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ABSTRACT: The interphase between fiber and matrix plays an essential
role in the performance of composites. Therefore, the ability to design or
modify the interphase is a key technology needed to manufacture stronger
and smarter composite. Recently, depositing nanomaterials onto the
surface of the fiber has become a promising approach to optimize the
interphase and composites. But, the modified composites have not reached
the highest strength yet, because the determining parameters, such as
thickness of the nanolayer, are hardly controlled by the mentioned
methods in reported works. Here, we deposit conformal ZnO nanolayer
with various thicknesses onto the surfaces of glass fibers via the atomic
layer deposition (ALD) method and a tremendous enhancement of
interfacial shear strength of composites is achieved. Importantly, a critical
thickness of ZnO nanolayer is obtained for the first time, giving rise to a
maximal relative enhancement in the interfacial strength, which is more
than 200% of the control fiber. In addition, the single modified fiber exhibits a potential application as a flexible, transparent, in
situ UV detector in composites. And, we find the UV-sensitivity also shows a strong correlation with the thickness of ZnO. To
reveal the dependence of UV-sensitivity on thickness, a depletion thickness is estimated by a proposed model which is an
essential guide to design the detectors with higher sensitivity. Consequently, such precise tailoring of the interphase offers an
advanced way to improve and to flexibly control various macroscopic properties of multifunctional composites of the next
generation.

KEYWORDS: ZnO nanolayer, multifunctional composites, interfacial strength, atomic layer deposition, UV detector

1. INTRODUCTION

Gaining a higher mechanical strength has always been a
challenging goal in the design and fabrication of fiber
reinforced composites (FRC), which have been one of the
most widely used materials due to their high stiffness to weight
ratio, excellent durability, and design flexibility.1 It has been
well-known, an effective approach to enhance the strength of
FRC is the modification of the interphase between fiber and
polymer matrix, which plays an important role in determining
the physical properties of composites. Thus, various treatments
on the surfaces of the fiber, including chemical2−4 and
physical5,6 (heat and plasma) methods, have been carried out
to optimize the interfacial properties. Recently, depositing
nanomaterials onto the surfaces of fibers has been regarded as

a promising method to obtain higher quality FRC. Sager et al.
achieved an improvement of 71%7 in interfacial shear strength
(IFSS) of carbon fiber-modified epoxy composites when
carbon nanotubes (CNTs) were grown onto the surfaces of
fibers by a chemical vapor deposition (CVD) process.
However, the high temperature and chemical atmosphere
during the CVD growth process reduced the tensile strength of
the fiber by 30%. To avoid the degradation of the fiber, some
low-temperature methods (≤200 °C), such as electrophoretic
deposition8,9 and hydrothermal process,10−13 have been
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adopted to deposit the nanolayers onto the fibers and realized
a great improvement (30−110%) in the IFSS. However, these
mentioned methods can hardly control the distribution and
thickness of the nanolayer, which should be an important
parameter determining the mechanical property of interphase
and composite. Therefore, the question still remains open:
what is the critical thickness of nanolayer on the surface of
fibers that would lead to an optimized enhancement of IFSS?
Besides the enhancement of IFSS by the in situ modification

on fibers, various nanomaterials are expected to introduce new
functions into the traditional composites.8,14−16 Among them,
the nanoscale ZnO materials, such as quantum dots,
nanowires, and nanorods, have drawn much attention because
of their potential for broad applications in piezoelectric
devices, gas sensors, transparent electrodes, etc.17,18 But, to
date there have been few reports on the relationship between
the thickness of ZnO nanolayer (or film) and the environ-
mental response, for example, the UV-sensitivity. In fact, an
optimized thickness can not only improve the properties of the
device but also achieve environmental friendliness, especially
by reducing the extra energy consumption.
In this work, to address above open questions associated

with the relationship between the thickness of nanolayer and
the macroscopic performances of composites, the atomic layer
deposition (ALD) approach was exploited to deposit ZnO
onto the glass fiber because of its relatively low deposition
temperature and its ability to precisely control the deposition
thickness at nanoscale. At the same time, ALD technology can
achieve a uniform and conformal 3D deposition onto the
curved surfaces of glass fiber.19 The dependence of the
interfacial strength of the composites on the thickness of
coated ZnO nanolayer is studied by the fragmentation test, and
importantly, a critical thickness corresponding to the highest
improvement of the relative IFSS has been found for the first
time. Moreover, the modified fiber by ZnO not only
dramatically enhances the interfacial strength, but also shows
a high sensitivity toward UV light as a minitype sensor. By
introducing a depletion thickness, a model is proposed to
explain the process of sensing UV light and predict the
sensitivity of single fiber detector correlated to the thickness of
ZnO nanolayer. So our investigations provide an insight into
the designing of multifunctional composites materials with
high strength and sensitivity by precisely controlling the
thickness of nanolayer.

