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Daniel A. Jacobs,* Kylie R. Catchpole, Fiona J. Beck and Thomas P. White

The needs of thin-film solar cells are a significant driver in transparent conductor research, making it vital

that these requirements are properly understood. Here we demonstrate that the oft-quoted need for

sheet resistances less than 10 U sq�1 arises only when the addition of a metal grid is unfeasible, and for

cells of a particular size. In addition we show that the performance of a highly transparent layer with

a metal grid is generally superior to that of a single layer fulfilling the 10 U sq�1 requirement without

a grid. In order to clarify these issues we introduce simple measures of electrode performance which

correspond directly to cell efficiency. These specialized figures of merit can be applied to electrodes

with or without a metal grid, and also to those embedded in a tandem cell where good electrode

performance is often imperative. By comparison we show that the ratio of DC to optical conductivity,

the most widely used figure of merit for transparent conductors, is a bad predictor of performance in

a solar cell. Our work jointly motivates the development of scalable techniques for incorporating thin

metal wires into front-side electrodes, and research into transparent conductors which prioritize

transparency over sheet resistance.
1 Introduction

Transparent conductors are a crucial enabling technology for
the future of thin-lm solar cells. Contenders for this role range
from the familiar transparent conducting oxides such as
indium- and uorine-doped tin oxide, to graphene, carbon
nanotubes, metallic nanowires, nano-patterned metallic lms,
conducting polymers and a variety of composites.1–3 Each
technology reaches a different compromise between the two
primary properties of any transparent conductor, that is its
optical transparency and sheet resistance. Consequently, the
required balance between transparency and sheet resistance
can have a profound effect on which technologies and processes
are declared relevant, and which receive the most attention.

The issue of transparent conductor (TC) requirements has
been the subject of a renewed focus recently with the advent of
perovskite cells, which have attractive characteristics for use in
a tandem arrangement with either conventional silicon cells or
other perovskites.4,5 Tandem concepts such as the 4-terminal
mechanical stack require as many as three transparent elec-
trodes in total, putting a greater than usual pressure on elec-
trode transparency.6 The 2-terminal monolithically integrated
tandem cell avoids the need for intermediate electrodes, but
suffers losses of a different nature due to the necessity of
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current-matching between cells, making transparent electrode
performance a key factor in the competition between these two
designs. Finding a suitable transparent conductor for the rear of
the perovskite top-cell is one of the major challenges that will
need to be overcome before a viable 4-terminal tandem device
can be demonstrated.7,8 In the absence of metallization, such
a conductor should have a sheet resistance no greater than
about 10 U sq�1,9 a challenging requirement to meet at high
transparency. With metallization in the form of a conducting
grid the required sheet resistances are considerably relaxed,
allowing for the use of thinner layers which block less of the
valuable light.

Transparent conductors are usually among the rst or the
last layers to be deposited in a thin-lm solar cell. Electrodes
which are deposited last, as in the window layer of a CIGS cell10

or the rear electrode of a semitransparent perovskite cell,11 can
be metallized with little difficulty. Electrodes which are depos-
ited rst will affect the topography of all subsequent layers, so
that any wires should be kept below a threshold height
depending on the device structure to avoid producing shunt
pathways or other undesirable features. Alternatively, wires may
be embedded into the front-surface substrate so as to produce
a relatively at surface for subsequent layers, for example, by
using metallic paste to ll grooves fashioned with an
imprint12–14 or laser scribing process. The wire sizes we consider
lie in the range of 5–30 mm, whose upper limit falls within the
present capability of industrially-relevant techniques such as
screen,15 ink-jet16,17 and exographic printing.18,19 Smaller metal
wires with widths <20 mm can be fabricated using a variety of
This journal is © The Royal Society of Chemistry 2016
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techniques including nano-imprint lithography,20 micro-
contact printing21 and nanotransfer printing,22 although it is
beyond the scope of this paper to assess whether any of these
techniques are viable candidates for low-cost mass-production
in the near-future. Instead, we analyze the effects of metalliza-
tion on transparent conductor requirements and performance,
and in doing so provide impetus for the improvement of
metallization technology.

