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ABSTRACT: Enhancing the propagation length of light
without sacrificing the electro-optical properties of transparent
electrodes is of particular interest to solar cells for reaching
higher efficiency. This can typically be achieved by nano-
structured electrodes but all too often at the expense of
complexity and cost-effectiveness. In this work, we demon-
strate the simple and low-cost fabrication of a new type of
ZnO-SnO2:F nanocomposite thin film by combining spin-
coated ZnO nanoparticles on glass with fluorine-doped SnO2
thin films deposited by atmospheric spray pyrolysis. The
resulting nanocomposites exhibit a dual surface morphology featuring rough ZnO-SnO2:F nanostructures along with the original
smooth SnO2:F thin film. By readily modulating the surface morphology of ZnO-SnO2:F nanocomposite thin films with the
initial ZnO NP surface coverage, the scattering efficiency of the incident light can remarkably be controlled over the 400−1100
nm solar spectrum wavelength range. High quality hazy ZnO-SnO2:F thin layers are therefore formed with an averaged haze
factor ranging from 0.4 to 64.2% over the 400−1100 nm solar spectrum range while the sheet resistance is kept smaller than 15
Ω/sq for an average total optical transmittance close to 80%, substrate absorption and reflection included. Eventually, optical
simulations using Fourier transform techniques are performed for computing the obtained haze factors and show good
agreement with experimental data in the 400−1100 nm solar spectrum wavelength range. This opens up additional opportunities
for further design optimization of nanoengineered transparent electrodes.
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■ INTRODUCTION

Transparent conductors (TCs) are an important component of
optoelectronic and photovoltaic (PV) devices acting as front
transparent electrodes.1−5 Transparent conducting oxides
(TCOs) such as indium tin oxide (ITO), fluorine-doped tin
oxide (FTO), or aluminum-doped zinc oxide (AZO) have been
so far the materials of choice for manufacturing transparent
electrodes.6,7 As such, they have been extensively studied over
the past few decades and there exists a whole industrial
ecosystem and know-how around them, both at the laboratory
and industry levels. However, this situation is changing driven
by search for greater performance materials and cost-efficiency.
On the one hand, nanomaterials such as carbon nanotubes,8

metallic nanowire networks,9−12 or graphene13,14 are attracting
widespread interest. On the other hand, TCOs are still keeping
the upper hand at the industry level but their combination with
the previously mentioned nanomaterials to form a nano-
composite could give birth to the “ideal” cost-effective
transparent electrode.15 This nanocomposite concept is
extremely promising as recently demonstrated by Kim et al.16

and Tharsika et et al.,17 for instance. We are building on these
approaches by integrating nanoparticles (NPs) in FTO thin
layers with strong emphasis put on the light diffusive power of
these transparent electrodes.

The requirements for TCO materials integrated in solar cells
are stringent: low electrical sheet resistance (Rs less than 10 Ω/
sq) combined with high optical transparency (greater than 90%
at 550 nm). In contrast to flat-panel displays, obtaining a large
amount of scattered light into the device (and subsequently
trapping it) is of particular interest to PV applications such as
thin film, organic, dye-sensitized, core−shell nanowire or
heterojunction based solar cells to achieve higher photo-
conversion efficiencies.
Light scattering is the process by which the trajectory of an

electromagnetic wave is made to deviate from its initial
straightforward path. Such a deviation can stem from
diffraction, refraction, reflection, or a combination of these
processes. One typically distinguishes surface and volume
scattering. Volume scattering takes place at some localized areas
of a medium where the refractive index varies. The well-known
Rayleigh and Mie scattering are good examples of such
phenomena.18 In contrast, surface scattering occurs at the
rough interface between two different media; when its
roughness approaches the incident wavelength, light-scattering
is particularly efficient. Light is also scattered in reflectance as
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well as in transmittance, provided the medium is optically
transparent. The scattering process is said to be coherent when
light is specularly reflected/transmitted; if not, light is said to be
diffused and the scattering incoherent, whereupon all phase
relationships between scattered wavelets are lost. It is usually
considered that light scattered with angles greater than 5° is
diffused.
Scattered light enhances the optical path length of photons in

solar cells. This increases their probability to be trapped and
enventually absorbed, boosting in return the photogenerated
current as well as the photoconversion efficiency.19−21 The
advantages are numerous and include reduced material
consumption, enhanced collection efficiency, and lower
requirements on the absorber layer quality. Along with highly
reflective back contacts, surface engineering (introducing
periodicity or randomness) of the front electrode can be an
efficient and cost-effective way for improving light-scattering
and trapping abilities without affecting the overall solar cell
architecture. Experimentally, light-scattering efficiency can be
assessed by angle-resolved scattering and haze factor measure-
ments. In transmission, the latter is defined as the diffuse over
total optical transmittance ratio. These two parameters are
strongly impacted by the surface morphology, which strongly
depends on the growth methods and/or substrates used.
Atmospheric22,23 and low-pressure21,24−26 chemical vapor

