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ABSTRACT

Two-dimensional (2D) hybrid organic-inorganic perovskites (HOIPs) have attracted
remarkable attention over the years because of their outstanding physical properties for
application in optoelectronic devices. 2D HOIPs have been proposed as the next
generation materials for solar-collecting applications as well as light-emitting diodes, due
to the higher moisture and illumination stability. Recently, extensive efforts have been
made to understand the properties of 2D HOIPs. As a result, it was found that 2D HOIPs
may provide improved electronic properties and environmental stability by using
pentylamine as organic spacer molecules between inorganic materials without
significantly affecting the optical properties. It was also shown that 2D HOIPs
encapsulated hexagonal boron nitride exhibited higher environmental stability. In
addition, the photoluminescence of 2D HOIPs was found to be promoted by mixing with
polymers. It was further shown that the optical bandgap of the polymer-mixed 2D HOIPs
gradually increased with increasing concentration of polymers and that the
photoluminescence lifetime increased due to the improved crystalline quality and
reduced trapping states. Given that mechanical properties of 2D HOIPs may significantly
affect the manufacturing process as well as the durability of devices, mechanical
properties such as elasticity and hardness were investigated. Especially, recent studies
showed that replacing the organic parts with stiff and multifunctional components may
improve the stability of perovskite solar cell absorption and using a specially engineered
structure of a thin organic layer can increase elastic modulus and hardness. However, the
fundamental frictional properties of 2D HOIPs have not been explored. In this study, the

effects of topography, thickness, and organic molecule chain length in HOIPs on friction

il



were experimentally investigated using atomic force microscopy (AFM). The results
showed that the effect of topography on nanoscale friction has been observed according
to local slope variation, but the intrinsic friction is low. Also, the thickness-dependent
friction behavior and the effect of chain length on the friction characteristics at the
nanoscale are significantly smaller than that of the silicon oxide substrate and most
clearly observed in single-layer, bi-layer, and bulk films. The findings of this work may

be helpful for the performance of 2D HOIPs in various device applications.
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1. INTRODUCTION

1.1 Background and motivation

Fossil fuels, being one of the abundant available non-renewal resources, have been
exploited over several decades[1]. Although the use of fossil fuels has directly or
indirectly enhanced our quality of living, it has several threatening effects on the
environment, such as climate change (global warming), rising greenhouse gases (CO2,
CH4, N2O & 0O3), smog (photochemical & Sulfurous), acidification of the ocean, etc [2,
3]. Besides, the exhaustion of non-renewal resources is to be reduced to maintain
sustainable development. Therefore, there is a stipulation to develop an alternative energy
source with a trivial environmental impact. Renewable energy sources such as wind, solar,
hydro, tidal, geothermal, biomass require serious attention to make them efficient and
cost-competitive with traditional energy sources such as coal and petroleum products.
Among various renewable sources, solar energy with high abundance has a key role in

solving the social, economic, and technological challenges facing human society[3].

In recent years, perovskites are a breakthrough in this field and hybrid organic-
inorganic perovskites (HOIPs) based photovoltaic solar cells have attracted great
attention due to their direct bandgap electronic properties and higher power conversion
efficiencies (Figure 1) [4]. To attain satisfactory environmental stability, the photovoltaic
cell must be least reactive to the ambiance changes such as moisture, light, and
temperature over a duration of time. However, three-dimensional (3D) HOIPs suffer
stability issues, which limits their commercial applicability[5]. Therefore, 2D HOIPs
come into the picture, demonstrating a higher conversion efficiency with outstanding

properties of absorption, charge-carrying transport, strong luminescence, and easy



fabrication[5]. In addition, 2D HOIPs are applied not only in flexible solar cells but also
in wearable sensors and electronic devices such as the indium tin oxide (ITO) flexibility
characteristics along with 2D perovskites which can lead to the development of

promising flexible nanoelectronics and optoelectronic devices|1, 6].

