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Abstract

Adhesion plays a pivotal role in computer chip manufacturing, directly affecting the precision and durability of positioning
components, such as wafer stages. Electrical biasing is widely employed to eliminate floating potential and to enable elec-
trostatic clamping. However, upon electrical grounding adhesion can persist and there is limited knowledge about the nature
of this adhesion hysteresis. Here, we investigate potential causes underlying electric field-induced adhesion hysteresis at the
interface between an n-type AFM tip and a p-type silicon sample using atomic force microscopy. Our findings reveal that
neither charge trapping nor siloxane bond formation significantly impacts the measured adhesion. Surprisingly, we show
that adhesion can be tuned through electric field-induced water adsorption under low relative humidity (RH < 10%). Our
results provide new insights into adhesion hysteresis and opportunities for adhesion control.
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Adhesion at nanoscale interfaces[11] arises through
multiple coupled physical and chemical mechanisms. Chief
among these are (i) short-range interactions, including cova-
lent and hydrogen bonding;[8, 12—-16] (ii) water-mediated
capillary forces;[8, 9, 17, 18] and (iii) electrostatic interac-
tions.[6, 19, 20] The dominant contribution depends on envi-
ronmental and material parameters: low humidity conditions
favor Coulombic, van der Waals,[21] and direct chemical
bonding[15], while moderate to high humidity introduces
H-bonding and capillary condensation[8] that can substan-
tially enhance adhesion. Electrostatic forces become signifi-
cant when surface charge imbalances or externally applied
potentials are present. Parameters such as surface rough-
ness[11, 22], functionalization[16], doping, and ambient
humidity[8] modulate each of these interactions, often in
non-additive ways.

The qualitative fingerprints of individual force channels,
including dispersion, hydrogen bonding, capillary conden-
sation, and siloxane bridge formation, have been mapped in
numerous atomic force microscopy (AFM) and surface force
apparatus (SFA) studies.[15-17, 23-26] Yet, the reported
pull-off forces and interfacial energies vary by orders of
magnitude, even for ostensibly identical oxide surfaces.
The observed range reflects the extreme sensitivity of each
interaction to tip radius, surface roughness, local water con-
centration, and prior electrical, chemical or mechanical his-
tory. Direct numerical comparison therefore risks obscuring,
rather than clarifying, the underlying physics. An important
challenge is to develop experimental and theoretical frame-
works that can isolate each channel while accounting for
their inevitable coupling in real time[27]. This open chal-
lenge is nicely highlighted by recent rough surface adhesion
measurements and modeling[11]. While detailed experimen-
tation and analysis enabled the identification of the strength
and range of alumina-on-diamond adhesion, the underlying
adhesion mechanism and possible importance of electro-
static interactions remain unclear.

Electrostatic contributions thus magnify the complexity
of adhesion. Modest fields reorder interfacial water dipoles
and alter capillary morphology, whereas high fields can
induce soft dielectric breakdown, generate charged defects,
and promote irreversible chemical bonding.[8, 28] The
resulting adhesion can relax within milliseconds or persist
for hours, depending on the metastability of the induced
states.

For many applications, a purely static view of adhesion
fails to capture the dynamic and interdependent nature of
these interactions. Under operating conditions, surfaces
may experience mechanical loading or be subject to active
bias, producing time-dependent strain and electric fields
that dynamically modulate adhesion. Applied bias can
induce strong electrostatic clamping—exploited in MEMS
actuation—while simultaneously reconfiguring surface
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dipoles and interfacial water structure. The resulting adhe-
sion reflects a balance between chemical bonding, capil-
lary forces, and electrostatics, each evolving with the local
field and environment. Engineering tribosurfaces with pro-
grammable adhesion or friction therefore requires isolating
these field- and humidity-dependent contributions under
controlled conditions.