depositions (CVD), metal organic CVD27,28 or sputtering29−31

have been used to grow optimized surface morphologies. For
example, random CVD grown ZnO pyramidal-shaped (V-
shaped) grains results in surface morphologies demonstrating
remarkable light-scattering capabilities.24,27 Nevertheless, sharp
V-shaped grains can have detrimental effects on microcrystal-
line solar cells by causing cracks necessitating careful
optimization of growth conditions for subsequent layer
growths;32 much smoother crater-like morphologies can be
obtained by wet-etching and/or plasma treatment. The
common issue shared by the previous approaches is related
tomorphology limitations inherent to the material itself and
growth techniques used. Therefore, in order to achieve greater
performance, additional processing on the film surfaces and/or
substrates are necessary: wet etching of the thin film
surfaces29,31,33,34 possibly combined with substrate etching,35

plasma post-treatment,21 reactive ion etching (RIE),23,26,28,36,37

nanoimprint lithography,38,39 or nanomolding.40 However, this
could come at the expense of cost-effectiveness.
Maintaining high optical transparency with a high haze factor

and low Rs is not sufficient for solar cell applications: the “ideal”
transparent electrode should also combine moderate root-
mean-square (RMS) roughness, amenity to high throughput
techniques as well as price-competitiveness. So far, large area,
high quality, and cost-effective diffuse SnO2-coated glass
substrates are only commercially available from the Asahi
glass company (Asahi U-type electrodes).23 This is the gap we
are intending to bridge by demonstrating a versatile low-cost
procedure combining a simple ZnO NP spin-coating step
followed by atmospheric spray pyrolysis FTO encapsulation. A
broad variety of three-dimensional (3D) glass substrates can
then be fabricated by varying the surface coverage of ZnO NPs
and/or their sizes; let us mention here spray deposition
techniques, which are also particularly promising for fabricating
large surface area 3D glass substrates.41,42 It results in a ZnO-
SnO2:F nanocomposite demonstrating superior and control-
lable light scattering properties competing with the classical
random CVD-like pyramidal surface morphology. The crucial

interplay between structural and electro-optical properties is
discussed as well. Last, but not least, this process is applicable to
all types of substrates, NPs, and thin film materials, showing its
versatility.

■ METHODS
Fabrication of the 3D Substrate. ZnO NPs with average

diameter of 35 nm were purchased from Sigma-Aldrich. In order to
prepare solutions of different mass concentrations (from 0.1 wt % to 2
wt %), different amounts of ZnO NPs were dispersed in isopropyl
alcohol. A spin-coater (Spin 150, SPS Europe) was operated to spin-
coat these colloidal suspensions on 2.5 × 2.5 cm2 cleaned alumino-
borosilicate glass substrates (Corning glass 1737). A fixed volume of
solution (0.4 mL) was spin-coated using a two-stage method (2 × 0.2
mL) while rotational speed (1500 rpm) was maintained constant. The
colloidal suspensions were systematically ultrasonicated for 5 min prior
to the spin-coating step to break down large aggregates. Eventually, the
ImageJ software43 was used to compute the surface coverage of ZnO
aggregates.

Growth of FTO. FTO coating was performed by atmospheric spray
pyrolysis as described in ref 44. The aerosol solution was prepared
using 0.16 M of SnCl4·5H2O and 0.04 M of NH4F in methanol. NH4F
served as the fluorine dopant source. The growth temperature was set
to 420 °C and the flow rate was maintained constant at 1.25 mL/min
during 20 min, giving thickness of around 350 ± 20 nm with dry air
used as carrier gas. A run consisted in nine 2.5 × 2.5 cm2 Corning glass
samples mounted on the heater via a metallic mask so that samples of
the same batch (associated with different ZnO surface coverages) were
grown under the exact same experimental conditions.

Structural Characterization. The structural morphology of FTO
thin films was characterized by field-emission scanning electron
microscopy (FESEM) imaging using a ZEISS Ultra+ microscope. The
root-mean-square (RMS) roughness of FTO thin films was analyzed
by tapping mode atomic force microscopy (AFM) imaging using a
Veeco Dimension 3100 microscope after collecting 10 × 10 μm2 scan
size to cover an extended range of spatial frequencies. AFM images
comprised 512 × 512 pixels and their postprocessing and analysis were
performed using the Gwyddion software.45 The crystallinity of FTO
thin films was investigated by X-ray diffraction (XRD) measurements
using a Bruker D8 Advance diffractometer with CuKα1 radiation (λ =
0.1542 nm) in the Bragg−Brentano configuration (i.e., θ/2θ mode).
The XRD patterns were all deconvolved from the amorphous peak
stemming from the glass substrate and were taken over 2θ = 20−70°.
The texture coefficients (Chkl) and the degree of preferred orientation
(Σ) were computed from the Harris method by using the following
expressions.46,44
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where Ihkl is the measured X-ray peak intensity of a given plane (hkl)
and I0,hkl denotes the standard intensity associated with the plane (hkl)
considered from SnO2 ICDD data [pattern No: 00-041-1445].
Eventually, N represents the number of Bragg diffraction peaks
identified in the 2θ angle range of 20 to 70°; in this study, N = 6.