Extensive efforts have been made to understand frictional behavior, interfacial shear
strength, strain effects, in-plane and out-plane mechanical properties, the impact of
multiple layers, stretching, and breaking of 2D perovskites. It was explored the vital
factors that influence out-of-plane mechanical characteristics of hybrid perovskites,
which are significantly affected by the lead halide bond in inorganic (stronger the bond
higher Young’s modulus), and also demonstrated the interface between organic layers in
2D HOIPs leads to a change in mechanical properties that using a specially engineered
structure of thin-layer organic material can lead to higher elastic modulus and hardness
value [7]. Besides that, ultra-thin 2D HOIP exhibits superior breaking strength/Y oung’s
modulus ratio compared to many other widely used engineering materials and substrates
have been shown that the in-plane Young’s modulus and breaking strength decrease as
thickness increases from single-layer to tri-layer and are almost identical in tri-layer and
quad-layer [8]. Besides that, with an increase in the number of inorganic layers in the 2D
hybrid halide perovskite, the ductility gradually decreases under the influence of the very
large deformation, and it is further deduced that replacing the organic parts with stiff and
multifunctional components will lead to improved stability and carrier mobility of
perovskite solar cell absorption layer [9]. Another study reports the modulation of the
bandgap due to the inducement of strain [10]. When the number of layers increases the
strain increases, which can be much higher a 13.3 meV/% for n=5, therefore, the
electronic properties of 2D hybrid organic-inorganic perovskites can also be manipulated
by strain. Furthermore, the direct shear modulus characterization of the 2D HOIPs

perovskites (C4sHoNH3)2PbBry4 in the (001) direction by atomic force microscopy (AFM)



has been reported that the measured shear modulus of 2D perovskite increases
significantly with the reduction of atomic layers, especially as the number of layers is
less than 60 [11]. Also, it was employed the orientational anisotropic property of the
sliding friction for contact-angle-dependent heterojunctions between a 2D single-
crystalline hybrid perovskite sheet and ITO [6]. The results revealed that friction depends
on the atomic layers in the atomic 2D hybrid perovskite, which first decreases with the
increase of the number of layers up to a certain value and then becomes constant. The
work done here provides opportunities for the fundamental understanding of tribological
properties such as friction and adhesion of atomically thin 2D perovskites which is not

well studied for such nanoscale devices.

Glass = ’
Transparent Conducting Oxide

Photoactive
Layer

(Perovskite)

Hole Transport Layer

Figure 1. Schematic of the working principle of perovskite cell [4].



1.2 Objective of thesis

This work aims to gain a fundamental understanding on the friction characteristics
of atomically thin flakes 2D HOIPs and bulk at the nanoscale. Here, the thickness
dependent friction characteristics of 2D HOIPs were quantitative investigated using
atomic force microscopy (AFM) under various normal forces to determine the frictional
behavior with respect to the organic molecular chain length and the number of layers.
Therefore, this work’s outcomes might contribute to expanding the applications of 2D
HOIPs by suggesting tribological properties that can be tunable through controlling the

organic chain length or the number of layers.

1.3 Organization of thesis

The overall structure of this thesis includes four sections, which the motivation and

objectives of this work have been explained in section 1.

In section 2, the process of sample preparation and experiment were described.
Topographic images from AFM were collected to show the surface morphology as well

as cross-sectional height profiles of atomically thin flakes 2D HOIPs and bulk.

In section 3, adhesion and friction behavior obtained from the friction force
measurement under various normal forces via contact mode. Then discussion about the

effect of organic molecular chain length and number of layers are presented.

Finally, the main conclusions and recommendations of this research are summarized

in section 4 for further investigation.



2. EXPERIMENTAL DETAILS

2.1 Sample preparation and characterization

2D Ruddlesden-Popper HOIPs with three different chain lengths were prepared with
the general chemical formula of (C,,H2n+1NH3)2(CH3NH3),-1Pbul3,+1, where m and n
indicate the number of carbons in the linear organic molecular chain and the number of
inorganic layers, respectively. To investigate the effect as the length of the organic spacer
molecule changes, the number of inorganic layers was kept at » = 1 and the number of
carbons in the organic molecular chain was changed with m =4, 8, 12, and denoted C4,
C8, C12 to represent the types of 2D HOIPs, where the number after C is the number of

carbons present in the organic molecular chain.

C4n1 C8n1 Cc12n1

MMM

MM

464 G4

a't?b 0' IH UN

Figure 2. The schematic of the 2D structures of the layered
(CuH2m+1NH3)2(CH3NH3),-1Pb,13,+1 materials with the increasing length of carbons

in the organic molecular chain m = 4, 8, and 12 for the same number of inorganic
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layers, n = 1. The grey octahedra represent the [PbIs]*” moieties. The black arrow
indicates the increase in the distance of the inorganic layers with increasing the

length of the organic spacer.

