data were ana-

lyzed via the OriginPro9G software package and the Shirley 

background correction was used. The bare sapphire substrate 

was used as internal standard, i.e., the binding energy scale 

was calibrated to the Al 2p peak for Al2O3 at 74.1 eV. 

RESULTS AND DISCUSSION 

The application of sapphire substrates for optical biosensors 

requires the modification of the transducer surface via an 

appropriate interface, e.g., a silane layer that facilitates a con-

trolled immobilization of bioreceptors. Therefore, plane sap-

phire (0001) slides were modified with MTPMS using a gas 

phase deposition system previously described by our research 

team.
28

 The modified sapphire substrates were then used for 

detailed surface analysis including contact angle measure-

ments, IR reflection absorption spectroscopy, and XPS meas-

urements. Additionally, micropatterned sapphire substrates 

with structures composed of silicone dioxide and gold were 

investigated via AFM measurements in a peak force tapping 

mode. 

Contact angle measurements. For a first evaluation of 

MPTMS modified sapphire substrates, water contact angles 

were determined. Prior to the modification procedure, the 

substrates were rinsed with acetone and 2-propanol, and then 

subjected to plasma surface treatment (10 min in oxygen 

plasma, 100 W, 100 Torr). As anticipated, sapphire substrates 

treated this way showed a water contact angle of 15±1°. The 

determined contact angle fits very well to values described in 

the literature, and indicates a pronounced surface hydrophilici-

ty due to prevalent surface hydroxyl groups.
11

 Modifying a 

sapphire 
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Figure 1. (a) Baseline corrected IRRAS spectra of the CH2 groups associated with the propylic chain of the organosilane determined at 

three different incident angles, and via illumination with s-polarized (left) and p-polarized (right) IR radiation, respectively. (b) Scheme of 

the MPTMS molecule orientation on the sapphire surface and their transition dipole moment vectors (red arrows). 

substrate with MPTMS via the gas phase deposition routine 

described above yields a contact angle of approx. 58±3°. For 

the silicon dioxide modification with MPTMS, we measured a 

value of 50±3°.
28

 For comparison, contact angle values for 

MPTMS reported in literature are ranging from 53-58°, which 

are also in good agreement to our data.
29–31

 The obtained re-

sults suggest that the surface modification via MPTMS deposi-

tion was successful, due to comparable hydrophilicity of the 

modified surfaces. The similar contact angle values for modi-

fied sapphire and silicon dioxide surfaces indicate that the 

chemical groups on top of the layer should be similar. From 

the contact angle measurements, it can therefore just be con-

cluded that hydrophilic sapphire substrates apparently react 

analogously to oxidized silicon surfaces. Nevertheless, this 

presumption needs to be proven by further detailed characteri-

zation via IR, XPS, and AFM studies.  

Infrared spectroscopy. To further elucidate the presence and 

nature of the MPTMS layer attachment, and to potentially 

obtain information on the molecular orientation in the layer, 

we performed IRRAS measurements using polarized IR radia-

tion. Due to the rather weak absorbance of MPTMS layers, the 

-CH2- vibration band as the most pronounced IR signature was 

evaluated. Planar MPTMS-modified sapphire substrates were 

analyzed in reflection absorption mode
32–34

 at two different 

polarization states (i.e., p90 corrsp. to p-polarized IR radiation, 

and p0 corresp. to s-polarized IR radiation). Furthermore, 

different angles of incidence vs. the surface normal were in-

vestigated (i.e., 75-80 deg). Figure 1a shows characteristic 

absorption bands attributed to the propylic chain of MPTMS at 

s- and p-polarized illumination. The bands located at 2922 cm
-

1
 and 2852 cm

-1
 are assigned to the asymmetric νa(CH2) and 

symmetric νs(CH2) stretching vibrations of the CH2 groups of 

the propylic chain associated with the organosilane, respec-

tively.
35

 The peak emerging at a wavelength of 2956 cm
-1

 was 

assigned to the asymmetric νa(CH3) vibration of the methoxy 

group. This band arises from silane groups that are not com-

pletely hydrolyzed and crosslinked.
30

 As noted by Porter et al 

the peak position strongly depends on the alkyl chain length.
36

 