Electro-Optical Characterization. Hall effect measurements were
carried out using the Van der Pauw method to determine the sheet
resistance (Rs), free carrier concentration (N), and Hall mobility (μH).
A square array of ohmic contacts arranged on a 2.5 × 2.5 cm2 sample
with a calibrated magnetic field of 0.5 T was used. Rs measurements
were also recorded using a linear four-point probe (Lucas Signatone
QuadPro, Pro4-440N configuration). The direct (TD) and total (TT)
optical transmittance spectra were recorded in air by ultraviolet−
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visible-near-infrared (UV−Vis−NIR) spectrophotometry using a
Lambda 950 PerkinElmer comprising an integrating sphere over the
250 to 2250 nm wavelength range. The transmission spectra
background was taken against an air background. The haze factor
was calculated by (TT − TD)/TT = TD′ /TT where TD′ denotes the
diffuse transmittance. All the measurements were made at normal
incidence and the spot size was around 4 × 10 mm2.

■ RESULTS AND DISCUSSION
Architecture. The proposed architecture is schematically

presented in Figure 1. A 3D substrate with various characteristic
lateral and vertical length scales is first fabricated by a low-cost
spin-coating technique using colloidal solutions from commer-
cially available ZnO NPs47 (step 1). A thin (≈350 ± 20 nm)
FTO layer is then grown (step 2) so that the roughness of the

randomly distributed and rough ZnO NP aggregates is
transferred to the surfaces of the thin FTO layers. As a
consequence, a ZnO-SnO2:F nanocomposite thin film is
fabricated, multiplying the number of interfaces and light-
scattering centers in volume and from the randomly rough
surface. Note that during step 2, samples of the same batch are
fabricated under the exact same experimental conditions, thus
ensuring meaningful comparisons of their physical properties.
Our standard FTO thin layers on flat glass substrate
demonstrate state-of-the-art electro-optical properties and
pyramidal-shaped grains on the top surface with average grain
size of about 100 nm and RMS roughness in the 10−20 nm
range.48,44 Therefore, wavelengths of a few hundred nano-
metres corresponding to visible light are not efficiently

Figure 1. Schematic illustration of the two-step process related to the fabrication of the ZnO-SnO2:F nanocomposite thin film.

Figure 2. (a) Fitted (red curve) ZnO NP surface coverage versus ZnO NP solution concentration. (b) Low and high (see inset) magnification
FESEM images of spin-coated ZnO NPs using a 2 wt % concentrated solution. (c) XRD diffraction pattern of bare spin-coated ZnO NPs on glass.
Low (d, e) and high (f) magnification FESEM images of the ZnO-SnO2:F nanocomposite layers. (g) Cross-sectional FESEM image of the final
structure on glass substrate.
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diffracted, except in the near-ultraviolet range. Obtaining larger
average grain size by growing thicker films would enhance light-
scattering but at the expense of optical transmittance and cost-
effectiveness. Importantly, this film thickness limitation can be
bypassed by using a 3D substrate. In this study, surface
scattering at the air/FTO and ZnO/FTO interfaces is solely
considered since the difference in the refractive index of FTO
(n ≈ 1.80) and ZnO (n ≈ 1.90) in the visible range48 can be
neglected to a first approximation. In a word, a nanocomposite
thin film is a valuable asset concerning light-scattering
enhancement as it promotes light-scattering at interfaces and
in volume without modifying much electrical properties, as
detailed in the following.
Surface Morphology. The relation between the ZnO NP

solution concentration and the corresponding surface coverage
is presented in Figure 2a. The different surface coverages are
calculated for four concentrations (0.5, 1.0, 1.5, and 2.0 wt %)
using the ImageJ software.43 These calculations are performed
over areas as large as 100 × 100 μm2 in order to be
representative as much as possible of the surfaces investigated.
As expected, the higher the ZnO NP solution concentration,
the higher the surface coverage. Both parameters are linearly
correlated in the concentration range investigated. In the rest of
this study, surface coverage is extrapolated for concentrations
different from 0.5, 1.0, 1.5, and 2.0 wt %.
As observed in Figure 2b, ZnO NPs are not individually

found; they consistently form randomly but uniformly

distributed 3D ZnO aggregates over the entire substrate area.
This point is particularly important for the large surface areas
required for solar cell substrates. The high magnification SEM
image in inset reveals ellipsoidal shaped ZnO nanocrystallites,
which are densely packed into mesoporous micron-scale
aggregates. The ZnO NPs are polycrystalline and textured
along the ⟨101 ̅0⟩ crystallographic directions (see Figure 2c).
The diffraction peaks have all been indexed as hexagonal
wurtzite phase of ZnO (ICDD No. 01−075−0576). This
texture is consistent with (101 ̅0) planes, which exhibit the
lowest surface energy in the wurtzite crystalline structure.49 The
agglomeration taking place during the spin-coating step is
accounted for by the two following processes: (i) vortex like
flows50 when the fluid spreads over the spinning substrate
followed by (ii) evaporation of the volatile ZnO NP dispersion
during which attractive interparticle capillary forces likely favor
the emergence of self-organized structures.51,52 The absence of
capping agents intensifies attractive Van der Walls forces as
well. Lastly, greater shape complexity is demonstrated by ZnO
aggregates at higher colloidal ZnO NP concentration since
more NP interactions can take place.
After the FTO growth stage, the corresponding low-

magnification FESEM image (see Figure 2d) demonstrates a
dual surface morphology with good uniformity over a large
surface area. The intrinsic SnO2:F surface is composed of
pyramid-like shaped grains with randomly oriented facets and
average grain size around 100 nm (see Figure 2e, zone “1”);