Due to the presence of the weak Van der Waals interaction between the organic
chains of two-unit cells, the synthesized 2D HOIPs crystals were mechanically exfoliated
to produce thin flakes of 2D HOIPs and then transferred on a silicon oxide substrate [8,
12]. After that, it was located by using an optical microscope (VK-X200, Keyence) and
then imaged surface through AFM (Atomic force microscopy, MFP-3D, Asylum
Research) measurement with intermittent contact mode and using a silicon tip (AC240,

Olympus) to avoid surface damage.

Figure 3 shows the topographic images and cross-sectional height profiles for C4,
C8, and C12 flakes obtained via AFM. The thickness values in the cross-sectional height
profiles were averaged over at least three flakes in each case. To determine the thickness
of the 2D HOIPs layers must begin with determining that the elemental modular structure
is referred to as a “single-layer”, which is composed of an inorganic layer and one spacer
cation layer [13]. It was found that the thicknesses of the single-layer (1L) sheets for C4,
C8, and C12 films were about 1.74, 2.21, and 2.69 nm, respectively. The values are
slightly larger than the theoretical values of thin flakes 2D HOIPs [14-16] due to the
presence of adhesive residue or absorbed molecules on the substrate [17, 18]. The
interlayer spacing values of C4, C8, and C12 were estimated to be about 1.33, 1.76, and
2.11 nm, respectively, which are generally corresponded to their theoretical values and
recent reports [12-14, 17], then bi-layer (2L), tri-layer (3L), quad-layer (4L), and bulk

flakes were identified.
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Figure 3. Topographic images of (a) C4, (b) C8, and (c) C12 with single-layer (1L),
bilayer (2L), tri-layer (3L), quad-layer (4L), and bulk are measured by AFM. Scale
bars, 500 nm. The cross-sectional height profiles are included and the locations are

indicated by the red dash lines.

The topographic images showed that the surface morphology of 1L in C4 is rougher
than in C8 and C12 which means the number of pinholes on the surface of a single-layer
gradually went down as increasing the number of carbon chains from C4 to C12. The
same was observed in the topographic images of 2L. Continuing to consider the surface
morphology of 2D HOIPs at 3L and 4L, C4 and C12 had a greater number of pinholes

on the flakes than C8. Eventually, the number of pinholes of bulk was the most in C12.



These surface morphologies were consistent with the surface roughness average (Ra)
values of three types of 2D HOIPs which have been shown in Figure 4. It showed that all
C4, C8, and C12 displayed a substantial roughness value compared to the substrate. The
surface roughness was found to be increasing with increment in the number of layers,
and maximum for the bulk. For a few layers as 1L and 2L, the C4 produced a higher
value for the surface roughness, followed by C8 and C12, whereas this trend is opposite
for bulk, where the surface roughness is maximum for C12, followed by C8 and C4.
Furthermore, the surface roughness of 3L and 4L has the highest values of C4, followed
by C12 and then CS8. It could be explained that using different short and long organic
molecular chains leads to the different morphology’s appearance of the three types of 2D
HOIPs [19]. In more detail, this roughness might be caused by a local disorder of the
organic cations and deformation of the inorganic framework after exfoliation by
mechanical stress [20, 21] and related to the interaction between layers [6]. A large
number of layers have strong interactions with inner layers and increase the binding
energy [6], therefore, after exfoliation, the organic chains that remain at the top and
bottom of the inorganic layers could be more disordered and more deformed in the
inorganic layers leading to the highest roughness value in bulk. In contrast, the weak
interaction of thin layers could less affect the disorder of the remaining organic chains
and deformation of the inorganic framework, thus, resulting in lower roughness values
in a few layers (1L, 2L, 3L, and 4L). In addition, in the thin layers, with the raising of the
number of carbon chains, there is more disordered the organic space then it could be

creating more binding to fulfill the surface, leading to fewer pinholes in C12 and then



increased in C8, and C4. Besides, some discontinued perovskite layers can react with the

ambient environment, thereby affecting the surface [22].
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Figure 4. Surface roughness average (Ra) values of C4, C8, and C12 with single-
layer (1L), bi-layer (2L), tri-layer (3L), quad-layer (4L), and bulk compared to
SiO2/Si substrate obtained at 500 nm x 500 nm areas.
2.2 Friction force measurements