The location of peak increase as the length of the alkyl chain 

decreases. For short alkyl chains (n=5) peak positions of 

2921 cm
-1

 are reported, whereas longer alkyl chains like n=21 

revealed peak positions of 2918 cm
-1

. The measured band of 

2922 cm
-1

 for the asymmetric CH2 stretching vibration con-

firms the correlation between the alkyl chain length and the 

peak position. The S-H stretch vibrations are not observed due 

to low absorption coefficient.
30

 

The IRRAS method is particularly useful in studying the 

orientation of the adsorbed molecules, derived from the peak 

direction. For adsorbed molecules on dielectric substrates, e.g. 

as the sapphire, the band intensities and orientation of the 

absorbance strongly depend on the polarization of the IR 

beam, the reflectivity of the substrate, before and after the 

modification, the refractive index, the Brewster angle and the 

orientation of the transition dipole moment vector.
32,33,37–39

 For 

c-plane sapphire, the refractive index is, depending on the 

wavelength, approx. 1.7 and the Brewster angle is approx. 60 

deg.
40,41

 Therefore it is important to note that all measured 

incidence angles (defined as the angle between the central ray 

and the surface normal, θ) are greater than the Brewster angle 

of 60 deg. Furthermore, we make the assumption that the 

chain axis is straight and not twisted, due to the short chain 

length. On dielectric substrates, s-polarized radiation (p0) only 

probes the dipole moment vectors parallel to the surface.
32

 

Figure 1b displays the important components contributing to 

the peak absorption. The incidence angle of the radiation is 

described by θ, and the transition dipole vectors are defined by 

τ, the transition dipole moment tilt angle. θMA depict the mo-

lecular tilt angle, measured from the molecular axis to the 

surface normal. On the assumption that our short MPTMS 

molecule is oriented close to the surface normal, the vectors of 

the transition dipole moments for the νa(CH2), νs(CH2) and 

νa(CH3) stretching modes are perpendicular to the molecular 

axis (figure 1b).
37

 Further, the transition dipole moment 

νs(CH2) is oriented parallel to the C-C-C plane, formed by the 

C-C-C backbone. While the transition dipole moment vectors 

νa(CH2), νa(CH3) are oriented perpendicular towards the 

C-C-C plane.
37

 Hence, the s-polarized spectra are dominated 

by the νa(CH2), νs(CH2) and νa(CH3) bands with their dipole 
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moments oriented parallel to the surface, enabling interaction 

with s-polarized light (figure 1b). Previous studies have re-

ported that τ, the angle that defines the transition dipole mo-

ment vector, ranges between 80-90 deg. for all stretching 

modes.
32,38

 These large angles permit a great interaction with 

the electric field of the s-polarized radiation. Resulting, the 

peak intensities of the three stretching vibrations can be seen 

in the s-polarization.  

The band intensities for the s-polarization, shown in fig-

ure 1a, decrease with increasing incidence angle. This behav-

ior is known for s-polarized radiation due to the increasing 

reflectivity of the substrate after the modification.
32

 On dielec-

tric substrates, negative absorbances are expected for all inci-

dence angles.
32,42

 Surprisingly, the peak absorptions for the 

s-polarization, shown in figure 1a, are positive. However, 

carbonic residual intensities remain as a positive 

absorbance.
34,42

 P-polarization, which probes transition dipole 

moment vectors parallel and perpendicular to the surface, 

yields strong positive absorption of all three stretching modes 

caused by the strong interaction with the electric field parallel 

to the surface (figure 1a).
32

 For measurements above the 

Brewster angle and at high τ angles, positive bands are ex-

pected.
32

 Hence, the results obtained here agree with the theo-

retically anticipated behavior described in the literature.
32

 In 

the case of a lying MPTMS molecule, assuming no changes in 

the tilt angle the orientation of the transition dipole moment 

vectors of the νa(CH2), νa(CH3) would be equal but the vector 

of νs(CH2) would point in z-direction. The band of νs(CH2) 

would cause negative absorbance due to the interaction with 

the electric field perpendicular to the surface. However, the 

orientation of the bands and intensities at p-polarized illumina-

tion conditions suggest that the chain axis is oriented close to 

the surface normal.  