2. EXPERIMENTAL METHODS
2.1. ZnO Nanolayer Growth. ZnO nanolayers were deposited

onto glass fiber at 200 °C by ALD (Picosun R200, Finland) process,
during which Diethylzinc (DEZ 99.9999%, Suzhou Fornano
Electronic Technology Co., Ltd., China) and deionized water were
used as precursors for zinc and oxygen, respectively. The precursors
first reacted with the surface chemical species for nucleation and then
formed ZnO layer by layer via alternatively introducing different
precursors to the Reactor Chamber.20 ZnO nanolayers with various
thicknesses, from 21 to 75 nm, were precisely controlled by the
number of ALD cycles. The alkali-resistant glass fibers with an average
diameter of 15 μm (Leibniz-Institutfür Polymer forschung Dresden,
German), were used as control fiber.
2.2. Fiber/Epoxy Composites Preparation. Single glass fibers

were mounted within a dog-bone shaped silicone rubber mold. Epoxy
resin (Epoxy 618, Shanghai Resin Factory co., Ltd., China) and
hardener (H-7020, ShenzhenYexu Industry co., Ltd., China) with a
weight ratio of 100:32 were thoroughly mixed and degassed prior to
pouring into the mold. The fiber/epoxy composites were then cured
at 80 °C for 12 h, and the dimensions of specimens for fragmentation

tests were: 20 mm for gauge length, 3.5 mm for width and 2.6 mm for
thickness. Table 1 includes the important symbols in this work.

2.3. Characterization Method. The SEM and EDS images were
taken on FEI Quanta FEG 250 (U.S.A.) and MERLIN Compact
(German), respectively. The XRD patterns were obtained on a Rigaku
D/Max-2400 diffractometer (Japan).

2.4. Single Fiber Fragmentation Test. The specimens were
measured by using a FM-12 tensile test (Beijing Fuyouma
Technology Co., Ltd., China) equipment at room temperature, at a
0.0005 mm/s stretch rate. Meanwhile, a polarized light microscopy
system was used to in situ monitor the process and to observe the
birefringent patterns of fiber fragmentation within the epoxy matrix.

2.5. Single Fiber Tensile Strength Measurement. Single fiber
was stretched by a Model YG (B) 006 electronic single yarn strength
tester (Changchun kexin Co. China) at room temperature. Three
different gauge lengths including 5, 10, and 15 mm are chosen for the
tensile strength measurement. The stretch rate is 10 mm/min.
Utilizing the extrapolation, the tensile strength of single fiber at critical
length was obtained (the detailed content is shown in Supporting
Information (SI).)

2.6. Resistance Measurement under UV Light. The DC
resistance of the modified fiber was recorded under ultraviolet
irradiation. The fiber was connected to two Au electrodes via silver
paste on glass substrates, and the modified fiber segment (∼0.8 cm)
served as the gauge length of the sample. For the sensitivity test of the
single fiber composites under UV light, a fiber was embedded into
transparent epoxy. A spectrofluorometer (Quanta Master TM40)
provided static UV light and the wavelength of the specific UV light
was 379 nm. Simultaneously, a DC digital multimeter (Keithley 2002)
was used to record the change of resistance through a 2-wire model.

3. RESULTS AND DISCUSSION
3.1. Structural Characterization of ZnO Nanolayer on

the Fiber. Figure 1a,b shows the scanning electron
microscopy (SEM) images of a glass fiber coated with 75
nm thick ZnO, which display an uniform morphology and
randomly orientated ZnO grains on the fiber surface. An
energy-dispersive X-ray spectroscopy (EDS) mapping of the
fiber surface shown in Figure 1c, indicates that the whole fiber
has been homogeneously covered by ZnO according to the
distribution of Zn element (purple). The X-ray diffraction
(XRD) pattern reveals a polycrystalline hexagonal wurtzite
structure of ZnO layer (Figure 1d). The uneven background of
the XRD pattern is caused by the glass substrate.

