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Abstract

Semiconductor industry drives energy, IT, and physics research and silicon technology is crucial in photovoltaic panels, chips, boards, e-mobility
batteries, and infrared vision. Surface technologies enhance silicon functionality: coatings boost solar cell efficiency, panel passivation, and
biomedical integration. Coatings like SiO2 and polycrystalline silicon bolster surface hardness for packaging and transport. Various industrially
available deposition methods demand metrological control, often underexplored. This study proposes a cost-effective nanoindentation-based
method to assess coating surface integrity leveraging on mechanical properties, thickness-related gradients. Results are complemented by
topographical and AFM inspections. The method is applied to Chemical Vapor Deposition of SiO2/Si<100> investigating gas-ratio effect.
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1. Introduction

The semiconductor industry is strategic worldwide, due to
critical applications in energy, information technology (IT)
and fundamental physics research. Silicon, amongst the
others, covers a relevant market share thanks to its core
applications in photovoltaic panels, general applications for
chips and printed circuit boards (PCBs), batteries for e-
mobility and infra-red vision. In fact, Silicon technology can
be considered an enabling technology for advanced
communication and protocols [1], e.g. for 5G antennas and for
integrated circuits (ICs) aimed at controlling wave signals at
high frequencies, i.e. up to 100 GHz [2]. Similarly, for
vehicles electrification towards a sustainable transportation
circulating fleet, silicon (Si) and silicon carbide (SiC) are
deployed for power semiconductor devices, i.e. insulated-gate
bipolar transistors (IGBTs), MOSFETs and Diodes, in power

2212-8271 © 2025 The Authors. Published by Elsevier B.V.

modules for inverter, DC-DC converter, and chargers [3,4].
Furthermore, silicon finds applications in photonics for long-
wave infra-red (8 um to 14 pm) vision thermos-cameras,
often exploited in physics, aerospace, military, but often
multilayer system, as silicon nitride (Si3N4), silicon dioxide
(Si0y), SiC are required, or amorphous silicon (aSi) [5,6].
Polymeric coatings have been suggested to aid biological
integration of medical electronic devices for which silicon is
used for ICs and micro power sources [7], or to reduce surface
adhesion to improve durability for Micro Electro-Mechanical
Systems (MEMS) [8]. Last, but not the least, Silicon is most
often exploited in energy harvesting devices and energy
generation devices, e.g. photovoltaics panels (PVs). PVs
market is still dominated by Si wafers technology, even
though semiconductor research has focused on surface
technology to engineer performances [9]. Si wafer
manufacturing is critical, and often surface technologies are
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exploited to coat the functional surface to enhance properties.
Antireflection coatings increases solar cells efficiency by
enabling broadband light trapping, and texturing such
coatings, e.g. by wrinkles, can increase the efficiency of
almost 15% [10]. TiO, coating has been shown to improve
surface passivation that is critical in solar panels [11]. Silicon
dioxide [9] and polycrystalline silicon [12] can be used to
engineer the hardness of the surface for packaging and
transportation, as well as being beneficial for passivation [13].
Several deposition methods are available, e.g. physical vapour
deposition (PVD) [14], chemical vapour deposition (CVD)
[15], spin coating electrospray [16], and tuning relevant
process parameters is a challenging procedure scarcely
investigated in the literature. Most often, study and
optimization of process parameters are not reported in regard
to their effect on the surface coating properties.

This work proposes to study the effect of process
parameters on topographical and mechanical properties of Si
wafer for PVs application thin coatings basing on
nanoindentation. Results are correlated with process
parameters investigated in the operating range of the
deposition process.

The methodology is applied to a case study considering
Atmospheric Pressure Chemical Vapour Deposition of silicon
dioxide on a silicon wafer.

2. Methodology
2.1. Manufacturing setup

Atmospheric Pressure Chemical Vapour Deposition
(APCVD) is a process used to deposit thin films onto a
substrate by reacting vapor-phase chemicals at atmospheric
pressure. Fig. 1 shows the schematic of APCVD to deposit
Si0; on Si wafers. The process requires input of silane gas
(SiH4) and oxygen (O) at a certain volumetric ratio, i.e. v =

Vs; . .
S’H‘*/vo . The reaction to create SiO; also depends on the
2

substrate temperature, which, along with the speed of the
conveyor belt, affects the thickness of the resulting thin layer.
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Fig. 1 APCVD process scheme for depositing SiO, on Si wafers.