After characterizing the morphology and topography, the friction properties were
examined via friction force microscopy (FFM) using nanocrystalline diamond tips (ND-
CTIRI1S-5, NaDiaProbes, Advanced Diamond Technologies) to reduce tip wear during
the contact-mode measurements. The cantilevers were calibrated in the normal [23] and
lateral [24, 25] directions for the quantitative determination of normal force and lateral
force. The calibration process showed a normal spring constant and lateral force
sensitivity of 0.68 £ 3.79 x 10 N/m and 2.69 x 10°® N/V (mean + one standard

deviation). FFM measurements were performed and repeated at least three times at
9



various normal forces F, of 0 nN, 1 nN, 3 nN, 5 nN, 7 nN, and 10 nN with 100 nm scan
sizes in the ambient conditions. The surface of each flake was checked after the test, and

no significant surface damage was observed even at /, = 10 nN.
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3. RESULTS AND DISCUSSION

3.1 Effect of topography
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Figure 5. FFM images of 1L, 2L, and bulk with (a) C4, (b) C8, and (c) C12 were
obtained from the contact mode AFM under F,= 1 nN, the scale bar is 100 nm. In
(a), (b), and (c), cross-sectional height profiles, derivative of cross-sectional height
profiles, and friction loops are included. Red dash lines indicate the locations where

the cross-sectional profiles and friction loops were taken.

The FFM images of 1L, 2L, and bulk with cross-sectional height profiles, height
derivatives, and friction loops for C4, C8, and C12 flakes at F,= 1 nN obtained via FFM
were shown in Figure 5. The FFM images and friction loops showed that the friction of
three types of 2D HOIPs for 1L, 2L, and bulk films was generally lower than that for the
underlying Si0»/Si substrate. The variation in friction fluctuation corresponded to the
surface slope variation which was further estimated by taking the derivative of the cross-
sectional profiles. Although the friction strongly fluctuated by the topography [26-28],
the intrinsic friction of the layers was low. For example, corresponding to the topographic

images and roughness mentioned above, the surface in 1L and 2L had more shape of

12



“island clusters” which created more slope of the surface, therefore, affecting the high
fluctuation of friction loops, however, the resulting friction was still very low in all C4,
C8, and C12. Also in the bulk, with the variation in friction fluctuation, the friction
obtained is lower than that of the substrate. In addition, the friction of layers looked like
decreasing from 1L to 2L and then increased to bulk in C4, C8, and C12. The differences
in this tendency could be caused by the roughness of the surface [29]. As shown above,
the roughness values increased with the rising in the number of layers and maximum for
the bulk, thus, the increase of friction from 2L to bulk could be understood that,
conversely, the increase of friction from 1L to 2L could be caused by other factors would
be discussed below. Moreover, considering the rising of the carbon molecular chains
from C4 to C12, the friction was likely gradually decreased in 1L and 2L, and slightly
increased in bulk. It might be because of fewer “island clusters” on the surface of C12,
then no more slope variation, and C12 gained the lowest friction in both 1L and 2L,
followed by C8 and C4. The changes in the friction of bulk from C4 to C12 may also be
affected by roughness given that C12 got the highest roughness value, followed by C8
and C4. Therefore, it indicated that the effect of topography on friction could not be

eliminated, however, the intrinsic friction may be low.
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3.2 Effect of the number layers
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Figure 6. Normal force-dependent frictional coefficient for C4, C8, and C12 as
thickness increases from 1L to bulk. The frictional coefficient was obtained at F,=
0 nN, 1 nN, 3 nN, S nN, 7 nN, and 10 nN with 1L, 2L, 3L, 4L, and bulk compared to

Si0-,/Si substrate.