Since the invention of the transistor, silicon has
remained the material of choice in microelectronics. Its
stable native oxide and well-controlled doping enable the
formation of high-quality SilSiO, interfaces that under-
pin device performance.[29-32] Field-driven processes
at this interface—including carrier accumulation, band
bending, and defect formation—critically influence both
electronic and mechanical behavior. In tribological con-
texts, these same processes can modulate adhesion and
friction. For instance, bias-induced depassivation of P,
centers alters local charge density, enhancing chemical
adhesion via Si—O-Si bridge formation and modifying
long-range electrostatic forces.[33-35] At the same time,
electric fields can reorient adsorbed water molecules, shift
the hydrogen bonding network, or induce local condensa-
tion, all of which alter the force landscape.[17, 18] Even
subtle changes in surface hydration,[36] partial siloxane
formation,[16] or transient defect states can measurably
impact nanoscale adhesion. Yet, the interplay between
bias-driven structural modifications—such as P,-center
activation or charge trapping—and the dynamic response
of interfacial water remains poorly understood. In particu-
lar, it is unclear which mechanism governs the persistence
of elevated adhesion after bias removal. While siloxane
bridging and trap-assisted electrostatics are plausible can-
didates, field-induced restructuring of the interfacial water
network could produce similar hysteresis signatures. Each
channel is associated with a distinct interaction strength,
range, and relaxation time, offering a potential route to
disentangle their relative contributions.

In this work, we systematically investigate how applied
bias modulates adhesion at the self-mated SilSi0O, interface.
Using AFM under controlled humidity, we measure sub-
nanonewton adhesion force changes as a function of applied
voltage and time. This allows us to quantify both the mag-
nitude and persistence of adhesion hysteresis under varying
environmental conditions. We find that the elevated adhesion
persists long after bias removal, with a pronounced depend-
ence on relative humidity (RH). The combined magnitude,
relaxation kinetics, and RH dependence strongly support
field-induced restructuring of interfacial water as the pri-
mary driver of adhesion memory. These findings demon-
strate, in a model SilSiO, system, how moderate electric
fields can influence interfacial water structure and thereby
adhesion, suggesting possible routes toward electrically tun-
able tribological behavior in silicon-based systems.
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2 Experiment

In order to focus on adhesion mechanisms, rather than the
interplay between adhesion mechanisms and surface topog-
raphy, we performed adhesion measurements at single-
asperity interfaces under controlled conditions. We used the
Icon Dimension model Bruker AFM system (Fig. 1a) with
Bruker PFQNE-AL-type probes carrying n-type antimony-
doped Si (n-Si) tips with a radius of 5-12 nm (Fig. 1b). The
tip is mounted on a triangular cantilever with a spring con-
stant of 0.8 N/m and dimensions of approximately 42 ym in
length and 40 ym in base width.

We collected data from topography and adhesion chan-
nels in the PeakForce mode of the Bruker Icon Dimension
system, which is placed in a chamber wherein we kept the
relative humidity stable in the range of 2%—-80% using the
proUmid Modular Humidity Generator (MHG) 100 sys-
tem. Compared with the conventional Force Volume tech-
nique, which provides higher resolution with respect to the
tip—sample separation in individual force—distance curves,
the PeakForce mode enables rapid acquisition of force—dis-
tance data, allowing us to capture adhesion forces associated
with transient surface states across large areas.

We used naturally oxidized p-type silicon samples, p-
Si (Siegert Wafer, <100> orientation, boron doped, single
side polished, 500-525 um thick, 1-10 Q resistivity) with
50 um wide etched grids (Fig. 1c). The naturally oxidized
silicon tip and sample surfaces enabled us to investigate the
open question of how electric fields influence adhesion in a
system for which effects such as charge trapping and water
absorption are well understood.

z RH Control

The adhesion force (F,) measurement through Peak-
Force mode represents the absolute values of the minimum
measured force value (F,,;,), as given in Eq. (1) below.

in

F,(7,) = |Fmin(?n)|. 1)

To systematically study how electric fields can influ-
ence adhesion as a function of time, we developed an
adhesion hysteresis measurement protocol that involves
several steps as detailed in Fig. 2. We first grounded the
tip while the wafer is biased, thereby generating an elec-
tric field between tip and wafer for 30 s. After applying
this bias pulse, we engaged the tip to the surface for an
adhesion measurement. We repeated this process n times
at different grids 7, (Fig. 1¢), moving the tip to a neigh-
boring grid for each adhesion force measurement F(7,)
while varying the previously applied bias voltage V,(7,_,).
We conducted each adhesion measurement on a new area
on the wafer to avoid an influence of scanning induced
changes to the wafer on the adhesion measurements.