This work focuses on the effect of the gas volumetric ratio
r to study its effect with respect to standard industrial
manufacturing conditions. In particular, two alternative

conditions are investigated, i.e. r = {1/20,1/25}. Other

process parameters are not reported for confidentiality of the
manufacturing company. The nominal thickness of the
coating is 500 nm. The substrate was a wafer of Si<100>, and
the control quality variable that are considered are: the surface
topography, the film thickness ¢ and the surface mechanical
response.

The characterizations were performed in the metrological
room of Mind4Lab at Department of Management and
Production Engineering of Politecnico di Torino on the two
coatings and on the substrate.

2.2. Surface topography characterization

Surface topography was measured by means of a Zygo
NewView9000 Coherence Scanning Interferometer (CSI)
[17], see Fig. 2(a). The CSI was calibrated [18] with a
measurement noise of 10 nm [19] Measurements were
performed in 6 random locations with a 20x magnification
objective (numerical aperture of 0.4, with a square field of
view of (0.43x0.43) mm>xmm and a square pixel having a side
of 0.43 um). The surface topography was characterized
according to ISO 25178-2 and ISO 25178-3 [20,21] by
evaluating the surface areal field height parameters on the
scale limited (SL) surface obtained with standard bandwidth
specification of V;s and Nc of 2 pm and 0.2 mm, respectively.
The two bandwidth specifications represent, respectively, the
cut-off of the S-filter, i.e. a high-pass (in the spatial
wavelength) filter applied to remove effect of lateral sampling
and noise, and the L-filter, which is a low-pass filter to remove
the waviness of the surface. Both filters are applied as
Gaussian filters [22]. An F-operator to remove the nominal
planar shape of the surface was applied by least-square fitting
the measured surfaces [20,21]. No measurement disturbances
were identified thus eliminating an analysis step liable of
distorting measurements [23].

Fig. 2 (a) Zygo NewView9000 CSI and (b) Anton Paar NHT? nanoindenter.
2.3. Surface mechanical response characterization

Surface mechanical characterization was performed by
nanoindentation [24] by means of an Anton Paar STeP6
platform equipped with the NHT?, see Fig. 2 (b), head
featuring a three plate conductive sensor for force and
displacement with force and displacement noise of 1% and
0.5%, respectively. The characterization considers two
approaches.

The first, conventional quasi-static loading-holding-
unloading (each of 60 s) force cycles [25] at a maximum load
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of 0.5mN. Characterization is reported in terms of
indentation hardness, Hjr, and the indentation modulus, Ejr,
that estimates the Young’s modulus as average and standard
deviation of 16 indentations (performed on each sample).

The second, a set of continuous multi cycle indentations
(CMC) were performed to study the evolution of the
mechanical properties as a function of depth. CMC consists
of applying replicated quasi-static indentations with
increasing maximum load in the same location of the surface.
In so doing, the unloading of each subsequent indentation
corresponds to an increasing maximum penetration depth,
hmax, at which the mechanical characterization is performed
[26]. Five CMC indentations with 15 cycles ranging from
0.25 mN to 100 mN, quadratically spaced, were performed.

The indentation platform frame compliance and Berkovich
indenter geometry were calibrated [27], with a relative
measurement uncertainty of 10% on Hr and of 4% on Ejr
[28].

Thickness measurements are performed by relying on
CMC indentation results, by means of statistical
deconvolution of the mechanical response [29,30].

2.4. Atomic Force Microscopy

Additional measurements by means of Atomic Force
Microscopy (AFM) to assess topographic homogeneity and
adhesion forces were carried out by means of a tapping-mode
measurement of a (40x40) pmxum area by means of a
NanoWorld rectangular section arrow-tip (radius of 10 nm
and half-cone angle of 10°). Each measurements were
performed with a resolution of 400 lines. Due to the long
measurement time, only one measured area per wafer was
measured, and only the coated surface was inspected.

Topography was then processed by first applying tip
deconvolution, levelling and evaluating SL-surface (Vs and
Nic of 0.5 pm and 25 pm, respectively).

Five measurements of force-distance curves were
performed on random positions of the measured surfaces to
evaluate snap-in and adhesion points.

3. Results and Discussion
3.1. Surface topography characterization

Surface topography of Si02/Si<100> deposited with the
two different gas ratios was measured by the CSI. Fig. 3
shows the qualitative appearance of the two measured
surfaces. As it can be appreciated, very limited differences
qualitatively can be distinguished on the surface topography,
which presents some wide shallow valleys.