We begin by reviewing the basic impact of ohmic and
transparency loss on the efficiency of a solar cell. These loss
mechanisms are tied together by introducing the efficiency
factor, a measure of the TC's impact on its parent cell's effi-
ciency, which we then use to perform a comparative study of TC
technologies under different schemes of metallization. Finally,
we give evidence that the standard gures of merit for trans-
parent conductors may not be reliable indicators of perfor-
mance in a solar cell, and suggest some simple alternatives
based on the efficiency factor.
2 Transparent conductor
requirements with metallization

In a homogeneous conducting layer the trade-off between
sheet resistance and transparency is largely unavoidable, as
increasing the planar carrier density for the sake of conduc-
tivity will tend to reduce transparency (one can circumvent this
by increasing the carrier mobility instead, but this provides
only a limited scope for improvement). However, without the
constraint of homogeneity, there is much to be gained in
transparency by condensing carriers into a sparse network of
dense laments. In the limit of high concentration such
networks become effectively metallic and opaque, with
a transparency determined only by their covering fraction, and
can therefore be made almost arbitrarily tall without affecting
Fig. 1 (a–c) Cross-sections of three basic cell types: (a) single cell with
glass/substrate and (c) a semi-transparent cell with metallized front and
device. (d) Schematic of a metallized TC in which the cell width W is defi
scribed interconnect regions (monolithic thin-film module) or cell conta

This journal is © The Royal Society of Chemistry 2016
transparency. For example, a layer of silver 50 nm thick has
a transparency close to zero over the visible range, whereas the
same volume of metal (having the same capacity to carry
current over large distances) will produce an array of wires 1
mm tall with a covering fraction of just 5% or 95% trans-
parency. Of course in heterogeneous conductors of this kind,
such as arrays of regular or random metal wires, it becomes
necessary to conduct current to the wires from all the inter-
vening spaces, but as these distances are much smaller than
the cell dimensions this task can be accomplished with only
a very thin or lightly doped layer. This explains why the
combination of a homogeneous layer to collect current, and
a network of metallic wires to transport it over macroscopic
distances, is so effective at achieving efficient carrier transport
with high transparency.23–25 Different possibilities for incor-
porating metal wires into a typical thin-lm cell structure are
illustrated in Fig. 1(b and c).

Whether or not a transparent conductor is metallized, the
optimal balance between its sheet resistance and transparency
is determined by the joint effect of these properties on its cell's
efficiency. To model this effect we will at rst consider the top
electrode on a stand-alone cell (Fig. 1(a and b)). To a good
approximation26 the sheet resistance of such an electrode
affects the cell output voltage, whilst its transparency affects the
current. Eqn (1a) given below is for the reduction in voltage Vmp/
V0mp in a cell with an un-metallized or “bare” transparent
conductor (Fig. 1(a)), normalized to its nominal value in an
idealized cell without any ohmic loss. The second eqn (1b) for
the same factor is also standard27 and applies instead to a layer
with metal wires as in Fig. 1(b and d). It is derived by assuming
that all the collected current ows directly through the TC to
wires spaced at a period of p, before being conducted along the
wires to the cell's contact, busbar or interconnect regions
separated by a distance W (see Fig. 1(d)):
a bare front-side TC (b) single cell with metal wires inset into the front
rear TCs, such as might be used as the top-cell in a 4-terminal tandem
ned as the distance between bus-bars (standard Si-type module), the
cts (lab cell).

J. Mater. Chem. A, 2016, 4, 4490–4496 | 4491
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Fig. 2 Sheet resistance requirements as a function of the contact/
interconnect separation W for a bare TC (dotted, blue) and metallized
TC (solid, red) assuming 5% efficiency loss in a cell with J0mp/V

0
mp ¼ 22

kU�1 cm�2. Losses were calculated assuming 100% TC transparency,
and therefore include only ohmic dissipation for the bare layer, and
ohmic dissipation plus wire shading for the metallized layer.
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Vmp

V 0
mp

¼ 1� 1

3

J0
mpW

2

V 0
mp

�
8<
:

Rs

1

4
ðp=WÞ2Rs þ RM

(1a,b)

here RM is the metallization sheet resistance given by RM ¼ rp/
wh, r is the metal resistivity (given the value 3 � 106 U�1 cm
hereaer), w the wire width, h the wire height, J0mp the collected
current density assuming ideal transparency, and Rs is the bare
TC sheet resistance. We note that in this expression the
contribution of contact resistance between the TC and metal
wires is neglected (see ESI† for justication). These expressions
show that the effect of metallization is to replace the
TC's sheet resistance Rs with an effective resistance

Reff ¼ 1
4
ðp=WÞ2Rs þ RM. In general this represents a signicant

improvement as the value RM can be made very small at an
almost negligible cost to transparency – for example, meso-
scopic copper wires with p/w¼ 100 and h¼ 1 mmwill shade just
1% of the incident radiation at RM z 2 U sq�1. By comparison,
a typical TC with comparable sheet resistance would block
around 20% of the incoming light or more.2 Within fabrication
constraints the wires can be made taller to reduce RM at no cost
to transparency, which is therefore equivalent to reducing the
metal's intrinsic resistivity r. Meanwhile, the factor (p/W)2 in the
effective sheet resistance can drastically reduce the impact of
the TC's sheet resistance Rs in a metallized electrode when the
wires are spaced close together, allowing for the use of highly
transparent TCs with a larger sheet resistance than would
otherwise be optimal. For this purpose the wire width wmust be
made as small as possible so that the wires do not incur a large
shading loss when closely spaced.

