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 A B S T R A C T

When an object is placed on a surface, friction and wear cause uncertainty in its exact position, and thus 
challenge precision manufacturing. Here, we explore the development of a sacrificial nanocrystal deposit that 
can suppress friction and wear. Amorphous CaSO4 nanocrystals are deposited through salt solution droplet 
deposition followed by evaporation. During droplet drying, a precursor film of the aqueous CaSO4 solution 
spreads onto a hydrophilic silicon wafer, thus nucleating evenly spread unfaceted amorphous nanocrystals of 
CaSO4 on the wafer surface. We used atomic force microscopy to study the extent, topography, and friction 
and wear behavior of the deposited nanocrystals. We find that the sacrificial layer of nanocrystals is easy 
to apply and remove, spreads over large (few cm) areas with a constant thickness of about 8 nm, and has 
favorable friction and wear behavior.
1. Introduction

In many areas of science and engineering, the ability to precisely 
locate samples on a positioner surface relative to a reference point 
is vital to maintaining experimental precision and repeatability [1,2]. 
When (sub)nanometer-scale precision is needed, friction and wear at 
the interface between the sample and the positioner can cause signifi-
cant challenges [3]. During repeated placement and removal of samples 
on a positioner surface, wear of the positioner may occur, even when 
the positioner surface is harder than the sample [4]. Wear can cause 
uncertainty in the exact location and orientation of subsequent samples 
placed on the same positioner surface, reducing positioner performance 
and lifetime.

Hard ceramics are currently the standard choice for components 
that need to be highly resistant to wear [5–7]. However, even the hard-
est ceramics wear after repeated contact with softer materials [4,8,9], 
such as silicon. Therefore, alternative or additional approaches towards 
wear suppression are desired.

Salt crystals can be of interest in the context of friction and wear 
control because salt crystals are stiff and can be easily grown and re-
moved. The crystalization pressure of NaCl exceeds the tensile strength 
of many types of porous stones. As a result, salt crystallization is a 
major pathway for the degradation of rock and human-made struc-
tures [10–13]. At the same time, sliding on NaCl and similar salts 
can involve relatively low friction coefficients of around 0.1 [14–16]. 

∗ Corresponding author at: Advanced Research Center for Nanolithography (ARCNL), Science Park 106, 1098 XG Amsterdam, The Netherlands.
E-mail address: b.weber@arcnl.nl (B. Weber).

Materials reinforced with CaSO4 whiskers generally have lower friction 
and higher wear resistance [17,18], while solid CaSO4 performs well 
as a high temperature lubricant [19,20]. At the same time, ceramic 
materials wear slower when sliding against lower hardness materials, 
such as salts [21,22]. Gypsum has an indentation hardness of just 
1 to 1.5GPa [23,24] compared to about 10GPa for silicon [4]. All these 
previous studies suggest that deposits made of relatively softer salts 
can protect a ceramic positioner surface from wear while also lowering 
friction.

Here, we investigate if a deposit of CaSO4 nanocrystals [25] applied 
to naturally oxidized, polished silicon surfaces can reduce friction and 
wear at the interface between silicon surfaces. In order to grow CaSO4
nanocrystals on the silicon surface, a droplet (V=1μL) of nearly satu-
rated CaSO4 solution is deposited at the oxygen plasma cleaned surface, 
followed by drying at 𝑇 = 21 ◦C and RH = 30%–50%. The evaporation, 
which leads to crystallization of the salt, results in a homogeneous 
deposit of amorphous CaSO4 nanocrystals in the precursor wetting film 
of the doplet [26,27]. The nanocrystals formed in this confined thin 
film are unfaceted with a flattened spherical shape. We demonstrate 
that silicon atomic force microscope tips sliding over CaSO4 crystals 
experience 40% lower friction and 70% lower wear compared to sliding 
directly on silicon.
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2. Methods