Figure 3. (a) 10 × 10 μm2 scan AFM image of the rough topographical surface for a surface coverage of 12%. (b) Evolution of the RMS roughness
(σ) of ZnO-SnO2:F nanocomposite layers for various ZnO NP surface coverages. A second-order polynomial fit is used to generate a curve joining
experimental points as a guide-to-the-eye. (c) Evolution of the normalized probability density function of the height and (d) HHCF with surface
coverage. Dots correspond to the experimental data while straight lines are lines of best fit computed from eq 3. 10 × 10 μm2 scan sizes are used for
the calculations.
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these are associated with complex-shaped structures resulting
from the FTO growth over the underlying ZnO NP aggregates
(as shown in Figure 2e, zone “2”) whereby the ZnO-SnO2:F
nanocomposite tends to adopt complex shapes similar to roses
(see Figure 2f) with numerous sharp edges and tips.
Interestingly, this type of rose-like morphology was shown
from numerical calculations based on rigorously coupled wave
analysis to be particularly efficient as regards light scattering/
trapping.53 The various dimensions of the initial ZnO NP
aggregates are concomitant with different structure sizes after
FTO coating, typically ranging from a few hundred nanometers
to a few microns. Obtaining such a large scale distribution is
particularly valuable for light-scattering to take place in the
broadest range of the solar spectrum. When FTO is grown over
these ZnO NP aggregates, the FTO coating is conformal;
moreover, even though ZnO NP aggregates are initially porous,
no porosity is evidenced in the final layers (see Figure 2g). This
is expected for the CVD technique and from limited self-
shadowing effects owing to the coating flux being normal to the
translated substrate during the FTO growth step.
Topographical characteristics of the ZnO-SnO2:F nano-

composite layers examined by AFM are consistent with those
previously observed by SEM (see Figure 3a). The RMS
roughness (σ) is measured by AFM for different surface
coverages, as summarized in Figure 3b and spans a wide range
of values from 10 to 200 nm. The surface morphology is further
characterized via the plot of the normalized height probability
density function (Figure 3c) and the one-dimensional (1D)
(along the fast scanning axis x) height−height correlation
function (HHCF) (Figure 3d), which are calculated from AFM
data using the Gwyddion software.45 The HHCF is related to
the average squared height difference between any two points
separated by a given distance. The experimental HHCF data
can be fitted with the following expression:54
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from which σ and the lateral correlation length ac can be
extracted. ac represents the average in-plane replication
frequency of the roughness profile. As such, it constitutes a
valuable complement to σ, which essentially gives “vertical”
spatial information. The results of the fit are indicated in Table
1.

Basically, ac increases with surface coverage as the surface
morphology demonstrates greater complexity. From Figure 3c,
it turns out that the surface can statistically be described as a
dual Gaussian surface profile with average heights ⟨zA⟩ and ⟨zB⟩
corresponding to surfaces A and B, respectively. “Surface A” is
related to the intrinsic smooth FTO surface while “surface B”
corresponds to the ZnO-SnO2:F nanocomposite. As expected,
the higher the surface coverage, the more pronounced the dual

height profile as the thin film progressively turns into a
nanocomposite material with two distinctive surface morphol-
ogies. Interestingly, these can be correlated with the ones
obtained by Oyama et al.23

Structural Properties. XRD measurements are presented
in Figure 4a. The FTO thin films are polycrystalline (six peaks
identified) with so-called cassiterite tetragonal crystal phase
(ICDD No. 00-041-1445). Only two X-ray diffraction peaks
arising from the spin-coated ZnO NPs (ICDD No. 01-075-
0576) are discernible at the 27 and 41% surface coverages
indicating no potential chemical reaction between ZnO and
SnO2:F (within the X-ray detection limits) during the spray
pyrolysis process. Since elastic strain and crystallite size effects
could not be properly disentangled, only the Scherrer formula55

is used to compute the average crystallite size (Lc) for different
crystallographic orientations. The crystallite size varies from 15
to 55 nm (see Figure 4b). These values are significantly smaller
as compared with the average grain size estimated from FESEM
images, which is due to the presence of twins.44,56 The
crystallite size sharply increases for a surface coverage up to a
few percents before steadily decreasing (see Figure 4b). To a
first approximation, this could be explained by a modified and
disordered coalescence stage during Volmer−Weber growth:
on the one hand, area with higher nuclei density leading to
small crystallite sizes are more likely to show up as compared
with a perfectly smooth surface. On the other hand, growth on
steep surfaces favors collisions between crystallites, possibly
leading to higher local elastic strain as well as twin generation,
which is particularly favored in FTO.57−59 This decrease in
average crystallite size with surface coverage is consistent with
the degree of preferred orientation (Σ) declining from 0.9 to
0.6 (Figure 4c). This points to a slight structural disordering or
randomization taking place with rising surface coverage. This
trend is further confirmed by plotting the texture coefficients
(Chkl) for the six main peaks previously identified versus surface
coverage (Figure 4d): overall, the ZnO-SnO2:F nanocomposite
layers are preferentially oriented along the ⟨100⟩ crystallo-
graphic direction regardless of ZnO NP surface coverage, which
is in agreement with refs.44,59−61 However, significant variations
are observed for the ⟨110⟩ and ⟨301⟩ directions, highlighting a
secondary texture change occurring as surface coverage
increases.
Using a thermodynamic approach,44,59 it is expected that for