Si0, 1/25

Si0, 1/20 v ot

Fig. 3 Surface topography measured by CSI of SiO,/Si<100> deposited with
a gas ratio of (a) 1/20 and (b) 1/25.
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The results of the quantitative characterization are reported
in Table 1. As it can be appreciated, the coating obtained with
the gas ratio of 1/25 shows a rougher surface both in terms of
Sa, Sq and Sv and Sz. The larger average is statistically
significant with a risk of error of 5%, when tested with a #
test. The results of the higher central statistical moments, i.e.
the skewness Ssk and the kurtosis Sku, show that the
topographies can be considered normally distributed, for they
are not statistically different from the values of 0 and 3,
respectively.

Table 1 CSI Characterization of the SL-surface for the SiO, coating with the
two gas ratios. Mean and uncertainty evaluated as reproducibility with a
coverage factor of A=2.

Sa / nm Sg / nm Ssk / - Sku / - Sv/nm Sz /nm
120 0.240.08  0.3£0.11  0.5+0.3 29+0.3 1.0+0.4 2.0+0.3
1725 03+0.05 0.3+0.06 -0.1+0.3  42+4.6 2.8+45 4.1+4.3

3.2. Surface mechanical characterization

Nanoindentations were performed to characterize the
coating and provide relative information of indentation
hardness and modulus with respect to the base material.

Fig. 4 shows the indentation curves. As it can be
qualitatively appreciated, the SiO; coating allows for a deeper
penetration depth with respect to the base material.

Quantitative characterization is reported in Fig. 5, which
shows the interval plots of the H;r and E;r on the three
considered materials. As it can be appreciated, the different
dispersion of the three characterization suggests a systematic
effect of the material not only on the average, but also on the
standard deviation of the evaluated mechanical parameter.

055 Si0, 1/20
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Fig. 4 Indentation Curve, F(h), for the three considered materials: the
Si<100> substrate and the two SiO, coatings.

Accordingly, a Bonferroni hypothesis test of
heteroscedasticity was performed [31]. The test showed that,
only for Hjr, the standard deviation is affected by the material,
at a confidence level of 95%. This is consistent with the well-
known greater sensitivity and uncertainty of the indentation
hardness to surface integrity [28]. In fact, the greater
roughness of the SiO, coating deposited with a gas ratio of
1/25 (see Section 3.1) resulted in a more dispersed mechanical
characterization.

A 1-way Analysis of Variance (ANOVA) was then
performed to test the effect of the material on the average
mechanical response. The ANOVA (performed using
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assumptions for heteroscedasticity [31] and with a confidence
level of 95%), as it can be appreciated qualitatively in Fig. 5,
showed a systematic effect of the SiO» coating in reducing
both hardness and elasticity with respect to the base material,
whose response is consistent with other values reported in the
literature and whose greater dispersion can also be motivated
by relative orientation between the crystalline orientation and
the indenter [32]. Conversely, no effect introduced by the gas
ratio could be highlighted on the mechanical response of the
Si0».

—
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Fig. 5 Mechanical characterisation of substrate and coating. Interval plots
with error bars at 95% confidence level computed with individual standard
deviation.

It is worth noting that the area between the loading and
unloading portion represents the plastic work of indentation.
Consistently with the coating hardness smaller than the
substrate, a greater plastic deformation results on the coating
which is though partially compensated by its lower Eir.
However, the overall work of indentation for the SIO, coating
is still greater, (11.8%+1.2) pJ, than the one of the Si<100>,
(8.3%1.4) pJ, due to the discontinuity that can be appreciated
in the end portion of the unloading of the Si<100> (see Fig.
5) that can be ascribed to partial recovery of phase
transformation [33].

Last, characterization results obtained by CMC
indentations are reported and discussed. Fig. 6(a,c) shows the
evolution of the indentation modulus E;r as a function of
maximum penetration depths for subsequent cycles. As it can
be appreciated, moving from the coating towards the substrate
a progressive stiffening of the material is apparent and results
from the convolution of the mechanical response of the
coating layer and the substrate. This convolution induces and
apparent stiffening [29,30,34] of the response.

By deconvoluting the mechanical response, that can be
modeled as a gaussian mixture model [30] the evaluation of
the coating thickness can results by means of a cost-effective
approach, i.e. nanoindentation rather than, for example X-ray
diffractometry. The measured thickness resulted of
(535+£72) nm and of (5424+84) nm for the 1/20 and 1/25 gas
ratio, respectively.