Figure 6 showed frictional coefficient as a function of normal force for C4, C8,
and C12 thin flakes at F,= 0 nN, 1 nN, 3 nN, 5 nN, 7 nN, and 10 nN. Overall, it is worth
noting that the coefficient of friction on the SiO2/Si substrate was greater than those of
the 2D HOIPs in C4, C8, and C12 (at least four times in magnitude). Besides that, the
frictional coefficient increases moderately with increasing normal force. Generally,
regarding the coefficient of friction of 2D HOIPs flakes, there are several factors to be
considered about the mechanical origin effects or beyond the phonon properties such as
adhesion [30], puckering effects [26, 29, 31], the out-of-plane elastic modulus [7, 9, 32],
and phonon energy dissipation [29, 33-36]. Due to tip-substrate adhesion can influence
friction [30], the average adhesion forces were performed between the tip and thin flakes
for C4, C8, and C12 as thickness increases from 1L to bulk (Figure 7). It shows that there

was no significant difference in adhesion between areas of different thicknesses,
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therefore, the effect of adhesion, in this case, may be negligible. In previous work, it was
reported about the puckering effect, where adhesion to the sliding of AFM tip induces
out-of-plane deformation, leading to increased contact area and friction [29, 31].
Therefore, the thicker films with higher bending stiffness would exhibit a smaller contact
area and less friction, conversely. In addition, the van der Waals force in the carbon
organic chains is the weakness bonding in the structure of 2D HOIPs, therefore, under
mechanical force, the shear deformation can occur [11, 20] and then affect the friction.
Hence, the out-of-plane Young’s modulus of the organic chains needs to be considered
as a factor affecting the friction of 2D HOIP flakes. Moreover, the early studies showed
that the phonon energy dissipation is one of the mainly attributed to the friction of this
2D material due to unique phonon-electron coupling properties [29, 35]. It is said that the
surface layer is supposed to act as a means of transferring kinetic energy and the rates of
energy dissipation are proportional to the vibrational frequency of the atoms resulting in
higher friction [37]. The schematic in Figure 8 described the fundamental relationship
between the layered structure of 2D HOIPs and shear deformation as well as phonon
energy dissipation when the AFM tip slides on the surface. In which, Lcs, Lcs, and Lci2
were indicated for the different organic chains; SDcs4, SDcsg, and SDc12 denoted the shear
deformation; Vp,csa, Vp,cs, and Vp ci2 represented the phonon velocity of C4, C8, and C12,
respectively. This schematic would help to clearly understand the effect of the factors on

friction as detailly discussed below.
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Figure 7. Average adhesion forces between the tip and thin flakes for C4, C8, and

C12 as thickness increases from 1L to bulk.

Direction of movement of AFM ti1

Figure 8. Schematic of shear deformation and phonon energy dissipation when the
AFM tip slides on the surface of the layered 2D HOIPs with the increasing length of
carbons in the organic molecular chain C4, C8, and C12. Vpc4, Vp,cs, and Vp,c12 are

the phonon velocity of C4, C8, and C12, respectively.
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In terms of thickness-dependent frictional coefficient, as the thickness increased
in Figure 6, the friction coefficient first decreased from 1L to 2L, and then increased to
bulk for all chain lengths. It means the bulk films had the highest friction coefficient and
2L films had the lowest one (about 4 times in magnitude compared to bulk). These
tendencies were consistent with the measured increased frictional coefficient of aligned
contacted perovskite sheet and indium tin oxide (ITO) interfaces [6] when increasing the
layer number of 2D HOIPs, except 1L films. Also, the frictional coefficient obtained in
Fig. 3 is slightly higher than those values [6], which might be because of the difference
in the crystal structure of the substrate. As reported [11], the shear modulus in 2D
perovskite increases with a decrease in the number of layers, however, in bulk is
significantly lesser compared to that of 2D HIOPs. For instance, as shown in Figure 8, if
the thickness increase in all C4, C8, and C12, the shear modulus increase, then more
shear deformation, thus the friction will be an increase from 1L to 4L and decrease in
bulk, but the gained results from experiments was not same for 1L and bulk films. As
mentioned, the bulk films have a strong interaction between the layers than the thin ones
[6], thus, although the less shear modulus in bulk films, it could not be more deformation,
leading to the highest and constant friction coefficient. The difference in the frictional
behavior of 1L films compared to the others could be due to the puckering effect on
sliding friction [29, 38]. After an AFM tip slide over the surface of 1L films which have
low bending rigidity would deform out-of-plane, leading to more contact area than a
higher frictional coefficient. Furthermore, as a dramatic phonon energy dissipation
observed in 1L graphene [28, 36], the electron-phonon coupling in the surface of 2D

HOIPs 1L films could interact more strongly, leading to more efficient dissipation and
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higher friction in 1L films relative to 2L films. In general, the friction characteristics of

2D HOIPs layers to are most evident in all thicknesses from 1L to bulk films.