Unfortunately, the peak orientation and intensities would 

react similar for an isotropic MPTMS layer. In an isotropic 

layer the molecule orientations are distributed randomly and 

therefore each transition dipole moment vector assumes the 

same average distribution defined by a tilt angle of 54.7°. With 

its either low refractive index of 1.7, mainly the electric field 

parallel to the surface is responsible for the absorption.
32

 Due 

to the fact, that this component is positive at incidence angles 

higher than the Brewster angle, it may be possible that the 

layer is isotropic. For an isotropic layer, rather small intensi-

ties of 0.000-0.0002
32

 are expected. We observed higher val-

ues, which are assumed for anisotropic films. This point there-

fore suggests an anisotropic layer formation. However, an 

anisotropic film of our short MPTMS is surprising because it 

is known that decreasing the alkyl chain length results in the 

formation of a less densely packed structure.
36

  

The obtained IRRAS results not only provide evidence for 

the presence of MPTMS on sapphire substrates after a gas 

phase deposition, but in addition may indicate an almost per-

pendicular orientation of the short-chained MPTMS molecules 

at the sapphire substrate surface. Nevertheless, a quantitative 

determination of the molecule orientation requires a spectral 

simulation.  

XPS measurements. Contact angle measurements and 

IRRAS studies indicated a successful surface modification, yet 

more information is required on the actual binding situation, 

e.g., which fiunctionality of the silane (i.e., the methoxy- or 

thiol-group) is reacting with the sapphire surface. Therefore, 

X-ray photoelectron spectroscopy measurements were per-

formed to investigate the binding situation between the mer-

captosilane and the sapphire substrate surface. In the survey 

spectra, shown in figure 2, the presence of alumina and oxy-

gen is attributed to the sapphire substrate. The appearance of 

silicon, carbon and sulfur can be attributed to the mercap-

tosilane.  

 

Figure 2. Survey spectra of sapphire substrate modified with 

MPTMS at different take-off angles.  

In order to evaluate changes in the binding situation high 

resolution peaks of Al 2p, O 1s, Si 2p and the S 2p after the 

gas phase MPTMS modification were examined at take-off 

angles of 20° and 45° with respect to the surface. For all re-

sults shown herein, the binding energy scale was calibrated to 

the Al 2p peak for sapphire at 74.1 eV.
43,44

 In addition, a 

Shirley background correction was used and the fitting func-

tion of the Origin Software, which used a combination of 

Gaussian as well as Lorentzian components, was applied. The 

high-resolution spectra of Al 2p at a take-off angle of 45° 

(figure 3) reveal a symmetric peak (R
2
 = 0.996) at a binding 

energy of 74.1 eV. At the surface sensitive take-off angle of 

20° the barely visible asymmetric peak can be fitted with two 

contributions around 74 - 75 eV (R
2
 = 0.998). The Al 2p signal 

is slightly shifted to higher binding energy as part of the 

MPTMS binds to the sapphire surface.  

The spectra of the O 1s peak changed visibly from a take-off 

angle of 45° to 20°. At 45° the peak at 530.8 eV with a 

FWHM of 1.8 eV (R
2
 = 0.983) is assigned to the Al-O bond in 

the α sapphire.
43,44

 This position mainly reflects our sapphire 

substrate. The O 1s peak becomes asymmetric and broad at a 

take-off angle of 20° and can be fitted with four components 

(R
2
 = 0.993) corresponding to different states of the oxygen. 

The peaks at 530.4-530.8 eV are still shifted to higher binding 

energies. The component at 531.7 eV is mainly attributed to 

the Si-O-Al bonds.
45,46

 This peak firstly indicates a bond be-

tween silicon from the mercaptosilane to the oxygen of the 

sapphire substrate. Lastly, the peak around 532.0 eV is related 

to the presence of surface hydroxyl groups on the sapphire as 

it is expected after the cleaning procedure with oxygen plas-

ma.
46

 The broadening of the peak triggered by the chemical 

shift towards higher binding energies underlines changes in 

electron density on the oxygen atom effected by the self-

assembly of the MPTMS. Compared to aluminum, silicon has 

a slightly higher electronegativity which explains the small 

shift in binding energies towards higher values. The peak 

shape of the Si 2p peak (R
2
=0.950) remains similar regardless 

of the take-off angle. However, a shift of the peak maxima 
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towards higher binding energies is visible. The increase of the 

binding energies can be explained by the self-assembly of the 

MPTMS. These results support the assumption that the silani-

zation takes place via a Si-O-Al bond and not via a bond be-

tween the sapphire and sulfur. 