2.1. Creation and removal of the deposit

As a substrate, we used polished, naturally oxidized, p-doped silicon 
wafers (University Wafer; <100> orientation; boron-doped; single-side 
polished; 500–525 μm thick; 1–10 Ω cm resistivity). We cut the wafers 
into pieces of approximately 2 × 2 cm2. We cleaned the substrates by 
sequentially rinsing them with deionized water, hot tap water, ethanol, 
and deionized water again. We then plasma cleaned the samples for 
10 min using oxygen gas in a Diener Electronic Zepto plasma cleaner. 
We placed a single 1 μL water droplet with a CaSO4 concentration of 
1.9 g∕L on each plasma-cleaned sample. Upon evaporation – typically 
within about one minute at a relative humidity of 30–50% – the droplet 
left behind the CaSO4 crystal deposit of interest on the surface.

2.2. Topography measurement

We performed topography measurements of the CaSO4 deposit us-
ing both scanning electron microscopy (SEM; FEI Verios 460) and 
tapping mode atomic force microscopy (AFM; Bruker Dimension Icon 
and Bruker Innova).

2.3. Friction coefficient measurement

To compare the friction coefficients of the CaSO4 crystals and 
uncoated silicon surfaces, we used lateral force microscopy (LFM) [28]. 
We acquired lateral deflection images that included both CaSO4 crystals 
and the surrounding silicon wafer surface not covered by crystals. We 
subtracted the forward and backward scan directions to create friction 
coefficient maps. To calibrate the measured friction coefficients, we 
used the calibration method described by Varenberg et al. [29]. We 
applied this method to all three regions (the droplet edge, the transition 
region, and the precursor film of nanocrystals) of the deposited CaSO4. 
In this way, we compared the friction coefficient of CaSO4 crystals – 
ranging in size from 20 nm to 10 μm – to the smooth surface of naturally 
oxidized silicon. For these measurements, we used Bruker RESPA-20 
and RESPA-10 model tips. On transition region bassanite crystals, we 
measured the friction coefficient at different contact pressures and at 
different relative humidities, to investigate how these factors influence 
the friction coefficient of both the crystals and the silicon substrate.

2.4. Tip wear measurement

In order to evaluate whether the nanocrystal deposit could protect 
a ceramic positioner surface from wear, we measured the wear rate of 
Bruker RTESPA 150 model silicon AFM tips when sliding against CaSO4
crystals compared to sliding against uncoated p-type silicon wafers. We 
followed a protocol suited for wear tests on flat surfaces [30]; First, we 
performed repeated contact mode scans with a normal force of 100 nN
over a 1 × 1 μm2 area, which led to wear of a pyramidal section of the 
tip. We then imaged a Bruker RS-12M roughness sample using these 
degraded tips. The triangular base of the worn tip appeared as repeating 
features on the sample peaks. Using information on the shape of the 
AFM tip from the manufacturer [31] and from SEM images of the apex 
of the tip, we created a model to calculate the volume of the tip that has 
worn away using the size of the triangular base imprint. This derivation 
is provided in the Supplementary Information. Using this approach, 
we calculated the volume of the worn pyramid-shaped tip section and, 
from that, computed the average tip wear rate in μm3/(Nm) for both 
uncoated silicon and the large gypsum crystals present at the droplet 
edge. Gypsum crystals were used in the wear experiments because these 
are the only CaSO4 crystals large enough to accommodate the needed 
1 × 1 μm2 contact mode scan area.
2 
2.5. Resilience of individual nanocrystals

Displacement of nanocrystals at frictional contacts may either ac-
commodate relative motion (desirable) or cause contamination through 
nanocrystal redistribution (undesirable). To investigate the normal 
forces required to displace individual nanocrystals, we performed 3 ×
3 𝜇m2 contact mode AFM scans with normal forces ranging from 30 to 
300 nN, followed by tapping mode topography imaging to assess the 
resulting nanocrystal displacement.