When the sample is biased, an electric field is created
between the biased wafer and the grounded AFM tip. The
AFM tip, including its cantilever and chip, is a millimetric
object, while the gap between the tip and wafer is approxi-
mately 1 mm. We therefore expect the electric field to
cover a millimetric area with a strength of a few volts
per millimeter or a few thousand volts per meter (E = ‘7;,
where V =10V and d = 1 mm).

p-Si wafer

Fig. 1 a Simple schematic for the history-dependent adhesive force
measurements using atomic force microscopy (AFM) on p-type sili-
con (p-Si) wafers using b Bruker PFQNE-AL type probes carrying
n-type antimony-doped Si (n-Si) tips with a radius of 5-12 nm[37].

PFQNE — AL type
n=Sitips (r =5 —12nm)

50 pm wide grids

The setup allows setting the relative humidity (RH) stable at a cho-
sen level in the chamber. Bias voltages V;, in the rage of 0-10 V are
applied to the sample prior to adhesion measurements. ¢ 50 ym wide
grids etched on the p-Si are for precise tip positioning on the surface
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(iii)
i)

7

Fig.2 Protocol for adhesion hysteresis measurements. i Adhesion
measurement (F,(#)) conducted at 7, while the tip and the sample
are grounded. ii Withdrawal of the tip to z,, = 1 mm separation at 7,
after which V, =V, is applied for 30 s. iii Adhesion measurement
(F,(7,)) conducted at 7,, while the tip and the sample are grounded.
iv Withdrawal of the tip to z,, = 1 mm separation at 7,, after which

3 Results
3.1 Influence of Applied Bias on Adhesion

Figure 3a—c provides an overview of the results obtained
by applying the protocol described above to the interface

)

3 Fa(f:S)

E 1 Tz T3 E I— f1 fy T3 n times
V=V, ! repetition

V, =V, is applied for 30 s. v Adhesion measurement (F,(73)) con-
ducted at 7; while the tip and the sample are grounded. The steps (i—
v) are repeated for a desired number of measurements. The distance
between the positions where the V,, (7,_,) is applied and F, (7,) meas-
ured is about 50 ym (Ar = |7, — 7,_;| = 50 ym)

between the n-Si tip and the p-Si sample. The optical
micrograph in a shows the grid positions used for data
acquisition, while b and ¢ display representative topogra-
phy and adhesion force (F,) maps, respectively, acquired
over a 512 nm X 32-nm scan area. The root mean square
surface roughness within the measurement area was
1.13 nm + 0.2 nm, and the average adhesion force was

d) 05 &) 2 Slope: 0.03 £ 0.00 aN/V
) RH-13%  (© N N
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Fig.3 a Optical micrograph showing the grid locations where (b)
topography (root mean square roughness: 1.13 nm + 0.2 nm) and (c)
adhesion force (F,) maps (average F, = 1.57 nN + 0.08 nN) were
acquired over a 512nm X 32 nm area with 256 X 16 pixel resolution.
d Force—distance curves measured between an n-Si AFM tip and a p-
Si wafer at distinct surface locations 7, each corresponding to a sin-
gle pixel. The black curve shows the initial measurement at 7, (before
biasing), while the red and gray curves correspond to measurements
at 7, and 75 after applying V, = 1V and 5V, respectively, for 30 s. e
Averaged adhesion force values (F,) from multiple scan areas across
different grids, plotted as a function of applied bias V,. Upward tri-
angles represent the forward sweep (0-10 V), and downward trian-
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Vi (V)

gles the reverse sweep (10-0 V). An independent repetition (shown
in red) demonstrates that after a 90-min rest following the 10-V meas-
urement, F, decreases (square), but recovers upon reapplying 10 V
(rightmost red triangle pointing down), indicating reversible hyster-
esis. All measurements were performed at 13% relative humidity with
the sample grounded; V, was applied only between measurements.
Fresh n-Si AFM tips (Bruker PFQNE-AL) were used for each experi-
ment. The error bars reflect the standard deviation in adhesion force
across the measured areas, which is largely caused by variations in
surface topography as illustrated by the correlation between adhesion
and topography in (b) and (c)



Tribology Letters (2026) 74:4

Page50f10 4

F,=1.57nN + 0.08 nN. Local variations in F, across the
scan area ranged from 1.49 to 1.65 nN, closely correlat-
ing with surface features visible in the topography map,
indicating that nanoscale surface morphology influences
the measured adhesion force.