 

Figure 3. High-resolution XPS spectra with peak fit for the Al 2p 

peak, the O 1s and the Si 2p peak after the MPTMS deposition at 

a sapphire substrate surface. The fitted peaks are shown in blue 

and the cumulative pulse fit is shown as solid red line. 

In contrast to aluminum, oxygen and silicon, no changes in 

binding energies or the peak shape can be found for carbon 

and sulfur according to the different take-off angles. Figure 4 

exemplary illustrates high-resolution XPS spectra of the C 1s 

peak and the S 2p peaks. Both spectra of the C 1s peaks can be 

fitted (R
2
=0.997) with one single contribution at 284.8 eV, 

denoting the C-C, C-Si and C-H peaks.
46–48

 It should be noted 

that the C 1s signal might include some carbonaceous contam-

inant.  

In order to rule out a chemical bonding between the sulfur 

or thiol group to the sapphire substrate it is more important to 

look closer at the S 2p peaks. At both angles, we observed two 

distinct peaks at binding energies of 169.0 and 163.5 eV, 

which were assigned to oxidized sulfur (i.e., -SOxH) species 

and reduced sulfur (i.e., SH, -SS-), respectively.
31,49,50

 Since no 

obvious changes occurred in binding energies and peak shapes 

it seems that the sulfur is not involved in the binding process 

to the sapphire surface. Consequently, the data support the 

hypothesis that only the methoxy group is responsible for 

bonding organosilanes to the aluminum oxide/sapphire surface 

via an Al-O-Si bond. 

 

 

 

Figure 4. High-resolution XPS spectra with peak fit for the C 1s 

and S 2p peaks after the MPTMS deposition at a sapphire sub-

strates surface at various take-off angles. 

AFM studies. Finally, to directly compare the surface 

chemistry presented by the MPTMS layers when bound to 

sapphire, silicon dioxide, and gold, atomic force microscopy 

adhesion mapping was conducted at micropatterned sapphire 

substrates comprising silicon dioxide and gold features. Since 

the binding situation of silanes and thiols is well-known at 

gold and silicon dioxide surfaces, these materials have been 

selected as internal references. Furthermore, the self-assembly 

process at these surfaces is based on different reaction mecha-

nism. SAMs at gold surfaces emerge from the formation of 

thiol-gold bonds,
51,52

 while at silicon surfaces the siloxane 

groups of the oxidized - and therefore hydroxylated - silicon 
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surface react via condensation with the methoxygroups of the 

organosilanes.
55 

Using accordingly patterned substrates, a 

direct comparison of the adhesion forces (i.e., either thiol or 

alkane groups) between the adsorbed layer and an AFM Si3N4 

tip is facilitated. Accordingly, information whether the meth-

oxy group or the thiol group is responsible for the layer for-

mation may be obtained. 

All AFM measurements were performed in electrolyte solu-

tion containing 1 mol/L KCl. Therefore, the presence of capil-

lary forces is excluded as a cause for the change in the adhe-

sion force, which efficiently screens the electrostatic forces. 

Figure 5 shows an optical image of the micropatterned sap-

phire substrate. The central hexagonal structure represents a 

gold pattern with a height of 50 nm (i.e., 5 nm Ti and 45 nm 

Au). The flower petal pattern comprises silicon dioxide with a 

thickness of 100 nm. 

 

Figure 5. Optical image of the micropatterned sapphire substrate, 

comprising gold and silicon dioxide features.  

To exclude a binding of thiol to the sapphire, the micropat-

terned surface was modified with dodecanthiol (DDT) and the 

average adhesion force between a silicon nitride (Si3N4, DNP, 

Bruker) AFM tip and the modified surfaces was determined. 