3. Results

3.1. Deposition morphology and zonal structure

We achieved dense and spatially extended nanocrystal deposits 
through droplet evaporation of aqueous CaSO4, as shown in SEM and 
AFM scans in Fig.  1. The rapid evaporation at the droplet’s edge 
generates a localized ion concentration gradient, prompting crystal-
lization near the contact line. Nevertheless, crystal morphology varies 
significantly with location, allowing us to identify three distinct zones: 
a circular droplet edge that traces the initial three-phase contact line 
of the evaporated droplet (Fig.  1b); an intermediate transition region
where the crystal size gradually decreases (Fig.  1c); and a homogeneous
nanocrystal deposit extending outward from the edge (Fig.  1d). As our 
study focuses primarily on the nanocrystal region, we provide only a 
brief overview of the droplet edge and transition region here, with 
further details available in the Supplementary Information.

The structure of the droplet edge varied between and within sam-
ples. Some edges consisted of widely spaced gypsum crystals (Fig.  1b), 
while others featured a compact layer of fine bassanite crystals that 
completely covered the substrate (see Supplementary Information). At 
bassanite-rich edges, we observed a gradual reduction in nanocrystal 
size leading into the transition region (Fig.  1c), eventually merging 
with the amorphous nanocrystal zone (Fig.  1d). In contrast, gypsum-
dominated edges exhibited abrupt transitions to the nanocrystal zone, 
with no intermediate-sized crystals (Figure S2). These differences arise 
because the low thickness of the liquid film near the droplet edge 
imposes geometric constraints on the crystalization of CaSO4, with 
different polymorphs being favored depending on the size of the crystal 
that can form.

The homogeneous nanocrystal region extended at least 5 cm from 
the droplet edge with minimal variation in morphology or density 
(Figs.  1d and S5). AFM scans revealed that individual nanocrystals 
formed flattened spherical caps with heights of approximately 8 nm
and lateral dimensions of 20 nm (Fig.  1e). Based on surface coverage 
analysis, we estimated that 1%–5% of the wafer area was directly 
covered by nanocrystals. Considering AFM tip convolution, we used 
1% as a conservative estimate, corresponding to a number density of 
approximately 6 × 1013 m−2, or an average center-to-center spacing of 
roughly 125 nm.

3.2. Mechanical stability and removability of the nanocrystal layer

To measure how firmly the nanocrystals adhere to the wafer surface, 
we performed contact-mode AFM scans with normal forces ranging 
from 30 to 300 nN. We found that individual nanocrystals remained in 
place under forces up to approximately 30 nN, but were displaced at 
higher loads. Phase contrast images (Figure S6b) confirmed that dis-
placed nanocrystals left no detectable residue at their original locations. 
This could be explained by the unfaceted shape of the nanocrystals, 
allowing them to roll over the surface when force is applied.

Given the nanocrystal number density of 6×1013 m−2, we estimated 
that the deposit can withstand macroscopic pressures of up to 2MPa
before widespread nanocrystal displacement occurs (Figure S6). This 
threshold is substantially higher than the typical clamping pressures 
of 0.1MPa[37] used in vacuum chuck systems in the semiconductor 
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Fig. 1. (a) Schematic of a droplet of aqueous CaSO4 solution evaporating on a silicon substrate, with a macroscopic contact angle 0◦ < 𝜃 < 2◦ and a precursor film 
extending several centimeters from the droplet edge. Upon evaporation, three distinct deposition zones form, each characterized by different CaSO4 morphologies. 
(b) SEM image of gypsum crystals (CaSO4⋅2H2O) marking the former macroscopic contact line at the droplet edge. AFM images of (c) bassanite crystals 
(CaSO4⋅

1
2
H2O) in the intermediate transition region between the droplet edge and the precursor film, (d) an amorphous nanocrystal deposit (CaSO4⋅𝑥H2O, water 

content 𝑥 > 0 varies [32–36]) within the precursor film region, and (e) a close-up of an individual nanocrystal. Additional images are provided in the Supplementary 
Information.
 