Upon application of the adhesion hysteresis protocol
outlined in Fig. 2, we observed a systematic increase in
adhesion at progressively higher bias voltages (Fig. 3d),
even though other measurement parameters (normal load,
approach speed, environment) remained unchanged. Note
that each curve in Fig. 3d represents a force measurement
at a single pixel. As mentioned above, the PeakForce meas-
urements prioritize speed over detail; each pixel is inde-
pendently referenced to its local contact point. Thus, small
variations in topography or cantilever torsion can shift the
apparent zero-separation position. For this reason, we limit
our interpretation of the force—distance curves to extracting
adhesion force values. To test whether tip wear was respon-
sible for the observed increase in adhesion with bias, we
used spatially resolved measurements of averaged adhesion
forces, F,, across areas of 512nm X 32nm (Fig. 3e). The
bias voltage V), was first incremented in 1 V steps from 0 V
to 10 V (black and red upward triangles) and then decre-
mented back to 0 V (black and red downward triangles).
Note that, except for the data points at 0 V and 10 V in
Fig. 3e, each point is an average of several measurements,
grouped by adjacent bias steps for clarity. A pronounced
hysteresis emerged: F, rose with increasing V,, and reverted
toward its original value upon decreasing V,,. An independ-
ent repeat of this experiment (red symbols) reproduced the
trend. We would like to emphasize that there always is an
overall shift in adhesion force when independent repeats of
the adhesion hysteresis experiment are performed, as indi-
cated by the difference between red and black data in Fig. 3e.
Such shifts can be expected, as adhesion scales with the tip
radius[38] which varies significantly from tip to tip. After a
90 min rest following the 10 V measurement, F, decreased
(red square), but reapplying 10 V restored the adhesion
(rightmost red downward triangle). These observations show
that the elevated adhesion—though long lived—is neverthe-
less reversible, ruling out irreversible tip wear. Each data
point in Fig. 3e represents the average of multiple adhe-
sion force measurements acquired from scan areas similar
to Fig. 3c, across different grid locations.

3.2 Humidity-Dependent Adhesion

To investigate if the observed adhesion hysteresis (Fig. 3)
is related to the availability of water in the direct surround-
ings of the tip/wafer interface, we conducted adhesion
measurements while varying the relative humidity. It is well
established that water adsorption can strongly affect adhe-
sion at oxide-covered silicon interfaces. Figure 4 shows F,

1.8
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Fig.4 Adhesion force hysteresis loop versus RH. Eleven measure-
ments (indexed 0-10) were sequentially performed as RH was varied
from 2.5 % to 55 % and back. The inset tracks the time evolution of
RH, each level held for 20 min prior to measurement. A fresh n-Si
tip (Bruker PFQNE-AL) and sample were used. The red arrow (AF,)
highlights the hysteresis in adhesion attributable to humidity

measured as RH was first lowered to approximately 2.5 %,
then increased to 55 %, and finally reduced again. Each
humidity step was held for 20 min to ensure near-equilibra-
tion before measurement. Adhesion rose significantly with
increasing RH and showed a clear hysteresis upon decreas-
ing RH afterward. Notably, the magnitude of this RH-driven
hysteresis (~ 250-300 pN) matches that of the bias-induced
hysteresis observed at 13 % RH (cf. Fig. 3).

Given the impact of humidity history on adhesion in our
system, we explored how the electric field-induced adhe-
sion hysteresis depends on relative humidity. To test whether
moderate humidity is a prerequisite for bias-induced hyster-
esis, we performed the same bias voltage protocol at very
low (3 %) and relatively high (53 %) humidity, as shown
in Fig. 5. Under these extreme conditions, the hysteresis
essentially vanished, suggesting that additional electric-
field-driven water adsorption is most effective at interme-
diate RH. Near-saturated surfaces (e.g., 53 % RH) cannot
accommodate much more water, whereas at very low RH
(3 %), insufficient water is available to create the same cap-
illary effects.

