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The interest in indium-free transparent composite electrode (TCE), a thin
metal layer embedded between two transparent metal oxide (TMO) layers
resulting in TMO/metal/TMO composite structure, has grown recently with
the advent of their high figures of merit and its potential application in pho-
tovoltaic applications. However, most of the work to date has focused on ex-
perimentally producing the best optically transmitting TCE. To better design
TCEs and minimize experimental work, it would be useful to develop a model
that predicts the optical transmission. In the current work, the transfer-ma-
trix method is employed to calculate the transmittance spectrum of TCE. To
validate this approach, the transmittance spectra of TiOo/Auw/TiO5 and TiOo/
Ag/TiOy multilayer thin-film TCEs are calculated with use of extracted ma-
terial parameters. The calculated transmittance spectrum of TiOy/Au/TiOy
matches the measured spectrum quite well. However, the calcualted trans-
mittance of TiOo/Ag/TiOy is higher than its measured transmittance. The
presence of voids in the Ag film is probably responsible for the decreased
transmittance of the TiO./Ag/TiOs sample, and the continuous Au film in
TiOo/Auw/TiO, ensures a good agreement between transmittance prediction
and measurement. Our approach is a reliable tool to predict the optical
transmittance of TCE with continuous films, and it can efficiently expedite the
selection from numerous possible combinations of transparent metal oxides
and metals when developing TCEs for future photovoltaic applications. It can
also serve as a convenient method to assess the continuity of embedded metal
layer.

INTRODUCTION

Indium tin oxide (ITO) electrodes have broad ap-
plications in solar cells, flat-panel displays, and or-
ganic emitting diodes.'™ However, ITO contains the
rare-earth element indium, and the extensive use of
ITO drives researchers to develop low cost and sus-
tainable replacement for ITO electrodes.'™ In recent
years, transparent composite electrodes (T'CEs) at-
tract much interest because of their competitive
electrical and optical properties.*® TCEs have a tri-
layer thin-film structure, in which a metal layer is
embedded between two transparent metal oxide
(TMO) layers.'™2 TCE with the use of indium-free
transparent oxide, such as TiOy and ZnO, not only
has a lower cost than ITO but also can achieve a
superior optical transmittance of 85% and low
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resistivity of 107° Q cm.*® As a composite structure,
TMO and the embedded metal layers significantly
affect the optical and electrical properties of TCEs.'!
To determine the desired TMO and metal layers to
achieve high optical transmittance, TCEs are
typically fabricated and tested by trial and error, but
this method is costly and time consuming. An effi-
cient prediction for the optical transmittance of TCE
using material parameters is needed. In this study,
the transfer-matrix method is used to calculate the
transmittance of TCEs as a function of material pa-
rameters, including film thickness, refractive indices,
and film roughness. To validate the approach, TiOs/
AuwTiO, and TiO/Ag/TiOy multilayer thin films are
fabricated, and then their material parameters are
extracted and incorporated into the transfer matrix
to calculate the optical transmittance.
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MODEL

The transmittance of a subject can be calculated
by taking the ratio of transmitted light intensity
and incident light intensity.'®> However, multiple
reflections within one layer have to be considered
when light propagates in a multilayer struc-
ture.’ 15 All the transmitted waves resulting from
multiple reflections within one layer have to be
summed up and sec}uentially used as incident waves
for the next layer. ' To simplify the calculation,
the transfer-matrix method has been adapted in the
transmittance and reflectance calculation of multi-
layer thin-film structures.'6~!®

Light consists of an electric field component and a
magnetic component. In the transfer-matrix method,
all the waves propagating in the same direction at the
same side of the interface are represented by one
electric field. The forward electric fields at right side of
layeri and the backward electric field at left side of the
layer i+1 is represented by E; © and EP!;, respectively.
Figure 1 is the schematic of the simplified electric
fields in trilayer TCE on a glass substrate. When
conducting the transfer-matrix method, the layer
whose thickness is comparable with the wavelength of
lightistreated as a coherentlayer, and the layer with a
thickness larger than the wavelength of light is con-
sidered as an incoherent layer.'”'® Hence, our TCE
model consisting of thin TMO and metal layers and a
thick glass layer is a mixture of coherent and inco-
herent layers. In the transfer-matrix method, electric
field amplitudes in coherent layers are correlated via
matrix operation, and the light intensity, instead of
field amplitudes, has to be employed when correlating
waves in the incoherent layer.'®~'® Therefore, the co-
herent layers and incoherent layer have to be calcu-
lated separately in our model.