(a) 

  
(b) 

  
(c) 

 

Fig. 2. Friction coefficient maps (in arbitrary units, a.u.) of three types of CaSO4 deposits: (a) a gypsum crystal from the droplet edge, (b) a bassanite crystal from 
the transition region, and (c) an amorphous nanocrystal from the precursor film area. Note that slopes on the sample surfaces appear as high-friction artifacts. 
For all three types of crystal, the friction coefficient is about 0.4 on flat regions of the crystal and about 0.6 on flat regions of the silicon substrate (see also 
Figure S12).
industry, suggesting that the deposit may remain stable under practical 
conditions.

In addition, to test how easily the layer can be removed for cleaning 
purposes, we rinsed and immersed samples in distilled water. In all 
cases, the CaSO4 layer dissolved completely within one minute, leaving 
no observable residue on the silicon surface (Figure S8). These results 
demonstrate that the nanocrystal deposit is both easy to create and 
easy to remove, which makes it attractive as a sacrificial spacer at 
(self-mated silicon) tribological interfaces.

3.3. Friction coefficients of CaSO4 crystals and nanocrystals

In Fig.  2, lateral force microscopy (LFM) maps of three types of 
CaSO4 morphologies are presented: (i) large gypsum crystals at the 
droplet edge (Fig.  2a), (ii) bassanite crystals in the transition region 
(Fig.  2b), and (iii) amorphous nanocrystals from the precursor film 
region (Fig.  2c).

Each LFM pixel intensity reflects the lateral force measured at that 
point. Boundaries of individual crystals appear as high-friction zones 
because the tip experiences resistance as it climbs on top the crystal. 
The friction coefficient of the large gypsum crystal is strongly variable. 
On flat regions the friction coefficient is lower than on the surrounding 
silicon, just like for nanoparticles and bassanite crystals, but in many 
other places it is much higher. This can be attributed to the high surface 
roughness of large gypsum crystals in comparison to both uncoated 
silicon and the other types of CaSO4 crystals. By comparing the average 
friction on top of the crystals with the average values outside the 
3 
crystals, we estimate the ratio of the friction coefficient of silicon and 
the three types of CaSO4 crystals. In this way, we find that the friction 
coefficient of CaSO4 nanoparticles and larger bassanite crystals is ap-
proximately 40% lower than that of the surrounding uncoated silicon. 
We repeated the friction measurements on bassanite crystals using cali-
brated AFM tips at varying normal force and varying relative humidity 
(Fig. S12), thereby showing that the friction coefficient on bassanite 
is 0.38±0.06, independent of humidity, while the friction coefficient 
measured on bare silicon increases from 0.52±0.07 to 0.60±0.07 as the 
humidity is raised from 6% to 60%. Furthermore, by varying the normal 
force, we observed a modest but not statistically significant reduction 
in friction coefficient with increasing normal force, which is likely 
caused by adhesion. Finally, we note that the contact forces exerted 
in our experiment result in contact pressures ranging from 1-2GPa, 
according to Hertz theory, while the shear stresses are approximately 
half. Overall, our observations suggests that the nanoparticle deposit 
effectively reduces the friction coefficient of the silicon surface to which 
it is applied.