The W2 scaling of ohmic loss with cell width makes this
parameter an important determinant of sheet resistance
requirements. In a monolithic thin-lmmodule the tendency to
4492 | J. Mater. Chem. A, 2016, 4, 4490–4496
make W smaller in order to reduce ohmic loss is countered by
the necessary presence of interconnect regions, which represent
undesirable dead space and should therefore be spaced far
apart. Technological limits on the width of these interconnect
regions set the balance at roughly W z 1 cm, which leads to
a required sheet resistance without metallization of about 10 U

sq�1.9 This well-known gure is visible in Fig. 2 where we have
plotted the maximum allowable sheet resistance in order to
keep losses under 5%, versus cell width, assuming a bare
transparent conductor with perfect transparency (blue dotted
line). The same quantity is also plotted for a metallized layer,
but this time including the effect of wire shading in the 5% loss
(red solid line). For longer cell widths metallization relaxes the
required sheet resistances by a large amount, indeed by over
two orders of magnitude at W ¼ 1 cm. Another important point
regarding W is that whereas for a bare electrode the cell length
affects the voltage loss through Rs, in a metallized electrode the
variation in loss with length scales with RM, tying the optimal
value forW to the wire height. Taller wires with their reduced RM

will allow for larger values of the cell width, which can reduce
the negative impact of interconnect dead-space and thereby
enhance module efficiency (see ESI† for quantitative estimates).

Just as the ohmic losses discussed above incur a reduction in
cell voltage Vmp/V

0
mp, the effect of non-ideal transparency is to

reduce the cell's nominal photocurrent J0mp by a factor
�
1� w

p

�
from the wire shading, and further by a factor T due to the TC's
transparency. At the module level, current is again reduced by

a factor
�
1� s

W

�
due to the interconnect space discussed

above, where s is the interconnection width. Taken together the
ohmic and current losses reduce power generation efficiency by
a factor of Jmp/J

0
mp � Vmp/V

0
mp, or

EðRs;TÞ ¼

8>>>>>>>>>>><
>>>>>>>>>>>:

T
�
1� s

W*

� 
1� 1

3

J0
mp

V 0
mp

W*2Rs

!
;

T
�
1� s

W*

��
1� w

p*

�
�

 
1� 1

3

J0
mp

V 0
mp

�
W*2RM þ 1

4
p*2Rs

�!
(2a,b)

which is dened as a fraction of the theoretical efficiency
calculated in the absence of either loss mechanism, again for
a bare and metallized TC respectively. The object of designing
a transparent electrode is therefore to make this “efficiency
factor” as close as possible to unity. The asterisks on p and W
denote that the wire spacing and cell width should always be
chosen so that E takes its maximum value, conditions which
could in principle be used to eliminate these variables from
the expressions for E. This is straightforward to accomplish by
hand in the case of eqn (2a) (see Section 3 below), but less so
for eqn (2b), for which we resort to numerical optimization in
the calculations to follow. As the transparency T is a common
factor in eqn (2), E can be written in the form E(Rs,T) ¼
TEmax(Rs) which denes an envelope function Emax(Rs)
denoting the maximum fractional efficiency allowed by
This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Experimental transparency and sheet resistance values for the
carbon nanotube layers of ref. 28 (red upper series) and the corre-
sponding efficiency factors (blue lower series) after including metal-
lization with w ¼ 30 mm and W ¼ 1 cm. Each point lies below the
maximal efficiency factor Emax (dotted) by a distance proportional to (1
� T).
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current and ohmic losses at a given sheet resistance. The
shape of Emax is determined by the parameters J0mp/V

0
mp and s,

and the metallization parameters RM and w when they apply.
In Fig. 3 we illustrate the role of Emax and demonstrate how
the transformation from (Rs,T) data (red line) to (Rs,E) data
(blue line) unambiguously reveals the optimal TC layer for
a specic cell type.
Fig. 4 Plots of the efficiency factor E calculated using experimental (Rs,T
whereas (c) corresponds to a bare electrode. In each case the interconn