4 Discussion

As mentioned in the introduction, deciphering which mech-
anism is responsible for adhesion, including the possible
importance of electrostatic interactions is an open challenge.
Surprisingly, despite identical conditions during the adhe-
sion measurements reported in Fig. 3, adhesion increases in
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Fig.5 (a and b) Each data point represents an average of multiple
adhesion force measurements (F,) acquired within a 512 nm X 32 nm
frame, grouped by adjacent bias values (For clarity, the data have
been reduced to four representative points per bias sweep by averag-
ing across sequential subsets). The bias (V,) was increased in steps
from 0 V to 10 V (upward triangles) and then decreased back to 0 V

each successive measurement, suggesting that the adhesion
force is influenced by the electric field applied just before
each measurement. The geometry, materials, and controlled
conditions in our experiments enable a detailed analysis of
the various mechanisms that may contribute to the measured
adhesion hysteresis.

4.1 Electrostatic Interactions

The literature suggests that various factors, including crys-
tal orientation, defects, dangling bonds, vacancies, dopants,
and localized surface stresses in band gap materials, can
contribute to charge trapping [34]. In the silicon bulk, struc-
tural defects can introduce trap states within the band gap,
capturing holes[39]. Vacancies, created by missing atoms,
also produce energy states capable of trapping holes, while
specific dopants introduce acceptor states within the band
gap that act as potential hole traps[40]. At the silicon/oxide
interface, certain crystal orientations can increase the den-
sity of surface states, enhancing the likelihood of hole trap-
ping[41]. Additionally, dangling bonds at the interface gen-
erate localized states within the band gap that are especially
prone to trapping holes, particularly when depassivated by
applied bias.

Other factors, such as localized surface stresses near
interfaces, can modify the band structure, creating states that
promote hole trapping. Together, these influences highlight
the complex mechanisms that could lead to adhesion hyster-
esis through trapped charges in the silicon wafer.

Hole trapping in bulk silicon can lead to the formation
of mirror charges (mobile electrons) in the n-Si tip, poten-
tially generating electrostatic adhesion. Prior studies, such
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(downward triangles). Data in (a) were obtained at 3 % RH, whereas
(b) was performed at 53 % RH. Both datasets show negligible hyster-
esis, as opposed to the measurements conducted in 13% RH environ-
ment (Fig.). The sample was grounded during all measurements, and
bias was applied only between measurements. Four fresh n-Si tips
were used for the experiments

as those by Falster and Voronkov[42], indicate that the
density of intrinsic defects of silicon, from 10* to 10° cm~3,
is negligible compared to the density of doping-induced
alterations found in the bulk of the p-Si sample, from
1% 10'8 to 4 x 10'° cm™3[43]. Thus, our analysis focuses
on defect characteristics specifically induced by boron
doping.

Electrostatic interactions between the tip and the sub-
strate should be dominated by charges present close to the
tip-on-substrate interface. The short Debye length of
doped silicon will cause strong screening of any charges
separated by more than a few nanometers from the con-
tact[44]. Even in the oxide layer on top of the silicon bulk,
only those charges trapped within a distance of order tip
radius should matter, as charges further away engage in
weaker Coulombic attraction with only a minor component
in the normal direction due to the geometry of the inter-
face. If the observed hysteric increase in adhesion force of
250-300 pN results from an additional electrostatic force,
we can obtain a rough estimate of how many charge pairs
are involved through Coulomb’s law. Coulomb’s law

(F,| =k, %, where g represents the charges and counter

charges (in linits Coulomb), k, = 9.0 - 10° Nm>C~? is the
Coulomb constant, and ¢, is the relative permittivity of the
medium separating the charges), suggests that about two
elementary charges and counter charges trapped within the
interaction volume between the tip and sample could gen-
erate the observed force when the charges are separated by
a silicon dioxide film (z, & 1 nm, €, = 3.9). The precise
distance and medium across which charges can interact
will, of course, depend on the exact charging scenario;
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screening of the interaction between tip and sample
charges may take place through water films, oxide layers,
and silicon bulk.

We next estimate how many trapped charges could be pre-
sent within the volume of the wafer that can electrostatically
interact with the tip. Approximating this volume as a hemi-
sphere with radius 5 nm and multiplying the hemisphere
volume with a typical doping density of N, = 1 x 10" cm™3
we estimate that, interestingly, about 10 doping sites are
available within the wafer to interact with counter charges
in the tip; enough to generate Coulombic attraction of order
300 pN. However, a study by Jang et al.[45] states that the
lifetime of trapped holes at boron defect sites is in the milli-
second range. This lifetime is far too short to account for the
hysteresis observed in our adhesion measurements, which
extends over minutes to hours. Such timescales align more
closely with mechanisms like charge trapping at oxide inter-
faces[46] or water desorption[8], both of which are known
to occur on significantly longer timescales.