3.4. AFM tip wear on silicon and gypsum crystals

To quantify the degree to which the CaSO4 deposits can suppress 
silicon-on-silicon wear, we performed controlled wear experiments (see 
Methods, Fig.  3 and Table  1) both on gypsum crystals located at the 
droplet edge (Fig.  1b) and on uncoated silicon wafers.
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Fig. 3. Procedure used to estimate the worn volume of an AFM tip. (a) Model of the RTESPA-150 tip used in experiments. As the tip slides over a flat surface, 
material is gradually removed from the apex, exposing a triangular cross-section that increases in size with wear—starting small (yellow surface) and growing 
larger (red surface). (b,c) Schematics of a lightly worn tip (b) and a heavily worn tip (c) scanning a sharp feature of the reference roughness sample. Because 
the sample features are sharper than the worn tips, the resulting images effectively demonstrate the geometry of the degraded tip. (d–f) Scans of the Bruker 
RS-12M roughness sample acquired using (d) a fresh tip, (e) a tip worn on gypsum, and (f) a tip worn on silicon. The size of the exposed triangular cross-section 
is extracted from these images, and the corresponding wear volume is calculated. Additional details are provided in the Supplementary Information (Figures S9 
and S10).
The measured silicon-on-silicon wear rate agrees with previous 
measurements of silicon wear under self-mated and ambient condi-
tions [38], thereby providing independent support for our methodol-
ogy. On average, the tip wear rate was 70% lower when scanning over 
gypsum (1.9×105 μm3∕(N m)) compared to silicon (7.0×105 μm3∕(N m)). 
This suggests that the nanoparticle deposit can indeed significantly 
reduce wear of surfaces sliding against a silicon sample, as may be 
expected based on the lower hardness of gypsum [23,24] compared to 
silicon. Individual measurements on gypsum exhibited higher uncer-
tainty due to irregular wear profiles on rough crystal surfaces, whereas 
scans on smooth silicon showed less variation in average wear rate. 
Finally, it should be noted that at the start of each wear test, the contact 
stress is about 1GPa. As the tip wear progresses, the contact stress is 
expected to decrease substantially, which may in turn reduce the wear 
rate.

4. Discussion

4.1. Nanocrystal distribution and interfacial applications

The investigated nanocrystal deposit remains morphologically con-
sistent over several centimeters, confirming the uniformity and scala-
bility of the deposition approach. This uniformity makes the deposit a 
promising candidate for use as a sacrificial interfacial layer in appli-
cations that require nanoscale separation between flat surfaces—such 
as between silicon wafer backsides and positioners in semiconduc-
tor equipment. The measured height and lateral dimensions of the 
nanocrystals are sufficient to maintain a controlled separation, poten-
tially reducing direct contact and the resulting friction and wear in 
precision positioning systems.

Based on morphological comparison with literature [32,33], we 
attribute the deposited nanocrystals to quasi spherical amorphous cal-
cium sulfate, and the nanorod shapes to bassanite (CaSO ⋅ 1H O). The 
4 2 2

4 
Table 1
Summary of the wear rate of uncoated silicon AFM tips sliding over either 
uncoated silicon wafers or gypsum crystals. The wear rate on softer [23,24] 
gypsum is substantially lower than on harder [4] silicon.
 Results of tip wear rate experiments on silicon and gypsum crystals
 Si wafer Gypsum crystal 
 Contact force (nN) 100 100  
 Number of measurements 5 10  
 Scan distances (mm) 5–102 3–240  
 Average wear rate (105 μm3∕(N m)) 7.0 1.9  
 Minimum and maximum wear rate (105 μm3∕(N m)) 4.4–10.0 0.16–6.2  
 Uncertainty per measurement (%) 30 70  
 Uncertainty of average result (%) 14 22  

amorphous character may offer mechanical compliance and low adhe-
sion, facilitating easy removal and minimizing contamination. These 
features could support the development of reversible surface separation 
strategies in cleanroom environments.

4.2. Stability and reversibility of the nanocrystal layer

We found that individual nanocrystals withstand normal forces of 
up to approximately 30 nN, corresponding to a macroscopic pressure 
of about 2MPa. This value exceeds the typical clamping pressures of 
0.1MPa[37] used in vacuum chuck systems, indicating that the deposit 
remains stable under standard operating conditions in semiconductor 
processing.

We also confirmed that the layer can be fully removed by simple 
rinsing or brief immersion in distilled water, without leaving detectable 
residues. This ease of removal highlights the reversibility of the deposi-
tion and supports its suitability as a temporary or disposable interfacial 
layer.
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4.3. Friction reduction and morphology effects

Our lateral force microscopy measurements showed that both amor-
phous CaSO4 nanocrystals and bassanite nanorod crystals reduce local 
friction coefficients by approximately 40% compared to the surface of 
the bare silicon. This reduction is especially valuable in precision po-
sitioning systems, where friction-induced microdeformation and wear 
can degrade performance [39].

