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Ultrathin-metal-film-based transparent electrodes
with relative transmittance surpassing 100%

Chengang Ji® ', Dong Liu® 2°®, Cheng Zhang3* & L. Jay Guo® '™

Flexible transparent electrodes are in significant demand in applications including solar cells,
light-emitting diodes, and touch panels. The combination of high optical transparency and
high electrical conductivity, however, sets a stringent requirement on electrodes based on
metallic materials. To obtain practical sheet resistances, the visible transmittance of the
electrodes in previous studies is typically lower than the transparent substrates the electrode
structures are built on, namely, the transmittance relative to the substrate is <100%. Here,
we demonstrate a flexible dielectric-metal-dielectric-based electrode with ~88.4% absolute
transmittance, even higher than the ~88.1% transmittance of the polymer substrate, which
results in a relative transmittance of ~100.3%. This non-trivial performance is achieved by
leveraging an optimized dielectric-metal-dielectric structure guided by analytical and quan-
titative principles described in this work, and is attributed to an ultra-thin and ultra-smooth
copper-doped silver film with low optical loss and low sheet resistance.
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ransparent electrodes are widely used in photovoltaics

(PVs)12, light-emitting diodes (LEDs)3->, touch panels®”7,

and other optoelectronic devices. Indium tin oxide (ITO)
is the conventional selection for the transparent electrode
because of its high visible transmittance and electrical con-
ductivity. However, the low abundance of the indium element on
earth is a limiting factor of this material. In addition, its appli-
cations in emerging flexible optoelectronic devices are sig-
nificantly hindered by both the poor mechanical flexibility and
the high annealing temperature needed to reduce its resistivity®.
Graphene®10, carbon nanotubes (CNTs)!112, and conductive
polymers!3 have been investigated to replace ITO. Unfortu-
nately, their limited conductivity and high cost of mass-
production remains a challenge in large-area applications. To
overcome these limitations, transparent electrodes employing
metal networks have been proposed!4-23. Although these novel
structures exhibit decent optical and electrical performance and
can also be scaled up easily via different roll-to-roll (R2R)
techniques242°, the extruded or non-uniform surfaces may cause
shorting problems when being used in LED and PV devices!4. In
addition, the high optical haze resulting from the scattering of
the nanowires and mesh patterns is undesired in high-resolution
displays!4. In recent years, dielectric-metal-dielectric (DMD)-
based transparent electrodes have been noted as potential
alternatives. In this type of electrode, a thin metallic film is
sandwiched between two antireflection dielectrics to induce high
transparency. They feature high transparency and conductivity,
low haze, excellent flexibility, facile fabrication, and great com-
patibility with different substrates®26-37. The trade-off between
electrical conductivity and optical transmittance has been a
major challenge for metallic-material-based transparent elec-
trodes. To achieve a practical conductivity (e.g., sheet resistance
(R) <20Qsq 1), the absolute visible transmittance of pre-
viously reported metallic-material-based transparent electrodes,
including both metal network and DMD structures, is typically
lower than that of the substrate itself, which has been taken for
granted without serious questioning.

Therefore, we are motivated to conduct a rigorous investigation
and explore the limit of transmittance at a sufficiently low sheet
resistance suitable for practical applications. In this work, we
demonstrate a DMD-based transparent electrode with ~88.4%
absolute transmittance averaged over the entire visible spectrum
(400-700 nm) on polyethylene terephthalate (PET) polymeric
substrate, which surpasses the transmittance of the substrate itself
(~88.1%), leading to a relative transmittance >100%. This coun-
ter-intuitive, yet achievable performance is obtained by (i)
quantitative design principles that are generalized in this work,
particularly, analytic expression of the optimal bottom dielectric
thickness and analytical result showing that different materials

Dielectric 1

Dielectric 2

1 Single side reflection, R,

To~1-(R,+A) - R,

Reflection loss, R,

‘ Absorption loss, A

should be used for the two dielectrics, (ii) the use of an ultra-thin
(~6.5nm thick) and ultra-smooth (roughness<1nm) copper-
doped silver (Cu-doped Ag) film providing low optical loss and
high electrical conductivity at the same time. The proposed
design principles and electrode structures have resolved the
problems faced by other existing transparent electrodes and may
have the potential to replace traditional ITO counterparts for
flexible optoelectronics, thus facilitating high-performance flex-
ible displays and optoelectronic devices.