According to Lee et al.[46], electron trapping within the
native silicon oxide layer is negligible, whereas hole trap-
ping is significant due to the low mobility of holes in native
oxides and limited tunneling annealing. The reduced mobil-
ity of holes in native oxides arises from their high effective
mass and interactions with trap states, which further enhance
hole trapping. Furthermore, the low tunneling rates in native
oxides inhibit trapped holes from easily returning to a con-
ductive state, leading to increased hole accumulation.

The typical density of hole traps in a native oxide layer
on p-Si is approximately 10! cm~2 [47]. This translates
to a maximum density of about 1073 nm~? within the tip-
sample interaction area. We approximate the area of the
silicon oxide/bulk interface with which the tip can interact
electrostatically as a disk with radius 5 nm and thus obtain
approximately 0.1 charges within the interaction volume.
However, this density is an order of magnitude too low to
generate the observed 250-300 pN adhesion hysteresis. We
thus also consider interfacial siloxane bonds as a potential
mechanism contributing to the observed adhesion hysteresis.

4.1.1 Short-Range Interactions: Covalent and H-Bonding

Previous studies [8] suggest that bonding effects[48], such
as siloxane bond formation across silicon interfaces[15],
occur when two hydroxyl groups on opposing surfaces
meet and bond, generating a water molecule in the pro-
cess. However, such interfacial siloxane bond formation is
expected only under conditions involving freshly plasma-
cleaned surfaces and minimal relative humidity (RH <
0.5%). In our experiments, the silicon samples are not
plasma cleaned, and measurements are conducted at sig-
nificantly higher humidity levels. Furthermore, the force
required to break a single siloxane bond is approximately

700 pN[16, 26]. In contrast, the adhesion forces observed
in our study exhibit a gradual change within the range of
250-300 pN at RH = 13%, which is insufficient to break
even a single siloxane bond. Thus, the gradual increase in
adhesion observed is inconsistent with the bonding and
rupture dynamics of siloxane bonds, leading us to con-
clude that interfacial siloxane bonds do not contribute to
adhesion hysteresis under our experimental conditions.
While siloxane bonds do not appear to play a role in our
system, it is expected that water films on the silicon sur-
faces can contribute to the measured adhesion, for exam-
ple, through the formation of hydrogen bond networks[8,
49]. In this scope, parameters such as relative humidity
(RH) [36] and pH [12, 13] are important. At the RH levels
used in our measurements (Fig. 3), water films of approxi-
mately 4 A thickness are expected to form on the naturally
oxidized p-Si surface[50]. Water adsorption on silicon is
known to be history dependent, as it takes time for water
molecules to desorb once the humidity is lowered[8].

4.1.2 Water Capillary Interactions

The results in Fig. 4 reveal an increase in adhesion as the
humidity rises. We attribute the increase in adhesion with
increasing relative humidity to the formation of capillary
bridges and enhanced hydrogen bonding networks at the
interface. To illustrate this, we make a rough estimate of
the capillary force exerted by the capillary bridge F. at the
interface between the sharp n-type silicon conical AFM tip
(Rip =5 — 12 nm) and the p-type silicon wafer with native
oxide using [38]:

F.= 471:Rﬁpy,

where y is the surface tension of water. We thus estimate the
capillary force to be F. ~ 5nN, which is of the same order
as the adhesion forces measured experimentally.

In addition to the increase in adhesion with increas-
ing relative humidity—which can be attributed to water
capillary effects- we also observe adhesion hysteresis
when the humidity is first increased and subsequently
decreased (Fig. 4). Interestingly, the RH-induced hyster-
esis in adhesion (Fig. 4) is similar in magnitude to the
adhesion hysteresis that is observed when the wafer sam-
ple is biased (Fig. 3), with both measurements showing a
change in adhesion force on the order of several hundred
pN. Furthermore, it is remarkable that our measurements
show identical behavior to that observed for the humid-
ity dependence of friction of macroscopic silicon—silicon
interfaces (both in terms of the trend and the hysteresis)
involving forces eight orders of magnitude larger than
those reported here[8].
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4.1.3 Electric Field-Induced Water Adsorption