3.3 Effect of the organic chain length
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Figure 9. Frictional coefficient as a function of normal force of thin flakes 2D
HOIPs, and SiO2/Si substrate. The friction coefficients were obtained for C4, C8,
and C12 at F,= 0 nN, 1 nN, 3 nN, 5 nN, 7 nN, and 10 nN with 1L, 2L, 3L, 4L, and

bulk compared to SiO2/Si substrate.

Figure 9 was shown the effect of the organic molecular chains on the coefficient
of friction for C4, C8, and C12 films. For 1L, 2L, and 3L 2D HOIPs films, the frictional
coefficient gradually decreased with increasing organic molecular chain length from C4
to C12 at the same normal forces. These results can be explained by the difference in the

out-of-plane elastic modulus of 2D HOIPs induced by a softening effect [7, 9, 32]. As a
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larger organic molecule chain, resulting in a decrease in out-of-plane Young’s modulus,
hence C4 has the highest elastic modulus and CI12 has the lowest one. It also
corresponded to the shear deformation in Figure 8. As Young’s modulus decreased, led
to softer material [7], therefore, there was more deformation in shearing (increase in
SDc4, SDcs, and SDc12, respectively). These results affected the frictional behavior the
frictional coefficient gradually decrease from C4 to C12 in 1L, 2L, and 3L. Several
studies have shown that the velocity and lifetime of the phonon will affect the friction
force [33, 34]. It has been said that increasing the van der Waals bonding between the
aliphatic tails in the organic chains or the length of the organic spacers can significantly
increase the phonon velocity [33]. Besides, the theory suggests that a shorter phonon
lifetime corresponds to a higher friction force [35]. In the schematic in Figure 8, with the
increase of organic chains (Lcs<Lcs<Lci2), the phonon velocity would be increased
(Vp,c4a<Vps<Vp,c12), resulting in lower energy dissipation, therefore, the smallest friction
coefficient in C12, followed by C8, and C4. Considering the coefficient of friction in 4L
films, C12 has the highest one, followed by C4, then C8; and in bulk films, C12 also has
the highest frictional coefficient, then followed by C8, and C4. It could be said that this
might be due to Young’s modulus decreasing to a saturation threshold with increasing
chain length [7, 12]. Therefore, as the thickness of layers increases to 4L, and bulk, the
total number of carbon chains increases, leading to a saturation threshold in Young’s
modulus, then not clearly the tendency of friction. Also, here the effect of puckering was
not significant when changing the carbon chain length from C4 to C12. Generally, the

length of the organic molecular chain can affect the frictional coefficient that gradually
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decreases from C4 to C12 in molecularly thin 2D HOIPs layers (1L, 2L, and 3L films),

and not more clearly tendency in 4L and bulk films.
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4. CONCLUSIONS

4.1 Conclusions

In this work, the fundamental friction characteristics of thin flakes 2D HOIPs at the
scale nano were studied. The effect of topography, effect of the number layers as well as
effect of the organic chain length were quantitatively investigated through the AFM-
based approaches, FFM measurement on single-, bi-, tri-, quad-layer, and bulk 2D HOIPs
with three different types of organic chain C4, C8, and C12.

1. The effect of topography on nanoscale friction has been observed in the frictional
behaviors according to local slope variation but the intrinsic friction is still small.

2. Frictional coefficient first decreases from single-layer to bi-layer and then increase
to bulk as the same normal forces.

3. With increasing organic molecular chain length from C4 to C12, the coefficient of
friction gradually decreased at the same normal forces in single-layer, bi-layer, and
tri-layer. However, it is assumed that the effect of the organic chain length on

friction becomes less significant as the number of layers increase.

4.2 Recommendations for the future works

Based on the limitations of this work, several commendations were made for further
investigation to optimize the factors affect to the friction characteristics for the stability
application. Firstly, aging effect could lead to changes in topography as well as friction,
therefore, systematic research is needed to investigate the effects of aging on friction
characteristics. Secondly, the study of interfacial strength and surface damage

characteristics of 2D HOIPs to gain the better understanding of tribological
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characteristics. Finally, inorganic layers have a greater influence on mechanical
properties of 2D HOIPs than organic layers, therefore, the effect of thickness of inorganic

layers on friction characteristics is necessary.
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