large elastic strain, strain energy minimization is the driving
force for grain growth so that the ⟨100⟩ orientation is
predominant. This is supported by experimental results
reported in Figure 4d: besides the preponderant ⟨100⟩
orientation, the texture coefficients of the ⟨110⟩ and ⟨301⟩
crystallographic orientations significantly vary. Despite the low
elastic biaxial modulus of the ⟨301⟩ orientation, its importance
weakens for higher surface coverage. In contrast, the ⟨110⟩
direction increases with surface coverage. Possible increased
elastic strain (or increase in defect density) with surface
coverage would have suggested the contrary. Clearly, other
parameters are to be considered including the dependence of
FTO nanocrystal alignments on the substrate surface
morphology and nature. Indeed, as surface coverage rises, the
FTO nuclei increasingly tend to form and grow on ZnO NP
aggregates instead of on glass. Different growth orientations
could accordingly be favored owing to the different glass/FTO
and ZnO/FTO interface energies. In particular, the ⟨110⟩
direction may be favored on top of ZnO aggregates.

Table 1. Fitted Values of the RMS Roughness (σ) and the
Surface Lateral Correlation Length (ac) Using Equation 1 at
Four Different Surface Coveragesa

surface coverage (%) smooth FTO 12% 16% 27% 41%

σ (nm) 11.6 88. 3 123.1 167.1 210.7
ac (nm) 43.2 484.4 519.4 785.4 1078.7

aσ and ac are calculated on the basis of 10 × 10 μm2 AFM pictures
with 512 × 512 data points
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Optical Properties and Simulation. The diffuse and total
optical transmittances (TD′ and TT, respectively) are presented
in Figure 5a. TD′ is strongly affected by surface coverage while
TT is almost constant. The shape of TT spectra is modified with
surface coverage: up to 16%, the thin films exhibit prominent
interference effects giving birth to oscillations. They are caused
by alternatively constructive and destructive interferences
between multiple reflections at the smooth air/thin film and
thin film/glass interfaces. They gradually disappear for surface
coverage higher than about 16% since specular reflectance is
less promoted.
In contrast, TD′ can controllably be varied from nearly 0 to

65% in the visible range, which plays a central role in PV. From
600 nm, a pronounced exponential decay in TD′ with increasing
wavelength is noticed. It is a common observation for randomly
rough surfaces.20 A decrease of TT and TD′ for wavelengths
below 400 nm is detected owing to the growing bandgap
absorption of short-wavelength light in the SnO2:F layer (Eg ≈
3.7 eV) combined with ZnO NPs (Eg ≈ 3.4 eV). Incidentally,
such structures could act as back electrodes with their large
diffuse reflectance component with the potential to efficiently
trap scattered and nonscattered light. A comparison with the
Asahi U-type and the recently developed Asahi W-textured
electrodes (values taken from ref 23) is provided in Figure 5b.
Our nanocomposite thin films clearly compete with such
electrodes while being 2 to 3 times thinner and showing similar
Rs.

We would now like to draw the attention on the remarkable
gradual increase of TD′ . On the one hand, it is accounted for by
the reproducible self-organizing process during the spin-coating
step: this systematically generates a given surface coverage for a
given ZnO NP solution concentration. On the other hand, as
these aggregates demonstrate ever more complex shapes, so are
FTO structures growing on top of them. As a consequence, the
number of sharp edges and corners grow larger, increasing in
return light-scattering via diffraction, reflection, refraction on
multiple facets and other associated multiple scattering events.
Of course, this impacts on σ as well as ac (see Table 1) which
are both similar in magnitude to the incident wavelength. TD′
being directly controlled by σ,20 larger σ does imply larger TD′
for a given wavelength, as shown by the comparison in between
Table 1 and Figure 5a. On a final note, one also cannot rule out
an effect of the secondary texture transition from ⟨301⟩ to
⟨110⟩, as evidenced in Figure 4d. It could affect the shape of the
grains at the top surface and hence their light-scattering
efficiency.
Optical simulations are performed in order to get more

insight into the light-scattering behavior of our thin film
electrodes from a diffraction standpoint. The scalar diffraction
theory offers a theoretical treatment of light-scattering by a
surface in which the Kirchhoff and Rayleigh−Sommerfeld
formulations are generally adopted.62 Both often lead to
excellent agreement with experimental results. However, the
Kirchhoff’s boundary conditions were found inconsistent