What is here most interesting to report is that, for both the
gas ratio conditions, the SiO> coating showed two alternative
responses. The first, see Fig. 6(a-b), is a progressive, but
continuous, evolution of  E; which corresponds to
conventional indentation curves with no particular features.
The second, Fig. 6(c-d), is instead associated with a cracking
of the coating that can be detected by the pop-in, i.e. the depth
discontinuity, event in the indentation curve, shown in Fig.
6(d). The cracking takes place at depths near the coating
thickness, i.e. where there is a geometrical discontinuity of the
material. Furthermore, it is relevant to notice that such

F/mN

F/mN

o
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cracking was more frequently observed in the coating
deposited with a 1/25 gas ratio, which also presented a
rougher surfaces with more valleys, liable of weakening the

coating.

Substrate
stiffening

(a)

Substrate

| (b)

Substrate cracking

Fig. 6 Continuous Multi Cycle nanoindentation results. Modes of mechanical
response. (a, ¢) Ejr as a function of penetration depth and (b, d) indentation
curves F(h). (a-b) non-cracking response, (c-d) cracking response with
sudden event of pop-in in (d).

3.3. Atomic Force Microscopy

Surface topography and phase measured by means of
tapping AFM are shown in Fig. 7. Consistently with CSI
measurements (Section 3.1) the deposition with 1/25 gas ratio
is qualitatively rougher, which is well reflected by phase
measurements, see Fig. 7(b,d). Surface topography
characterization results in relative roughness assessment
coherent with those obtained with the CSI (see Table 1), with
values of Sa of 0.526 nm and of 0.757 nm and of Sq of 0.697
and of 1.002 nm, respectively for the deposition with a
volumetric gas ratio of 1/20 and 1/25.

Phase measurement allows to highlight great local
homogeneity of the material with no particular
inhomogeneities and density change related to the material
deposition.

Finally, the characterization of the Force-distance curve
allows insights on the local adhesion. Sample curves
measured on the two coatings are shown in Fig. 8. The
distance axes represents the separation between the cantilever
tip and the surface, as the tip travel corrected for the deflection
and the baseline offset. The discontinuities in the approach
and retract force curve allow identifying, respectively, the
snap-in and the adhesion event. These indicate the point when
atomic forces starts attracting the tip, and the point when Van-
der-Waals forces are overcome by the cantilever travel.
Results, reported in Table 2, show that smaller distances and
larger (in magnitude) forces are associated with the coating
deposited with a gas ratio of 1/25. This is consistent with the
greater roughness inducing a larger adhesion for the coating.
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Fig. 7 AFM tapping measurement. Si0,/Si<100> deposited with a gas ratio
of 1/20 (a) topography and (b) phase, and of 1/25 (c) topography and (d)
phase.
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Fig. 8 Force-distance curve on SiO,/Si<100> deposited with a gas ratio of
(a) 1/20 and (b) 1/25. The more representative separation scale is reported.

Table 2 Force-adhesion characterisation of the two coating. Values of snap-
in and adhesion in force and tip-surface separation

Coating Snap-in Adhesion
120 (50.89+£200) nm  (99.964+26.9) nm
(-34.01£15.6) pN  (-61.08+46.5) pN
125 (56.82+62.4) nm (1.34+0.7) nm

(-55.88+50.0) pN _ (-132.5+65.7) pN

4. Conclusions

This work proposed a study of surface topographical and
mechanical properties of a silicon dioxide coating deposited
via atmospheric pressure chemical vapour deposition on a
silicon wafer substrate for photovoltaic panels. The work
focused on the investigation of the silane to oxygen gas ratio
on the coating response. Results showed that the coating,
although allowing for increased passivation, reduces, in
average, the hardness of the surface. The considered process

parameter does not affect the average surface mechanical
response but significantly affects the topography and the
higher gas ratio induces a rougher and richer in valleys
topography liable of introducing geometric singularities liable
of locally weakening the coating surface. Investigation by
Atomic Force Microscopy allowed insights on the
topography, which also at a smaller scale confirmed the
greater roughness induced by the larger gas ratio, proving an
homogeneous material deposition, and highlighting how the
rougher surface is characterized by greater adhesion forces.
Future works will focus on extending the scope of the process
parameters effect and correlating with relevant functional
properties for applications on energy industry.
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