In contrast, larger gypsum crystals exhibited spatially heteroge-
neous friction behavior due to their faceted shape. In flat regions, fric-
tion was relatively low, but in rougher areas, friction values were signif-
icantly higher. We attribute this variation to increased local asperities 
and topographical irregularities. These results suggest that smoother 
morphologies, such as the quasi-spherical amorphous nanocrytals and 
nanorods of bassanite, offer more consistent and predictable frictional 
behavior, making them better suited for integration into precision 
tribological systems.

4.4. Wear reduction on gypsum surfaces

Our AFM tip wear experiments demonstrated that sliding on gypsum 
crystals reduced tip wear rates by approximately 70% compared to 
sliding on silicon. Despite the relatively rough surface of gypsum, this 
protective effect was consistently observed across multiple measure-
ments.

This finding is significant for applications where uncoated silicon 
components undergo repeated sliding, such as in micro-positioning 
stages or MEMS devices. Reducing tip or surface wear with CaSO4
deposits could extend component lifetimes and improve reliability.

While tip wear measurements on gypsum showed higher uncer-
tainty due to irregular wear geometries, the overall trend remains 
robust. The smoother surface of silicon allowed for more precise volume 
loss measurements and served as a reliable baseline for comparison. 
These results support the concept that sacrificial or compliant surface 
layers can mitigate wear in silicon-on-silicon contact scenarios.

4.5. Outlook

We have shown that CaSO4 nanocrystals offer favorable friction 
and wear properties at the single-nanocrystal level. However, prac-
tical implementations will involve larger contact areas where many 
nanocrystals simultaneously contribute to interfacial behavior. A nat-
ural next step is to conduct macroscale friction experiments – such as 
wafer-on-wafer contact tests – to determine whether these beneficial 
effects persist at larger scales.

We selected CaSO4 for this study due to its previously reported 
ability to form stable nanocrystals during evaporation [25,32,33]. How-
ever, we see no fundamental reason to assume that CaSO4 performs 
better than other low solubility salts. Since the deposition method is 
general, future work could explore analogous deposits formed from 
other salt systems, particularly those already reported in literature [27]. 
Furthermore, the influence of other deposition methods or drying 
conditions could be studied.

5. Conclusion

We demonstrated that droplet-based nanocrystal deposition offers 
a simple and effective method to form dense and spatially uniform 
nanocrystal layers on silicon wafers. These layers span several centime-
ters with consistent morphology and coverage, enabling their potential 
use as sacrificial interfacial coatings in flat-on-flat contact applications.

We characterized the deposited nanocrystals as quasi spherical 
amorphous calcium sulfate with average dimensions of approximately 
8 nm in height and 20 nm in lateral diameter. The nanocrystals remained 
mechanically stable under normal forces up to 30 nN, corresponding to 
a macroscopic pressure of about 2MPa, well above the pressures used 
5 
in vacuum chuck systems. Additionally, the entire deposit could be 
removed easily by rinsing with water, leaving no observable residue.

Through lateral force microscopy, we found that both amorphous 
nanocrystals and bassanite crystals reduced surface friction by approx-
imately 40% compared to bare silicon. Wear tests using silicon AFM 
tips revealed a 70% reduction in tip wear when sliding over gypsum 
crystals relative to silicon, further underscoring the deposit’s protective 
potential.

Together, these findings indicate that CaSO4 nanocrystal layers can 
reduce friction and wear at critical ceramic interfaces, such as those 
found in semiconductor positioning systems. Their ease of application, 
reversibility, and tribological performance make them promising candi-
dates for integration into cleanroom-compatible, precision-engineered 
surfaces.
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