This journal is © The Royal Society of Chemistry 2016
In Fig. 4 we have used published Rs,T data28,30–38 to compute
efficiency factors for a variety of TC technologies with and
without a metal grid.29 The cell parameters are taken to corre-
spond roughly with a state-of-the-art perovskite cell, so that
J0mp/V

0
mp ¼ 25 mA cm�2/1.1 V ¼ 22 kU�1 cm�2, and we use an

interconnection width of s ¼ 200 mm.9 The shaded regions in
Fig. 4 denote unphysical efficiency factors dened by E > Emax,
and each data point is situated at the coordinates (Rs,TEmax).
This comparison reveals that the wire width plays a deciding
role in determining which TC technologies give acceptable
performance in a solar device. For moderate wire widths of w ¼
30 mm (Fig. 4(a)), corresponding roughly to the capabilities of
industrial screen printing, sheet resistances up to a few
hundreds of Ohms per square remain competitive, and in that
region the competition between technologies is fairly close. For
smaller wires of width w ¼ 5 mm the playing eld is almost
completely leveled, and high performance can be obtained with
sheet resistances as large as several thousands of Ohms per
square (Fig. 4(b)). By contrast, without metallization electrode
performance drops off rapidly with increasing sheet resistance
and the best candidates lie in the region of 10–50 U sq�1

(Fig. 4(c)). Comparing the best performers in each case we nd
that a relative efficiency improvement of approximately 5% can
be expected in moving from bare to metallized electrodes. It is
also clear that transparency becomes the primary measure of TC
quality when smaller wire widths are available. This means that
emerging TC technologies such as carbon-nanotubes, which are
generally regarded as having unsuitably high sheet resistance
for solar applications, can give competitive and even superior
performance with the use of narrow-width metallization due to
their ultra-high transparency.39 Signicantly, nearly all of the
) data from the literature.29 The wire widths are 30 mm in (a), 5 mm in (b),
ect width is set to 200 mm and for (a) and (b) the wire height is 3 mm.

J. Mater. Chem. A, 2016, 4, 4490–4496 | 4493
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data in Fig. 4(a and b) trends steeply upwards with increasing
sheet resistance, suggesting that in most cases the optimal
transparency for these technologies (when augmented with
a metal grid) has yet to be demonstrated.

The efficiency factors dened in (2) were introduced for the
top electrode of a stand-alone cell, but a similar strategy can be
pursued to model the performance of TCs in tandem cells with
only slightly different equations. We include such an analysis in
the ESI.†
3 Figures of merit for solar cells

To ease comparisons TCs are oen ranked in terms of a gure of
merit which is a simple function of sheet resistance and
transparency. The most widely used is the DC to optical
conductivity ratio40

sd:c:

�
sopt ¼

��
T� 1

2 � 1
� 2Rs

Z0

��1

(3)

in which Z0 ¼ 377 U. Although this relationship only strictly
applies to a thin uniform layer when sd.c. and sopt can be
separately dened, it can nevertheless be used as an abstract
gure of merit for any transparent conductor. An alternative to
this is Haacke's function41

FH ¼ Tq/Rs (4)

in which q is arbitrary and can be chosen to suit the application,
with typical values lying in the range q ¼ 20–100. The test of
a good gure of merit for solar applications is that electrodes
with equal gures of merit should give roughly equal perfor-
mance in a cell. Of course the efficiency factor satises this
Fig. 5 Level curves of the d.c. to optical conductivity ratio (black
dashed) and Haacke's function (green dot-dash), as compared to
contours of equal loss factor computed using eqn (5) (blue) and (6)
(red). For the bare loss factor we have set s¼ 200 mm, the wire widthw
¼ 30 mm and in both cases J0mp/V

0
mp ¼ 22 kU�1 cm�2. Normally-

oriented arrows on the conductivity ratio point in the direction of
maximum “improvement”.

4494 | J. Mater. Chem. A, 2016, 4, 4490–4496
criterion by denition within the modelling approximations. To
assess the others in Fig. 5 we have plotted level curves of the
conductivity ratio and Haacke's function alongside level curves
of the efficiency factor for a bare and metallized TC. Although
with a hand-picked value for q Haacke's function can be made
to follow the efficiency factor approximately (here we have
chosen q ¼ 100 to approximate the metallized curve), the more
commonly used conductivity ratio has level curves which can be
seen to bend distinctly in the wrong direction. As the normal to
each level curve points in the direction of maximum change, the
conductivity ratio suggests further decreasing the sheet resis-
tance when it is lowest, and further increasing the transparency
when it is already high. This is opposite to the common sense
prediction, borne out by the efficiency factor, that these two
properties must be balanced in a good electrode with dimin-
ishing returns applying as either property is improved. We
conclude that the conductivity ratio cannot be relied upon to
accurately reect the performance of a transparent conductor in
a solar cell (and indeed, is likely to be similarly unphysical for
any application), although Haacke's gure may do a reasonable
job if the parameter q is properly chosen.