Results

Strategy to achieve relative transmittance surpassing 100%.
Relative transmittance, T,, is defined as the ratio of the absolute
transmittance of the structure where a transparent substrate is
coated with a metallic electrode, Tp, (see Fig. 1a), to the absolute
transmittance of the bare substrate, Ts (Fig. 1b):

= Im R4 R (1)
T, 1—-R, — R,

where R; is the reflection at the top side of DMD and A is the
absorption of the metallic film, and R, is the reflection at the
substrate/air interface. For simplicity, the multiple round-trip
reflections between the front and bottom surfaces of the substrate
are ignored due to the negligible reflection intensity at both
interfaces. Intuitively, T, is thought to be smaller than 100%
because a metallic electrode is usually reflective. However, in this
section, we will provide guidelines built around the antireflection
principles to reduce R, and A using the DMD structure, and show
that with optimized design (R; + A) can be made smaller than the
single side reflection of the substrate, R,, leading to relative
transmittance surpassing 100%.

As shown in Fig. 2a, seven parameters (the refractive index, n,,
and thickness, d,, of the transparent Dielectric 1, the refractive
index, ns, extinction coefficient, k3, and thickness, ds, of the
metallic film, and the refractive index, n4, and thickness, dy, of the
transparent Dielectric 2) should all be considered in order to
optimize the transmittance over a broad spectrum in the visible,
which makes it challenging to provide quantitative design
guidelines33-3>. Our design strategy is to maximize the transmit-
tance for the condition where the metallic film is thick enough to
achieve a practical sheet resistance; and thus, this strategy
enables the synergistic combination of high optical transmittance
and high electrical conductivity of DMD-based transparent
electrodes.

As a first step in the design process, a suitable material is
selected for the sandwiched metallic layer by considering its (i)
electrical conductivity; (ii) light absorption property in the
visible range. Among all metals, silver (Ag), copper (Cu), and

$;.
$+.
4

To~1-R,— R,

Tp 1 -(Ry + A)- R,

T =
T 1-Ro— R,

Fig. 1 The definition of relative transmission. a Transparent substrate coated with a DMD structure. b Bare substrate.
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Fig. 2 Theoretical design of a DMD electrode. a Design parameters and reflection waves at various interfaces of a DMD transparent electrode. b Phasor
diagram of reflection waves. ¢ An ideal DMD and its parameters. d The calculated values of the left and right terms in Eq. (9) when using 24 nm TiO, and
9nm Ag as Dielectric 2 and the metallic layer, respectively, in the DMD structure, showing that Eq. (9) is well satisfied across the entire visible range.
e Optimal averaged transmittance of the DMD electrode across the visible range (400-700 nm) dependent on the thickness of Dielectric 2. Here, TiO,
and 9 nm Ag are used as the bottom dielectric layer and the middle metallic layer, respectively. Each optimal transmittance value at a fixed TiO, thickness
is found out by sweeping the refractive index (n,) and the thickness (d,) of Dielectric 1.

gold (Au) exhibit the lowest intrinsic electrical resistivity. The

absorption of light by the metallic film in a DMD structure is

expressed as

4mnsi; f? |E(z)|*dz
Ao |Eo‘2

Ady) : (2)
where E(z) is the electric field in the metallic film, E, is the
incident electric field and A, is the free-space wavelength. With
a given thickness of the metallic layer, a metal with a small (nk)
should be chosen for low absorption and high transmittance.
Among Ag, Cu, and Au, Ag (n=0.13 and k=3.17 at 550 nm
wavelength38) offers the lowest (nk) in the visible range, and
is therefore, employed as the metallic layer in this
study. Considering the small real part refractive index of Ag,
n3; =0 is reasonably assumed for the rest of this section for
simplicity.