3.2. Thicknesses of ZnO Nanolayer on the Fiber. ZnO
nanolayers are deposited onto the surfaces of glass fibers by the
ALD technique. The thickness of ZnO can be precisely
controlled by changing the cycle number, because the reaction
on the surface is self-limiting during the ALD process,20 The
deposited thickness dependent on the cycle number is shown
in Figure 2. The inserted SEM images indicate a linear
relationship between the thickness of ZnO nanolayer and the

Table 1. Symbols and Parameters Related to the Equations
in the Paper

symbol definition

τ interfacial shear strength
σf critical tensile strength of glass fiber
lc critical length of fiber fragment
Ef elastic modulus of the fiber
Em elastic modulus of the matrix
tZnO thickness of ZnO nanolayer
tdepletion initial depletion thickness on ZnO nanolayer
t′depletion decreased depletion thickness under UV light
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growth cycles. Based on the fitted result, the growth rate of
ZnO nanolayer is about 1.4 Å/cycle.
3.3. Fragmentation Test of Single Fiber Composites.

In order to investigate the influence of the ZnO nanolayer
thickness on the IFSS, the fragmentation test on single fiber
composites was carried out, which is widely used to estimate
the performance of interphase in FRC. A single fiber is planted
into a dog-bone shaped polymer matrix, and then a tensile load
is applied on the sample by stretching the two sides along the
length direction of the fiber. With increasing strain, the fiber
keeps fracturing until the fragments become too short to build
up a sufficiently high tensile load. According to the constant
shear model proposed by Kelly and Tyson,21 the interfacial
shear strength (τ) can be calculated from

τ
σ

=
( )2 l

d

f

c

(1)

where σf is the critical tensile strength of the fiber, d refers to
the diameter of the fiber in the composites, lc is the critical
length which is obtained by multiplying the experimental mean
fragment length with a factor of 4/3.22 The ratio (lc/d) refers
to the critical aspect ratio, which is an inverse measure of the
interfacial shear strength. First, by polarized light microscope
measurement, the birefringent patterns in Figure 3a show that

the increased number of fragments in the modified FRC, which
indicates a stronger interphase produced by the introduction of
the ZnO nanolayer. Based on the measured critical aspect ratio
(Supporting Information (SI) Figure S1) and the critical
tensile strength (SI Figure S2, S3), the IFSS values for the
fibers treated by ZnO nanolayer with different thickness are
calculated according to eq 1 and shown in Figure 3b.
Obviously, the IFSS of all of the ZnO-modified fiber
composites is enhanced compared with the control fiber
group. In particular, the sample coated with 44 nm ZnO layer
achieves a maximal IFSS, that is, about 200% over that of the
control group. Notably, it is also the highest relative
enhancement among the already published results. The
enhancement obtained in our work is nearly twice as high as
the result (113%)10 reported in ZnO nanowire-modified
carbon fiber composites and much higher than the other
nanomaterials-modified fiber composites, such as CNT-
modified FRC (∼90%).23 The two main reasons that
contribute to this tremendous improvement of IFSS during
the ALD process includes (i) the homogeneous distribution of
ZnO can effectively ‘heal‘ the surface defects and flaws of glass
fibers24 and prevent the fragments arising from stress under a
tensile load; (ii) the effect of mechanical interlock between the
fiber and the epoxy is enhanced by the ZnO nanograins.
From the mechanics point of view, the IFSS is affected by

the local modulus of the interphase according to the stress
transfer models in single fiber composites proposed by Galiotis
et al.25 and Asloun et al.26 From the stress transfer models, the
critical aspect ratio can be expressed as

i
k
jjjjj

y
{
zzzzzα=

l
d

k
E
E

c
0

f

m

1/2

(2)

where α has two discrete values corresponding to thermoset-
ting or thermoplastic polymers and elastomers, k0 is a
theoretical constant related to the material. Ef and Em refer
to the elastic modulus of the fiber and matrix around the
interphase, respectively. Additionally, according to the rule of
mixture,1 the longitudinal modulus of the matrix around the
coated fiber, Em′, can be calculated:

= · + · − >′E E V E V E(1 )m ZnO ZnO m ZnO m (3)

where, EZnO and Em represent the elastic modulus of ZnO film
and epoxy, respectively, and VZnO is the volume fraction of the
ZnO nanolayer distributed in the interphase formed within a
short-range of epoxy matrix. Due to the much higher elastic
modulus of ZnO thin film (61−168 GPa)27,28 than that of
epoxy (∼3 GPa),29 the modulus of polymer around interphase
is increased to Em′, and the critical aspect ratio is consequently
decreased. Higher modulus of the interphase helps prevent the
propagation of cracks. Therefore, it is clear that the high
modulus of ZnO nanolayer helps to improve the strength of
the interphase based on eqs 1−3.
Furthermore, according to the results shown in Figure 3b,

we observe a novel dependence of the IFSS of composites on
the thickness of the modified-ZnO. With the increase of the
thickness of ZnO nanolayer, the IFSS gradually increases to its
maximum until the nanolayer reaches 44 nm in thickness. This
is because the interphase modified by ZnO prevents the
debonding and the propagation of cracks between fiber and
matrix, as shown Figure 3c I and II, respectively. When the
thickness exceeds 44 nm, the IFSS shows a little decrease
instead of further enhancement with the increasing thicknesses.

Figure 1. (a) Scanning electron microscope image of the ZnO
nanolayer deposited on the surface of glass fibers by ALD. (b) An
enlarged surface morphology of the ZnO nanolayer. (c) Energy
dispersive spectroscopy of the ZnO nanolayer on the surface of the
glass fibers. (d) X-ray diffraction patterns of the as-deposited ZnO and
the glass substrate background.

Figure 2. Dependence of the ZnO thickness on the number of
depositing cycle. The blue dash line is a linear fitting for the growth
rate of ZnO nanolayer (r2 = 0.984). The inserted SEM images are the
cross sections of ZnO nanolayers on the glass fiber with different
growth cycles: 150, 250, 350, 450, and 550, respectively.
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It may be due to the restriction of resin impregnation of fibers
by the thicker ZnO layer, resulting in defects in final
composites and the fracture mode transferring from radial
segmentation in the coating to an axial debonding at the ends
of the coating (see Figure 3c III).30 Based on above results, we
find a critical thickness corresponding to the highest interfacial
strength, which is 44 nm in our case. Below this thickness, the
number of debonding patterns is decreased with the increased
nanolayer. While the thickness exceeds the critical value, the
other debonding mode may occur in the coating layer that
does not cause further improvement in the interfacial strength.
Therefore, the thickness of modifying nanolayer plays a
significant role in determining the IFSS of the composites. A
proper thickness is needed not only to form a stronger
composite but also to save extra energy consumption.
Therefore, the critical thickness can be regarded as a reference
value for fabricating the significantly stronger and tougher
composites.
3.4. Photoconductive Properties of Single ZnO-

Coated Glass Fiber. In addition to enhance the mechanical
strength in FRC, ZnO nanolayer is expected to introduce
various sensing functions to the insulating glass fiber, due to
the unique electric and optical properties of ZnO. By
comparing with the other ZnO based devices,17 the single
fiber modified by ZnO is smaller in size and more suitable for
flexible device. Especially, combined with polymer matrix, the
modified fiber can be used in some specific environment. Here,
we attempt to use a single fiber coated by ZnO as an in situ UV
detector, due to its wide bandgap of the as-deposited ZnO
which is simulated to be 3.24 eV from the Tauc plot (SI Figure
S4).
To confirm this application as an in situ UV detector, the

single modified fibers were embedded into the epoxy matrix,
Figure 4a schematically shows the test process of the single
fiber used as a UV detector. The DC resistance of the fiber

(ZnO layer) was recorded as the response to the UV light,
which is an important but simply measurable parameter. We
define ΔR/R0 as the UV-sensitivity, where R0 refers to the

Figure 3. (a) The birefringent patterns under polarized light microscope during the fragmentation test. (b) The calculated interfacial shear
strengths of the control group and groups modified by ZnO with different thicknesses according to eq 1. The error bars represent standard errors.
(c) A model reveals the crack process changes with an increase of nanolayer thickness in fiber reinforced composites.