Figure 4. (a) XRD patterns of the ZnO-SnO2:F nanocomposite layers for different surface coverages. The h,k,l indices are associated with the FTO
Bragg reflections. X-ray diffraction peaks from the ZnO phase are shown with black arrows. (b) Average crystallite sizes (Lc) for various orientations
computed from the Scherrer formula. (c) Degree of preferred orientation (Σ) and (d) texture coefficients (Chkl) versus surface coverage computed
from the Harris method.44,46
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contrary to the later formulated Rayleigh−Sommerfeld
diffraction theory. In the framework of this theory, Goodman62

first described light-scattering effects by using Fourier transform
techniques. Later on, Harvey63 generalized Goodman’s Fourier
treatment and lifted restrictive paraxial approximations for
using the scalar scattering theory. He also emphasized that,
when dealing with diffraction, the relevant quantity to consider
is the diffracted radiance64 defined as

α β λ= | ̂ ̂ |
⎛
⎝⎜

⎞
⎠⎟L

A
F U X Y( , ) { ( , )}

s

2

0
2
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where α = λf X and β = λf Y are the direction cosines of the
propagation vectors in the X and Y directions of a Cartesian
coordinate system describing a plane in which the aperture (i.e.,
the illuminated area) lies; f X and f Y are the spatial frequencies
and λ is the incident wavelength. As denotes the surface area
under illumination, which is none other than the scanned area
size for AFM. The aperture function U0(X̂,Ŷ) represents the
complex amplitude distribution emerging from the aperture,
that is, the disturbance undergone by the light wave as it goes
through it. F{...} denotes the Fourier transform. Lastly, X̂ and Ŷ
refer to the corresponding distances normalized by the
wavelength λ, as suggested in ref 63. L(α,β) is expressed in

Watts (W) per unit solid angle (steradian or sr.) per unit
projected area (m2).64

This approach has recently been further developed and
adapted to light-scattering by random rough ZnO surfaces.65

The authors successfully reproduced angle-resolved and haze
factor measurements of their thin films by using the following
aperture function U0(X̂,Ŷ):

ε
̂ ̂ =
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φΔU X Y( , )

1
(1 )

ei
0 2

(5)

where Δφ denotes the phase change the light wave experiences
as it encounters the rough surface of topography Z = h(X,Y)
acting like a random phase grating as presented in Figure 6a. ϵ

represents the ratio between the distance from the origin to all
points (X,Y) of the aperture and the observation distance. It can
be neglected for standard spectrophotometric measurements.
The phase change Δφ requires extra caution when dealing with
a nanocomposite thin film; the representation adopted
illustrated in Figure 6a is inspired from Domine ́ et al.65 It
consists of a rough mixed FTO/Glass thin layer of average
effective refractive index ne = 1.55 and local topographic height
Z = h(X,Y); it is associated with a ZnO thin layer representing
the ZnO NPs of average refractive index n2 = 1.90 in the 400−
1100 nm wavelength range. To account for the different
amounts of NPs incorporated in the nanocomposite, the
thickness Z of this ZnO layer is varied through the γ weighting
parameter as surface coverage increases from 12% to 41%.

Figure 5. (a) Total (TT, solid lines) and diffuse (TD′ , dashed lines)
transmittance spectra of ZnO-SnO2:F nanocomposite layers over the
250−2250 nm wavelength range versus surface coverage. Note that all
the transmittance values include the absorption and reflectance by the
glass substrate as well. (b) Haze factors versus film thickness and
comparison with data from Asahi glass company (AGC) which
develops SnO2:F electrodes.23

Figure 6. (a) Phase change at normal incidence during propagation
through the ZnO-SnO2:F nanocomposite of thickness t. γ equals 4, 3,
and 2 at surface coverages of 12, 16, 27/41%, respectively. φ0 (φ)
refers to the phase of the light as it enters (exits) the nanocomposite.
(b) Diffracted radiances (L(α,β)) (computed from eq 4) of the ZnO-
SnO2:F nanocomposite layers for various surface coverages and
wavelengths. All the plots are in the frequency plane ( f X, f Y).
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Eventually, the light exiting the top surface experiences a phase
change Δφ:
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where φ0 (φ) is the initial (final) phase of the light wave.
As for the haze factor, it is calculated from
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where L(0,0) represents the diffracted radiance corresponding
to the specularly scattered light related to the direct optical
transmittance. Propagating modes are described by (α,β) where
α2 + β2 ≤ 1; conversely, α2 + β2 > 1 describes evanescent
modes. It can be discarded since no significant (localized)
surface plasmon polariton coupling is expected. Figure 6b
illustrates various diffracted radiances in the frequency plane
( f X, f Y) as a function of wavelength and surface coverage. The
portion shown corresponds to the unit circle in direction cosine
space verifying α2 + β2 ≤ 1 containing propagating modes.
Overall, it is appreciated that the greater the surface coverage,
the higher the number of high spatial frequency components in
the frequency plane ( f X, f Y). It is consistent with the surface
developing greater complexity and finer features coupled with
additive random noise presents in the initial AFM image. Lower
diffraction efficiency at 1000 nm makes this trend less
pronounced. Note the polar geometry of the diffracted radiance
suggesting surface isotropy.
The diffracted radiances shown in Figure 6b are obtained

after some modifications of the aperture function U0(X̂,Ŷ) to
account for self-shadowing effects. They are introduced via a
2D matrix (shadowing[X̂,Ŷ]) comprising randomly generated 0
and 1. Zero values cancel out any signal getting through the
rough surface area and vice versa. By inserting eqs 4, 5, and 6 in
eq 7, simulated HT are calculated and compared with
experimental values, as presented in Figure 7.