In the next step, the thickness and the refractive index of
Dielectric 2 are determined. To reduce the reflection loss at the
top surface, the sum of two vectors shown in Fig. 2a should be
designed to cancel ry,, which is the complex reflection coefficient
at the interface (1-2 interface) between the air (n; =1) and
Dielectric 1 (r,, = (n,cos6, —n,cost,)/(n,cos6, +n,cosf,) is

the reflection coefficient at p-q interface for TE polarization
where 7, = n,,) + ik, is the complex refractive index of
layer p(q) and 6, is the direction of wave propagation in the

corresponding layer). The first vector is r,; with a phase shift
acquired from the wave propagation in Dielectric 1. The second
is r345 with a magnitude attenuation resulting from the
propagation in the metallic film and with a phase shift due to
the propagation in Dielectric 1. 7345 is the total reflection
coefficient at 3-4 interface (where the light reflected from the
interface between 4 and 5 is taken into account), and can be
expressed as

L Tt Tasexp (21%n,d,) )
T+ ryrysexp (218 n,d,)”

In order to cancel out each other yielding R; = 0, the trajectory
of these three vectors should be a triangle or they should be
aligned in the way as shown in Fig. 2b, therefore

27 2m 271
73 45 €XP 21711(3113 exp 217n2d2 733 €Xp 217”2dz — |rpal-

(4)
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Since n; =0 as we assumed,

2m
73 €XP <217n2d2> ‘ = 1>|ryl, (5)

27 2m
73 45€Xp | 2i—iksd; | exp | 2i—mn,d, ||,
’ A A
(6)
Thus, the right term in Eq. (4) represents the minimum value

of the left term, which is achieved when the three vectors are
aligned in the way as shown in Fig. 2b. In this case, we have
= Il

27, 2 271
73 45 €Xp 2171K3d3 exp 217 »d, 153 €Xp 217 ,d,
(7)

When the left term in Eq. (4) is smaller than this minimum
value, the reflection cannot be completely suppressed.

Since the left term in Eq. (4) decreases with increasing metallic
film thickness (d3), |rs4s| should be designed to achieve its
maximum value so that Eq. (4) can be satisfied for maximum
metallic film thickness to achieve high electrical conductivity. To
maximize |73 45|, 734, and r45 should interfere constructively with
each other so that

27
Ty3 €Xp 217112612 =1>

1)Uprop TV — Y3y = 0, (8)

where 3, is the phase angle of r34, representing the phase shift
due to the reflection at 34 interface, and y,s is the phase angle of
145, representing the reflection phase shift at 4-5 interface. ny > ns
(shown later) gives Y45 = 0. Yprop = 47n4d4/A is the propagation
phase shift picked up when the wave is propagating in Dielectric
2. Then we get

4
Vs, :7n4d4. 9)

Since |r34s| increases with n, (see Supplementary Fig. 1),
materials of high refractive index should be used as Dielectric 2 to
achieve the maximum value of |r; 45| and its thickness can be
calculated using Eq. (9). It is interesting to notice that y,, =
arctan [2x3n,/ (13 — n3)| decreases with wavelength due to the
increase of x; with the wavelength for Ag, and the value of
4mnydy/A also decreases with the wavelength. Therefore, Eq. (9)
can be potentially self-fulfilled over a broad spectrum, resulting in
broadband high transmittance.