When a normal incident light propagates at the
interface of coherent layer i and i+1, the electric
fields at two sides of that interface could be corre-
lated using transfer matrix P, ;,1:
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where ¢; ;.1 and r; ;.1 is the Fresnel transmission and
reflection coefficients, respectively. They can be
calculated using refractive indices of layer i and
layer i+1. In terms of waves propagating within
layer i+1, the electric field within layer i+1 can be
correlated via transfer matrix P;, ¢:
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where 6;,1=2n,,1d;,1/2 is the phase change when the
wave travels through layer i+1. n is the real part of
the refractive index, d is the layer thickness, and 4
is the wavelength. Within the coherent layers, the
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Fig. 1. Schematic of electric field amplitudes and light intensity
within a TCE on glass.

incident electric fields at surface 1 and the trans-
mitted electric fields coming from TiO, layer 3 can
be correlated by multiplying the transfer matrices
P; ;.1 for each interface and P;,; for each layer:
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where Py, is the transfer matrix for the packet of
coherent layers and M;; is the element in Py,. The
transmittance and reflection coefficients for the

packet of coherent layers are calculated using the
elements in Pyy:
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When waves reach the incoherent glass layer, the
previous packet of coherent layers should be consid-
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ered as an incoherent interface.'® The light intensity
at the incoherent interface and within incoherent
glass la%rer is correlated using an incoherent transfer
matrix.'”!® The incoherent transfer matrix can be
obtained by replacing the transmission and reflection
coefficients in the coherent transfer matrix with their
squared amplitudes.'””!® The incoherent transfer
matrices for the incoherent interface (packet of co-
herent layers) and for the incoherent glass layer are
Pinceh and Pipeoh respectively:
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The incident light intensity and the light inten-
sity coming from the glass substrate are correlated
by:
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Hence, the transmittance of TCE can be ex-
pressed by:
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It is noticeable that the rough interfaces will re-
sult in li(ght scattering and decreased transmit-
tance.’®2° The transmission and reflection
coefficients should be modified by multiplying the
scattering factors to account for the scattering ef-
fect.'®2° The scattering factor s for reflection and s®
for transmission are shown below:

N2
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where o; is the rms roughness of interface i.
Equation 8, which represents the transmittance
of TCE, is a function of the refractive indices,
thickness, and roughness of each single layer. Re-
fractive indices of bulk materials and thin films are
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quite different, and different deposition techniques
can result in different refractive indices of the thin
films.?! To ensure a reliable prediction, the material
parameters used in the calculation have to be real-
istically represent properties of each layer. Hence,
the extraction of optical indices is done on thin films
that are deposited by the same technique and con-
ditions used for the deposition of TCE.

EXPERIMENTAL

To validate our approach, TiOs/Au/TiO5 and TiOo/
Ag/TiOg multilayer thin-film TCEs were fabricated
and their optical transmittance was measured. The
trilayer structure, TiOs/Au/TiOg and TiOo/Ag/TiO,,
were sequentially deposited at room temperature
onto glass substrates, respectively. The TiOy layer
of TiOo/AwTiO, and TiO, layer of TiO9/Ag/TiO,
were deposited by rf sputtering TiO, target (99%
purity) using different target-to-substrate distance
with a power of 150 W under a pressure of 20 mTorr
in Ar gas ambient. The metal layer was deposited
onto the TiO, layer by dc sputtering Ag or Au target
(99% purity) using the power of 40 W at the pres-
sure of 10 mTorr in Ar gas ambient. The thickness
of each layer was controlled by deposition time. To
study the morphology of the midmetal layer, an-
other set of two-layer structures, Ag/TiOs and Au/
TiOg, were deposited on glass using the corre-
sponding deposition condition of their TCEs.

The optical transmittance of TCEs on glass at
wavelength of 300 to 800 nm was measured by a
double-channel spectrometer using air as a refer-
ence. The thickness of TiOy and Au thin films and
the optical indices of TiOg, Au, and Ag thin films
were obtained by the variable angle spectroscopic
ellipsometry and wvase 32 software. The Ag thick-
ness was acquired by Rutherford backscattering
spectrometry and RUMP software. The roughness
values of the surface and each interface in TCEs
were determined by atomic force microscopy analy-
sis in tapping mode. Because the glass substrate
was very smooth, its roughness was considered as
0 nm. The thickness of each layer and the rough-
ness of each interface in TCEs are listed in Table 1.
The morphology of Ag and Au layer was inspected
by XL 30 environmental field emission secondary
electron microscopy (SEM) using samples of Ag/
TiOs and Au/TiO; on glass.