For this experiment the longer DDT molecule was used in-

stead of the short MPTMS, because with such a short chain 

length we would be under the detection limit. Hence, a cleaned 

micropatterned sapphire substrate was immersed for 20 h in 

1 mM DDT dissolved in ethanol.
56

 The thiol group of the DDT 

molecule binds to the gold surface, forming a DDT self-

assembled monolayer.
56

 According to Ptak et al. this would 

result in a strong adhesive interaction between the Si3N4 AFM 

tip (Si3N4, MLCT-F, Veeco, USA) and the methylene groups 

of the DDT caused by van der Waals forces.
56

 The sapphire 

substrate and the silicon dioxide features lack of this specific 

thiol-gold interaction.
51,52

 Consequently, only the formation of 

a physically adsorbed DDT layer with reduced adhesive inter-

action and no change in height is expected and observed (fig-

ure 6c, e). Reduced adhesive forces are expected for physical-

ly adsorbed layers because of the incomplete layer formation. 

Figure 6a, b and c summarize the obtained height profiles at 

bare (a) and at DDT modified sample surfaces (b). The line 

profile (white line figure 6b) of the height and adhesion differ-

ences before and after the DDT modification is shown in Fig-

ure 6c. No obvious difference in height is visible, which may 

be related to the surface roughness of the gold surface in a 

range of 3 nm (rms) taking into account that the self-

assembled monolayer has only a height of 1.7 nm
57

 and there-

fore the small height difference cannot be determined.  

Figure 6d shows a representative 3D example of peak force 

tapping measurements on a micropatterned substrate after 

DDT modification including the simultaneously measured 

height and adhesion force information. Prior to the modifica-

tion, no significant adhesion contrast between the individual 

features has been observed (Fig. 6c and e) This behavior can 

be explained by the fact that the substrate was cleaned and 

activated with piranha, thereby rendering the surfaces hydro-

philic for the following modification step. In addition, the low 

set point of 3 nN and the AFM tip radius of 20 nm prevent a 

deeper penetration of the tip into the surface, which explains 

why the hydrophilic surfaces reveal similar adhesion forces. 

The adhesion forces measured prior to the modification were 

0.039 ± 0.077 nN (N = 2400) for sapphire, 0.043 ± 0.066 nN 

(N = 5700) for gold, and 0.102 ± 0.055 nN (N = 5700) for 

silicon dioxide. The standard deviation for these small adhe-

sion force values is evidently high, as the values are close to 

the detection limit of the method. Therefore, within the limits 

of the method, there are no apparent differences between the 

three surfaces prior to the modification.  

However, after the DDT modification, the average adhesion 

force recorded at the gold feature appears significantly higher, 

increasing from 0.043 ± 0.066 to 4.44 ± 0.91 nN (N = 5700). 

The equally distributed increase in adhesion force on the gold 

surface confirms the successful DDT modification due to the 

strong adhesive interaction between the Si3N4 AFM tip and the 

hydrophobic DDT layer. These adhesive forces of approx. 

4.44 nN between the tip and the methylene groups at the DDT 

modified gold feature surface, as observed in the force curves, 

are readily attributed to DLVO forces (DLVO named after 

Derjaguin, Landau, Verwey, Overbeek), which are a combina-

tion of double layer forces and van der Waals forces largely 

representing hydrophobic interactions.
58,59

 Previous studies 

have indicated adhesive forces of approx. 15 nN in contrast to 

the 4.44 nN determined in this study.
56

 Due to the effective 

radius of the AFM tip curvature, the higher loading rate and a 

decreased loading force, it was anticipated that the determined 

adhesive forces are lower in peak force tapping mode. 

Only a slight increase of adhesion forces for sapphire and 

silicon dioxide after the DDT modification is observed. This 

increase may be caused by the formation physically adsorbed 

DDT layer characterized by a reduced adhesive interaction. 