Finally, the refractive index and the thickness of Dielectric 1 are
suitably selected for the optimal transmittance. The phasor
diagram in Fig. 2b also gives

Vo3 = VY345 =70,

(10)

4
Va3 +7”2d2 —Yp =T (11)

Substituting y;, = 7 into Eq. (11) gives
(12)

4nnyd,/A decreases  with  the wavelength and y,, =
arctan [2x;n,/ (13 — n3)] also decreases with the wavelength
because x; increases with the wavelength for Ag. Unlike
Eq. (9), Eq. (12) cannot be satisfied over a broad spectrum.
Thus, to achieve broadband high transmittance, we need to sweep
the refractive index and the thickness of Dielectric 1 within a
small range to find out the optimal value. Since the refractive
index of typical dielectrics are between ~1.38 (magnesium
fluoride, MgF,) and ~2.6 (titanium dioxide, TiO,), the required
efforts are significantly reduced compared to the case where the

4
Va3 + T”zdz =0.

refractive indices and thicknesses of all the three D-M-D layers
need to be optimized.

Now, we summarize the design procedure for highly
transparent DMD electrodes. Step 1 (select nj, x3, and ds):
choose a low-loss and highly conductive metallic film for the
DMD layer (in most cases, use Ag). The metallic film thickness is
designed to achieve the electrical conductivity required in
practical applications. It is worth noting that higher overall
transmittance can be achieved by using a thinner metallic film.
Step 2 (select n4): use high refractive index materials for Dielectric
2. The larger ny is used, the higher overall transmittance can be
obtained. Step 3 (determine dy): the thickness of Dielectric 2 is
calculated using Eq. (9). Step 4 (design n, and d,): optimize the
refractive index and the thickness of Dielectric 1 within a small
range to achieve the optimal broadband transmittance.

Proof of concept. First, we use the results for an ideal DMD
structure at a single wavelength (Fig. 2¢) reported in a previous
study>? to verify the design guidance provided in Egs. (9), (10),
and (12). According to ref. 3, an ideal DMD can be achieved at
a selected wavelength for n; =ns=1, n3 =0, n, =ny=x;, and
d, = dy = M(8k3). Substituting ny =« into Eq. (9) gives dy=
AM(8k3), substituting n, = x5 into Eq. (12) gives d, = 1/(8x;), and
substituting n, = 3 into Eq. (10) gives n, = ny, all of which are
perfectly consistent with the conclusions obtained in ref. 3.

In realistic cases, the substrate cannot be air (i.e., 15 # n;) and
the refractive indices of common dielectrics are usually much
smaller than the extinction coefficients of metals in the visible
range (ie., ny«xs). This implies that different materials are
required for Dielectrics 1 and 2 in a realistic DMD structure
targeting optimal broadband transparency, i.e., n, # n,. However,
the same material was used for Dielectrics 1 and 2 in most of the
previous studies (more than 70 published works28), which means
those results are not optimal in terms of optical transmittance and
indicates the necessity of providing quantitative guidelines in
order to obtain optimized DMD electrode designs.

Next, the optical performance of a DMD electrode on a
common optical substrate, PET, is designed based on our
proposed guidelines. The flexible PET substrate exhibits an
averaged absolute transmittance of ~88.0% from 400 to 700 nm as
shown in Supplementary Fig. 2. A 9-nm-thick Ag film is
employed as the middle metallic layer and a TiO, film with
recorded-high n, = 2.6 reported in ref. 27 is used for Dielectric 2.
At the center wavelength of the visible range (i.e., 550 nm), y34 is
calculated as 1.37, which leads to Dielectric 2 thickness
dys=24nm according to Eq. (9). As displayed in Fig. 2d, Eq.
(9) is satisfied over the entire visible spectrum at dy =24 nm
because both the left (y34) and right (4mnud,/A) terms of the
equation decreases with the wavelength, which is consistent with
our prediction in the above discussion. As summarized in Fig. 2e,
a more straightforward way to find out the optimal d, value at
which the DMD structure presents the highest averaged
transmittance in the visible range (400-700 nm) is to sweep dy
within a range (e.g., from 10 to 50 nm) and obtain the best
transmittance at each d; value by sweeping the refractive index
(n,) and the thickness (d,) of Dielectric 1. As seen from the plot,
the highest averaged absolute transmittance of ~89.8% is achieved
at d, =24 nm, which agrees perfectly with the calculated results
using Eq. (9) and thereby validates the accuracy of our proposed
method. Correspondingly, the refractive index and the thickness
of Dielectric 1 are n, = 1.7 and d, = 63 nm, respectively, when the
highest transmittance is achieved at dy =24 nm. The absolute
transmittance and reflectance spectra of the optimized structure,
ie, PET substrate/24nm TiO,/9 nm Ag/63 nm Dielectric 1,
spanning the entire visible range is provided in Supplementary
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Fig. 3. This n, can be realized by Al,O; film fabricated using
common deposition methods. The relative transmittance of the
optimized DMD electrode T, is ~102.0% compared to the
simulated transmittance (~88.0%) of the PET substrate, which
indicates that our proposed design procedure effectively guaran-
tees the optimal optical performance of the DMD structure and a
relative transmittance >100% is achievable with suitable material
selection and structure design.