Water is known to enhance adhesion and friction at naturally
oxidized silicon interfaces, particularly during the formation of
the first water monolayers at low relative humidity, as reflected
in the first data points of Fig. 4. At approximately 10% RH, a
monolayer of water is expected to form on the naturally oxi-
dized p-Si surface[50]. The electric field generated during the
sample bias experiments (Fig. 3) likely promotes increased
water adsorption on the biased wafer[25, 51, 52]. Polar water
molecules in the air gap between the wafer and the tip are
attracted to wafer and tip due to the electric field. While the
electric field in our setup (approximately E = 10* V/m) is two
to three orders of magnitude lower than in typical electrowet-
ting studies[53] (10 — 107 V/m), the electric field can none-
theless induce water polarization and adsorption. The resulting
increase in water availability at the interface enhances adhe-
sion and likely contributes to the observed adhesion hysteresis.

If electric field-induced water adsorption drives the
observed adhesion hysteresis at 13% RH, we would expect
the hysteresis to diminish at higher humidity levels (>40%),
where adhesion becomes less sensitive to RH or sample bias-
ing due to reduced Laplace pressure differences, or at lower
humidity (<5%), where insufficient environmental water is
available for significant adsorption on the silicon surfaces. Our
measurements (Fig. 5) indeed indicate no significant adhesion
hysteresis at either very low or high humidity, supporting the
hypothesis that moderate RH levels are necessary for electric
field-induced water adsorption to influence adhesion.

Furthermore, in support of our interpretation, Figs. 4
and 5 reveal that adhesion is generally higher at elevated
humidity levels. If charge trapping is of importance for the
adhesion in our system, we expect higher adhesion at low
humidity, because at low humidity less water is available to
screen the electrostatic interaction between the tip and the
sample[36]. However, we observe the opposite trend, with
adhesion increasing as humidity rises, supporting the con-
clusion that water adsorption, rather than charge trapping,
plays a central role in enhancing adhesion.

We thus propose that in our adhesion hysteresis experi-
ments, the electric field induced by the applied bias polarizes
water molecules in the gap between tip and sample, promot-
ing their adsorption. The increased presence of water on the
silicon surfaces exposed to low humidity environment (13%
RH) enhances the capillary interaction between the tip and
the sample.

5 Conclusion
In this study, we explored the hysteric effect of sample-bias-

ing on adhesion forces between an n-type AFM tip and a
p-type silicon sample under varying bias voltages at different

@ Springer

humidity levels. Our results reveal a significant adhesion
hysteresis influenced by applied bias voltage and environ-
mental conditions. We analyzed the observations highlight-
ing the relative importance of charge trapping, siloxane
bonding, and capillary adhesion.

Bulk or oxide layer charge trapping does not significantly
contribute to the observed adhesion hysteresis. Given the
typical timescale of hole trapping and the defect concentra-
tion wherein charge carriers can remain in the p-type silicon,
bulk and oxide electrostatic forces from trapped charges are
insufficient to explain the observed adhesion hysteresis.

Previous studies have suggested that siloxane bond forma-
tion can lead to significant adhesion across silicon interfaces.
However, the force required to break an individual siloxane
bond (700 pN) is considerably higher than the magnitude of
the observed adhesion hysteresis (250-300 pN). Thus, we
conclude that siloxane bond formation does not play a role
in our measurements.

Our results indicate that adhesion hysteresis is caused
by electric field-induced water adsorption, which results in
increased capillary adhesion. This adhesion hysteresis is
most pronounced at low relative humidity (around 10%) and
can last for minutes after applying the bias voltage. In future
studies, the magnitude of the adhesion hysteresis could be
further increased, for example, by adjusting the humidity
level, applied bias and gap. Furthermore, while charge trap-
ping did not influence the adhesion in our measurements,
there may be opportunities to further explore the potential
of charge trapping for adhesion control, for example by
introducing higher densities of charge traps in the sample
or by increasing the electric field strength in the oxide[54].
Disentangling the various mechanisms that contribute to
adhesion is an open challenge which we address here by
conducting experiments with controlled geometry, materials,
and environmental conditions, including relative humidity
and electric field. A deeper understanding of which adhe-
sion mechanisms dominate under what conditions will lead
to new opportunities for adhesion control, which is crucial
in the semiconductor industry.
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