Figure 4. (a) Schematic illustration showing the test process of a
single fiber as a UV-detector under UV light. The bottom optical
images are the single fiber between two Au electrodes. (b) Time
dependence of the UV-sensitivity ΔR/R0 for the UV-detector based
on single fiber modified by ZnO nanolayer with different thicknesses
under 379 nm UV light.
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original resistance, and ΔR is a time dependent variation of the
resistance value (R−R0) under 379 nm UV light. The UV-
sensitivity of the single modified fibers detector with different
coating thicknesses in composites are shown in Figure 4b.
When the UV-light is switched on, the resistance of all the
measured detectors decreases with time. When the UV-light is
turned off, the resistance can go back to the original value after
a long recovery time (see SI Figure S6). It indicates that the
single fiber detector can be repeatedly used. Moreover, the
slow recovery process is beneficial to the collection of accurate
data. Thus, the modified single fiber really presents a potential
application as an in situ UV-detector in composites. At the
same time, we find the sensitivity shows a sharp thickness
dependence. The defined sensitivity of the single fiber detector
increases with the decrease of the thickness of ZnO nanolayer.
The fiber with 21 nm ZnO nanolayer presents a highest UV-
sensitivity.
Additionally, the photoconductive sensitivity is also

calculated based on the resistance results as shown in the SI.
On the contrary, the single fiber detector with a thinner ZnO
nanolayer shows a lower photoconductive sensitivity (see SI
Figure S5), because the resistance of the thinner ZnO
nanolayer is much higher than that of thicker ZnO nanolayer.
However, the calculated photoconductive sensitivity refers to
the irradiated surface, which is difficult to accurately measure
due to the curved surface of fiber. Therefore, the single ZnO
modified fiber can be suggested as a resistive-model sensor in
composites to the UV light.
In order to study the performance of the detector of single

fiber modified by ZnO under the UV-light the UV-response
mechanism of the as-deposited ZnO via ALD is first
investigated. The sensitivity, ΔR/R0, is contributed by three
factors as described in the following equation:

Δ = + +R R G G G/ 0 1 2 3 (4)

where G1 is the contribution from the improved photocurrent
caused by photogenerated electron−hole pairs, G2 is related to
the weakening of the band bending between ZnO and
electrode, and G3 is resultant from the desorption of the
adsorbed oxygen ions on the surface of ZnO. Due to the very
quick response and short lifetime of photointroduced carriers,
the resultant large photocurrents will disappear within a few
seconds as the UV light is switched off.31,32 However, the
observed behavior indicates that G1 is negligible in our case
because the recovery process (SI Figure S7) is not as short as
expected. In addition, the band effect is rather small in an
Ohmic contact (Figure 5b), thus G2 offers a little bit
contribution to the whole sensitivity ΔR/R0. In this device,
therefore, the sensitivity mainly depends on G3: the adsorption
of oxygen on the surface of ZnO nanolayer helps capture free
electrons, which leads to the decrease of the conductance. As
the electron−hole pairs are generated under the UV light, the
holes migrate to the surface that discharges oxygen ions (O2

−)
and desorbs the oxygen. Thus, the conductivity is enhanced
and shows a saturation trend.33,34 While the UV light is turned
off, the slow recovery of the resistance (see SI Figure S7)
mainly reveals a physisorption process of oxygen that reabsorbs
onto the surface and captures the free electrons.35

To further reveal the thickness effect on photoelectronic
response of the modified fiber, a model is proposed to depict
the process with respect to the contribution of G3. As shown in
Figure 5c, a depletion layer is defined in the surface region of
ZnO nanolayer, in which the most carriers are trapped by

absorbed oxygen. The thickness of the depletion layer is
related to the concentration of the adsorbed oxygen ions,
which will decrease with time under the UV light. Thus, the
complex desorption-adsorption process under the UV light

Figure 5. (a) Resistance responses (red symbol) of integrated single
fiber device modified by different thicknesses ZnO after exposing to
UV light for 350 s. The blue line is the fitting result of the ZnO-
thickness dependent UV-sensitivity (ΔR/R0) with r2 = 0.999. The
error bars represent standard deviations. (b) I−V character of ZnO
modified fiber with different thickness. (c) Schematic diagram
depicting the O2