The model is in good agreement with experimental data
except in the low wavelength range and at the highest surface
coverage (41%) where scattering is largely overestimated in
both the low and high wavelength ranges. On the experimental
side, two main reasons can explain such discrepancies,
regardless of surface coverage: (i) the oscillations in the total
transmittance spectra (see Figure 5a), particularly at low surface
coverage, cannot be taken into account by the model. Yet, they
somewhat modify the shape of the spectra and hence the
resulting HT. (ii) As suggested by Bittkau et al.,66 the better the
quality of the AFM images, the better the simulation results of
the HT. Even though, this last point can be handled with very
low scan rate when dealing with large aspect ratio surfaces,
some detail losses of fine rose-like structures are for instance
very difficult to avoid. As for the model limitations, there are
two arguments worth mentioning that could explain the
overestimation of the HT in the low and high wavelength
ranges. (i) Scattering in volume is not at all accounted for by
the model while it is bound to play a larger role in defining the
resulting light-scattering properties, particularly at high surface
coverage. In the near-infrared range for instance, the agreement
is degraded as surface coverage increases: this could be
explained by a greater role of Mie scattering since numerous
larger aggregates tend to form at high surface coverage. (ii)
Sharpe edges and tips (more numerous at high surface
coverage) might have a detrimental effect on the prediction
of the scattering angle and hence on the light-scattering
intensity distribution.67 Last but not least, let us remember that
only diffraction effects are examined. Despite these consid-
erations, the model proves to be predictive within a large
portion of the 400−1100 nm wavelength range, especially at
low surface coverage in the range of 2 to 16% which is
particularly attractive for their integration into solar cells.
Along with the above-mentioned optical properties, one also

has to closely track electrical properties: an increasing haze
factor should not come at their expense.

Electrical Properties. Hall mobility (μH) measurements
are performed and the results are summarized in Table 2 along
with key optical data. A good agreement is found between Rs
values collected from Hall effect according to the Van Der
Pauw technique and four-point probe measurements. The
carrier concentration remains fairly stable since the FTO
depositions was performed under the exact same experimental
conditions. However, μH does vary to a statistically significant
extent. The main scattering mechanisms for charge carriers in
polycrystalline FTO thin films are ionized-impurity and grain
boundary (including twins) scattering.56,58 The FTO thin layers
are highly doped (degenerated) with carrier concentration of a
few 1020 cm−3 (see Table 2). Hence, the mean free path of free
electrons is calculated by

π
μ= ⎜ ⎟⎛

⎝
⎞
⎠l

h
e

N
2

3
e

1/3

H (8)

where h is the Planck’s constant, e is the elementary charge, N is
the free carrier concentration, and μH is the Hall mobility. With
the values reported in Table 2, le ≈ 5.7 nm. However, the
average crystallite and grain substructure sizes estimated from
XRD measurements (Figure 4 (b)) are from 15 to 55 nm. This
estimation is likely to be much more precise at low rather than
at high surface coverage since growth is less impacted by ZnO
NP aggregates. (i) At low surface coverage, le ≈ 5.7 nm so that
grain boundaries (including twins) scattering is, to a first

Figure 7. Experimental (points) and simulated (lines) haze factors of
ZnO-SnO2:F nanocomposite layers over the 400−1100 nm wave-
length range at four surface coverages. Simulated HT are computed
from eq 7. Note that glass substrate absorption and reflection are
included.
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approximation, not the dominant scattering mechanism. In
contrast, ionized-impurity scattering is expected to play a major
role in determining μH, particularly when crystallite sizes get
larger as explained in ref 56 for FTO thin films. (ii) At higher
surface coverage, where the ZnO/FTO interface no longer play
a negligible role, the situation gets more complex: the more
aggregates there are, the more complex structures there exist
introducing considerable nonuniformity in grain size and
presumably in grain-boundary properties such as the barrier
height; therefore, at these ZnO/FTO interfaces, scattering
taking place at grain boundaries and twins might no longer be
insignificant. More importantly, the initially undoped ZnO NPs
are not expected to demonstrate good electrical conductivity
further impacting on the degradation of lateral mobility.
However, the generation of oxygen vacancies (intrinsic doping)
during the high temperature stage prior to the FTO growth
combined with extrinsic F doping during the growth of FTO
could significantly enhance the conductivity of the ZnO NPs.
One cannot totally rule out the formation of possibly highly
conductive ZnSnO3 and/or Zn2SnO4 phases at the ZnO/
SnO2:F interface; nevertheless, recent thermodynamic calcu-
lations using the ab initio method confirm that at midrange
external pressure (<4 GPa) and over the temperature range
from 293 to 800 K, the ZnO + SnO2 phase is the most stable
one.68 Last but not least, no X-ray diffraction peaks
corresponding to these phases could be identified pointing
out to their quasi-absence and/or to their amorphous nature.
As for the variation in μH with surface coverage, they are