RESULT AND DISCUSSION

The transmittance spectra of TiOo/Auw/TiO, and
TiOo/Ag/TiO5 on glass are predicted by the incor-
poration of the experimentally extracted material
parameters into the transfer matrices. The calcu-
lated and experimentally measured transmittance
spectra of TiOo/Au/TiOs/glass are shown in Fig. 2a.
The calculation result shows a good agreement with
the measurement result; therefore, our approach is
demonstrated to be able to successfully predict the
optical transmittance of TiO/Aw/TiO4 on glass.
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Table I. Thickness and Roughness from TiOo/Au/TiO; and TiOy/Ag/TiOy Multilayer Thin-Film Structure

Thickness (nm)

RMS Roughness (nm)

Layer 1 Layer 2 Layer 3 Layer 4
(TiOy) (Aw/Ag) (TiOy) (glass) Surface 1 Interface 2 Interface 3
TiOo/Au/TiOy 38.4 10.5 39.7 108 1.746 0.680 0.766
TiOy/Ag/TiOg 30 12 30 10° 1.817 1.187 0.852
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Fig. 2. Measured and calculated optical transmittance spectra from

(a) TiOo/Au/TiO2 and (b) TiOo/Ag/TiO, multilayer thin-film on glass
substrate in wavelength range of 300 nm to 800 nm.

Figure 2b shows calculated transmittance spec-
trum of the TiO2/Ag/TiOs/glass and the spectrum
measured from the TiOy/Ag/TiOo/glass sample. The
calculated transmittance is higher than that mea-
sured from the TiOy/Ag/TiOo/glass sample. It might
be due to the extra light absorption caused by dis-
continuous Ag film in TCE.??

Fig. 3. SEM images from the surface of (a) Ag (12 nm)/TiO, on
glass and (b) Au (10.5 nm)/TiO, on glass.

It has been reported that the voids in island-like
Ag metal layer of TCE will result in decreased
transmittance and increased absorption compared
with TCE with continuous Ag thin film.?> The SEM
image of 12-nm Ag thin film sputtered on TiO, films
in Fig. 3a indicates that the Ag thin film is not
continuous yet. In our approach, all films are as-
sumed to be continuous and the light absorption
caused by voids in the films is not incorporated into
the calculation because its mechanism is not clear
yet. Hence, the predicted transmittance, which does
not take account of voids in the actual Ag film,
shows an optical transmittance higher than that
measured from the TiOy/Ag/TiO5 sample. Compared
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with TiOy/Ag/TiO,, the SEM image of 10.5-nm Au
thin film on TiOgy shows a continuous but rough Au
layer in Fig. 3b. Therefore, the predicted transmit-
tance of the corresponding TiOy/Auw/TiOs does not
show deviation from the experimental transmit-
tance.

The decreased transmittance of TiOy/Ag/TiO4 due
to the discontinuous Ag layer implies that light
absorption due to voids could be eliminated and
high transmittance would be achieved by fabricat-
ing thin and continuous metal thin film in TCE.

CONCLUSION

The transfer-matrix method for mixed coherent
and incoherent layers is utilized to calculate the
transmittance of TiOy/Ag/TiOy and TiOo/AwTiO,
multilayer structure TCEs. The physical pa-
rameters (optical indices, thickness, and roughness)
of each layer are extracted from the samples by
means of ellipsometry, Rutherford backscattering
spectrometry, and atomic force microscopy, and
then they are incorporated into the calculation to
ensure an accurate prediction. Our model assumes
all layers are continuous. As a result, the TiOy/Au/
TiOg, which proposes a continuous Au layer, shows
a good agreement between its predicted and mea-
sured transmittance spectra. However, the predict-
ed transmittance of TiOy/Ag/TiOs is higher than its
measured transmittance. This deviation is the re-
sult of the light absorption caused by voids in the
discontinuous Ag film in TiOy/Ag/TiOs. It turns out
that our approach is an efficient tool to predict the
transmittance of TCEs with continuous thin film
layer. It could assist in selecting the optimal mate-
rials from numerous candidates without fabricating
all the recipes when designing high transmittance
TCE. On the other hand, our approach could be used
as an indicator for discontinuous layer if the calcu-
lated and measured transmittance does not match.
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