− desorption and carriers-releasing process on the
ZnO surface under UV light (left) and the decreased depletion layer
after UV irradiation (right). (d) Time dependent on the fitted
depletion thicknesses under 379 nm UV-light.
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may be analyzed through the thickness change of the depletion
layer. Then the sensitivity ΔR/R0 can be calculated as

Δ = −R
R

S
S

1
0

0

(5)

where S0 and S are the effective cross section of the ZnO
nanolayer before and after UV illumination, respectively. To
simplify the model, the initial depletion thickness caused by
oxygen adsorption on the surface of ZnO is assumed to be
uniform in the same ambient. S0 and S can be expressed as

π= × + − −S r t t r(( ) )f f0 ZnO depletion
2 2

(6)

π= × + − ′ −S r t t r(( ) )f fZnO depletion
2 2

(7)

where rf is the radius of glass fiber, tZnO is the thickness of as-
deposited ZnO nanolayer, and tdepletion and t′depletion are the
thicknesses of the depletion layer before and after UV
illumination, respectively.
Therefore, according to the last two equations, eq 5 can be

rewritten as

Δ =
+ − −

+ − ′ −
−R

R

r t t r

r t t r

( )

( )
1f f

f f0

ZnO depletion
2 2

ZnO depletion
2 2

(8)

Least-square fitting of the sensitivity is performed based on
the above model. From the experimental data at 350 s, the
simulated curve shown in Figure 5a displays a reasonable
agreement, which confirms that the relationship between
sensitivity ΔR/R0 and as-deposited ZnO thickness can be
analyzed by considering the change of the depletion layer
thickness under UV illumination. Meanwhile, the sensitivity of
single fiber increases with the decrease of ZnO thickness.
However, it need to be emphasized that most of the carriers
will be trapped, leading to the restricted mobility of carriers if
the as-deposited ZnO thickness is below the fitted initial
depletion thickness. In that case, R0 is so high that the single
modified fibers are not suitable for the application as a
resistive-model sensor. Thus, the depletion thickness becomes
a key factor for designing a high-sensitivity device. To estimate
this crucial depletion thickness, we combine the results of ΔR/
R0 of different exposure time (including 50, 100, 150, 200, 250,
300, and 350 s) and fit them simultaneously based on the least-
squares method. The fitted thickness of the initial depletion
layer is 17.7 nm, which shows a decrease tendency with the
increased UV-exposure time as shown in Figure 5d. It means
that the deposited thickness of ZnO is required to be very
close to the calculated depletion thickness for the purpose of
designing a high-sensitivity UV detector. These results reveal
that the single fiber coated with ZnO nanolayer can be utilized
as an in situ UV detector in composites and its sensitivity can
be precisely tuned by modulating the thickness of the
nanolayer.

■ CONCLUSIONS
In summary, the in situ growth of conformal ZnO nanolayer
on the surfaces of glass fibers has been achieved by ALD. The
thickness of ZnO can be precisely modulated in a single atomic
layer scale by varying the number of cycles of ALD, which
enables us to investigate the influence of the thickness of
modified nanolayer on the macroscopic performance of the
composites. The IFSS in the fiber reinforced polymer
composites is dramatically enhanced due to the introduction

of ZnO nanolayer. Notably, a critical thickness of nanolayer of
about 44 nm, is obtained for the first time, giving rise to a
maximum relative enhancement of IFSS in the modified fiber
composites compared with the control fiber composites. And
such enormous enhancement is much higher than the previous
reported FRC reinforced by other nanomaterials. The
existence of such critical thickness is explained by the change
of failure patterns of composites. Furthermore, a potential UV
light sensor has been constructed by using a single glass fiber
coated with ZnO nanolayer. It is found that the UV-sensitivity
is closely related to the thickness of ZnO nanolayer. A
theoretical model with the consideration of depletion layer is
subsequently proposed to analyze the relationship between
thickness of the nanolayer and the UV-sensitivity. In this
model, the initial depletion layer thickness before UV
illumination is evaluated to be about 17.7 nm, which is a
defined parameter to achieve high sensitivity in ZnO-based UV
detector. Overall, the results in this work shed light on the long
lasting question on how the thickness of nanolayer influences
the physical performances of the composites. Based on this
work, the new multifunctional composites with higher strength
and sensitivity can be designed by controlling the thickness of
nanolayer in the interphase region to meet various require-
ments, so-called the size/thickness engineering.
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