accounted for by a higher incorporation rate of ionized
impurities as a secondary texture transition proceeds with
increasing surface coverage (see Figure 4d); this would
reinforce the corresponding scattering mechanism and thus
lowering μH. This incorporation is likely to take place at grain
boundaries since the carrier concentration is nearly constant
(see Table 2). Incidentally, Wang et al.69 also pointed out a
decrease in μH with the increase in the texture coefficient (Chkl)
of the ⟨110⟩ direction for SnO2:F thin films grown by spray
pyrolysis, as observed in this work (Figure 4d and Table 2).
Moreover, the increasing number and complexity of FTO/ZnO
interfaces (at which further scattering can take place) plays in
favor of a reduced mobility. All in all, a reduction in μH is
consistent with increment in ZnO NP surface coverage.
The total optical transmittance TT of the textured FTO films

is also critical for the overall efficiency of the solar cell devices.
A low TT implies that most of the incident light cannot transmit
through the film which is of course detrimental to the device
efficiency. Tuning HT while simultaneously maintaining a
reasonably high TT is therefore essential. To illustrate this
point, TT and HT averaged over the solar spectrum range

(400−1100 nm) as well as the corresponding Rs are shown in
Figure 8.

The average TT (substrate absorption and reflection
included) remains high (≈80%) while the average HT is
significantly increased (up to 65%) and the Rs retains values in
the 10−15 Ω/sq range. These values are fully compatible with
photovoltaic applications and we strongly expect these
electrodes to produce a significant increment in photo-
conversion efficiency of solar cells. For instance, a recent
study by Chih-Hung et al.70 demonstrated an impressive 20%
increase in the photoconversion efficiency of dye-sensitized
solar cells when using increasingly hazy FTO front transparent
electrodes.

■ CONCLUSIONS
The simple and low-cost fabrication of novel hazy ZnO-SnO2:F
based nanocomposite transparent electrodes is shown by
combining spin coated ZnO NPs with SnO2:F thin films
deposited by atmospheric spray-pyrolysis The resulting nano-
composite thin films exhibit a multiscale dual surface
morphology involving ZnO-SnO2:F nanostructures along with
the original smooth SnO2:F thin film. The rough ZnO-SnO2:F
nanostructures are composed of randomly distributed ZnO NP
aggregates covered with the SnO2:F thin film. The original
smooth SnO2:F thin film consists of pyramid-shaped grains
with small average grain size, RMS roughness, and lateral
correlation length as well as strong preferential orientation.
This brings forth complex ZnO-SnO2:F surface morphologies
with a large number of tips, sharp edges and corners, which can

Table 2. Summary of the Electro-Optical Propertiesa

concn. SC Rs ρ N μH avg. TT avg. HT

(wt %) (%) (Ω/sq) (10−4 Ω·cm) (1020 cm−3) (cm2/V·s) (%) (%)

0 0 9.5 4.0 4.3 36.4 (±2) 82.4 0.4
0.5 12 11.2 4.7 4.3 31.0 (±3) 82.3 19.6
1.0 16 11.9 5.0 3.9 32.1 (±3) 81.4 43.5
1.5 27 11.9 5.0 4.0 31.3 (±3) 79.1 55.5
2.0 41 14.8 6.2 3.5 28.8 (±4) 77.2 64.2

aRs is measured by a 4-point probe. Conc. refers to ZnO NP solution concentrations of the different spin-coated solutions. SC stands for “surface
coverage”. Hall effect measurements lead to experimental values of electrical resistivity (ρ), carrier concentration N and Hall mobility (μH). The
experimental total transmittance (TT) and haze factors (HT) are averaged over the 400−1100 nm wavelength range. Note that glass substrate
absorption and reflection are included

Figure 8. Evolution of TT (blue curve), HT (red curve), and Rs (black
curve) with surface coverage. Note that glass substrate absorption and
reflection are included.
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all act as efficient light scattering centers. By readily modulating
the total surface coverage of rough ZnO-SnO2:F nanostruc-
tures, the light scattering efficiency of the entire nanocomposite
thin films can controllably and reproducibly be adjusted while
demonstrating outstanding structural and electro-optical
properties that are fully compatible with photovoltaic devices.
For moderate RMS roughness (<200 nm) and low average
thickness (<350 nm), the average haze factor can be varied
from 0.4 to 64.2% in the 400−1100 nm wavelength range while
maintaining the total optical transmittance around 80% (glass
substrate absorption and reflection included), sheet resistance
smaller than 15 Ω/sq, and electron mobility around 30 cm2/V·
s. Furthermore, the haze factor is computed by optical
simulations using discrete Fourier transform techniques of the
experimentally measured surface profile. They show good
agreement with experimental data, opening further oppor-
tunities in physical property and design optimization of the
nanocomposite thin films. Eventually, a huge potential is
expected for integrating the present nanocomposite thin films
as front transparent electrodes in solar cells for instance.
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