For a bare electrode eqn (2a) can readily be put in the form of
a simple gure of merit as the optimization problem for W has
a simple analytic solution. This gives the expression:

E ¼ T
�
1� s

W*

� 
1� 1

3

J0
mp

V 0
mp

W*2Rs

!
;

W* ¼
 
3V 0

mps

2J0
mpRs

!1=3
(5)

(for further detail see ESI†). However, with metallization
included the problem of obtaining a simple expression for Emax

is greatly complicated by the coupling between the optimal wire
spacing p* and cell width W*. A limiting expression may be
obtained by effectively taking the wire height h / N (or RM /

0), giving

EðRs;TÞ ¼ T

�
1� w

p*

� 
1� 1

12
p*2

J0
mp

V 0
mp

Rs

!
;

p* ¼
 
6V 0

mpw

J0
mpRs

!1=3
(6)

in which the dependence on cell width has completely van-
ished. Eqn (5) and (6) are both approximate forms of the effi-
ciency factor dened earlier (eqn (2a,b)), but do a good job of
capturing the effects of transparent conductor on solar cell
performance (see ESI† for a direct comparison between these
gures of merit and the full efficiency factors dened in eqn (2)).
Although there appear to be quite a number of parameters in
eqn (5) and (6), the cell is completely determined by the char-
acteristic ratio J0mp/V

0
mp and interconnect width s in the unme-

tallized case, and in the metallized case by J0mp/V
0
mp together

with the wire width w. Typically J0mp/V
0
mp lies in the range of 20–

50 kU�1 cm�2 depending on the cell type,42,43 the width s lies in
the range of 100–1000 mm,9 and w¼ 30 mm corresponds roughly
to the current capabilities of industrial screen printing.15 These
This journal is © The Royal Society of Chemistry 2016
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expressions therefore represent simple alternatives to the
standard TC gures of merit with a direct correspondence to
actual solar cell performance.

4 Conclusions

Metallization relieves the burden on a transparent conductor's
sheet resistance, leveling the competition between technologies
and allowing for other factors such as material compatibility or
ease of processing to take precedence. Whenever it is possible to
incorporate a narrow metallic grid (w < 30 mm), the require-
ments for a transparent conductor shi dramatically towards
achieving ultra-high transparency (>95%). Wire widths in the
range of 20–30 mm already relax the conventional sheet resis-
tance requirement of 10 U sq�1 by more than an order of
magnitude, encompassing a wide range of emerging technolo-
gies, whilst widths approaching 5 mm will allow for several
thousands of ohms per square in the transparent layer.
Furthermore, we have shown that metallized transparent layers
generally exceed the performance of the best bare transparent
conductors due to a combined reduction of losses at the cell and
module level. Narrow-width metallization therefore provides
a clear route for approaching ideal electrode performance in
thin-lm solar cells. These ndings demonstrate the potential
for scalable methods of incorporating thin metal wires into cell
substrates to disrupt the transparent conductor landscape.

For sensitive cell architectures embedding of the wires may
be necessary to avoid drastic nonuniformities, and this is likely
to be simpler for exible polymer substrates than for glass.
However even in the latter case one may look to the literature of
microuidics where the problem of structuring glass has
received considerable attention,44,45 or to well-established sol–
gel techniques12,13 for imprinting patterns onto glass. Once
embedded, these metal wires could be made very much taller
than otherwise in order to accommodate larger cell widths,
providing a reduction in module dead-space. Electrodes which
are naturally exposed, such as the rear electrode in a perovskite
four-terminal tandem device, can be easily metallized and
researchers should be aware that this obviates the standard
requirement of 10 U sq�1.

As a gure of merit for solar cells we have shown that the
widely used optical to d.c. conductivity ratio exhibits highly
unphysical biases in the low and high Rs regimes, and partic-
ularly overestimates the value of having low sheet resistance,
even for un-metallized electrodes. By modeling their expected
impact on solar cell efficiency, we have suggested new gures of
merit for transparent conductors with clear relevance for solar
applications and a sound physical basis.
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