Further indication for the physical adsorption is that the adhe-

sive force values can be reduced for silicon and sapphire sur-

faces after sonication (data not shown). Compared to 1.20 ± 

0.18 nN (N = 9180) at the sapphire surface, and 1.33 ± 

0.26 nN (N = 1304) at the silicon dioxide structure, after the 

modification step the adhesion is approx. four-times higher for 

gold. Hence, sapphire and silicon dioxide reveal similar re-

duced adhesive interactions with the silicon nitride probe 

compared to the DDT-modified gold structure. The strong 

adhesion difference between sapphire and gold indicates that - 

similar to the situation on silicon dioxide DDT - is presumably 

not covalently bound to sapphire. These results further con-

firm the hypothesis that there are no covalent or semi-covalent 

chemical bonds between sulfur and the sapphire surface, 

which in turn corroborates that MPTMS bind via the Si-O-Al 

bond. Hence, MPTMS molecules bind via the methoxy 
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Figure 6. (a) Topography image before and (b) after the DDT modification. (c) Height and adhesion profiles of the unmodified and DDT 

modified micropatterned substrate. (d) 3D AFM topography image comprising the correlated adhesion force contract for each surface 

recorded in peak force tapping mode at a DDT-modified micropatterned sapphire substrate. (e) Corresponding force curves on the bare und 

DDT modified substrate (retract part) of gold (black), sapphire (blue), and silicon dioxide (red). 

groups, and thus formed layers are not affected by thiol-

sapphire interactions.  

The results obtained via the individual characterization tech-

niques confirm the successful modification of sapphire surfac-

es. The water contact angles were increased after the modifica-

tion indicating a change of the hydrophilicity at the sapphire 

surface comparable to glass surfaces. While contact angle 

measurements provide information on macroscopic changes, 

XPS and IRRAS give more detailed insight into the surface 

chemistry. IRRAS studies characterize the functional groups 

present at the surface, and the spatial orientation of the silane 

molecules. Herein, next to a successful surface modification 

an almost perpendicular orientation of MTPMS molecules was 

confirmed. XPS gives details on the binding properties. Next 

to confirming the presence of the relevant elements, the ob-

tained XPS results suggested that the methoxy group of the 

MTPMS is responsible for the layer formation at the sapphire 

surface, again corroborating similarities to glass surfaces. 

These findings are in agreement with the water contact angle 

measurements indicating similar hydrophilicity, and with the 

almost perpendicular molecular orientation derived from the 

IRRAS measurements. AFM studies on the adhesion forces 

between silicon dioxide, sapphire, and gold surfaces after 

modification with the thiolalkane DDT and a Si3N4 tip aid in 

excluding potential thiol-sapphire binding. Since the interac-

tion between the hydrophobic DDT layer on gold and the 

AFM tip resulted in the highest adhesion forces vs. sapphire 

and silicone dioxide with similar adhesion force values it is 

evident that only the gold surface interacts with the DDT thiol 

group. Hence, the AFM studies complementarily support the 

obtained XPS results, i.e., that a chemisorbed layer was likely 

achieved via Si-O-Al bonds. 

CONCLUSIONS 

The binding situation along with the molecular orientation of 

MPTMS molecules deposited from the vapor phase at planar 

sapphire substrate surfaces were investigated. Self-assembled 

MPTMS layers were subsequently analyzed by water contact 

angle measurements, IRRAS using polarized IR radiation, 

XPS, and AFM peak force tapping measurements to derive 

adhesion forces. Each characterization technique provides 

complementary information on the binding situation at sap-

phire surfaces. Contact angle measurements confirmed a suc-

cessful MPTMS deposition at the sapphire substrate surface by 

a change of the surface contact angle from 15±1° (hydrophilic) 

to 58±3° (hydrophobic). Corresponding XPS and IRRAS 

measurements confirmed the presence of MPTMS, and addi-

tionally suggested that MPTMS binds to the sapphire surface 

via the formation of silicon alkoxides resulting in Si-O-Al 

bonds, which apparently give rise to a nearly perpendicular 
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orientation of the MPTMS molecules in correlation to the 

substrate surface. To exclude sulfur-sapphire bonds, additional 

AFM adhesion force studies at three different surfaces (i.e., 

silicon dioxide, gold and sapphire) were done. In summary, 

these findings provide insight on the attachment of orga-

nosilanes at sapphire surfaces at a molecular level, and allow 

for the application of such interface architectures as versatile 

and tailorable immobilization layers for a wide variety of 

molecular recognition moieties required, e.g., for sapphire-

based chem/bio sensors. 
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