Experimental demonstrations. Based on the previous analysis,
high transparency can be achieved by suppressing the metal
absorption loss with thin Ag films. However, large surface
roughness is an unavoidable issue for physical-vapor-deposited
(evaporated or sputtered) ultra-thin (<20 nm) Ag films due to Ag
atom’s intrinsic three-dimensional (3D) Volmer-Weber growth
mode??, As an example, the root-mean-square (RMS) roughness
of an evaporated 15 nm Ag film can be as large as 6 nm*!. Such an
issue will affect the film conductivity and induce additional
scattering loss, thereby impairing both electrical and optical
performance of the DMD electrodes.

We recently demonstrated a novel approach to achieve ultra-
thin (down to 6 nm) and ultra-smooth (RMS roughness < 1 nm)
Ag film by doping a metallic element (e.g., Aluminum, Copper,
Titanium, or Chromium) during Ag deposition (as illustrated in
Supplementary Fig. 4)2>2942, In this work, we choose Cu-doped
Ag as the metallic layer as this film offers the lowest optical loss
among different doped Ag films®. The deposition rates of Cu and
Ag were chosen as 0.19 and 11.09 A s, respectively, which
corresponds to ~2% Cu atomic concentration. The added Cu
atoms effectively suppress the 3D island formation of the Ag
atoms during film deposition and promote an early-stage
formation of ultra-thin (<10nm) Ag films. An atomic force
microscopy (AFM) image showing details of a 6.5-nm-thick Cu-
doped Ag film deposited on a fused silica substrate is displayed in
Fig. 3a. The RMS roughness of the film is measured to be
~0.47 nm, which is more than 10 times lower than that of pure Ag
at a similar thickness reported in previous works2>41, A 3D view
of the AFM scan is further provided in Supplementary Fig. 5 to
show the surface morphology and roughness of the ultrathin Cu-
doped Ag film.

As a direct representation of the light absorption property of a
film, the imaginary part (¢,) of the measured permittivity (¢ = ¢,
+ie; = (1 +ix)?) of the 6.5-nm-thick Cu-doped Ag (Fig. 3b) is
very close to that of pure Ag in the visible range (400-700 nm),
which indicates the low optical loss of the ultrathin Cu-doped Ag
film. Here, a 20 nm-thick pure Ag film was sputter-deposited for

a b

2.0 nm

-2.0nm

the calibration and the refractive indices of both Cu-doped Ag
and pure Ag films were characterized using the spectroscopic
ellipsometry. In addition, the sheet resistance of this thin Cu-
doped Ag film was measured as ~18.6 Q sq~!, showing the high
conductivity of the ultrathin Cu-doped Ag film.

Next, a DMD-based transparent electrode is constructed
employing this 6.5-nm-thick Cu-doped Ag. Here, ~50-um-thick
PET film, which exhibits excellent mechanical flexibility, is used as
the substrate. Zinc oxide (ZnO) is selected as Dielectric 2 due to its
high refractive index (n~2.0) and negligible optical loss in the
visible range (ZnO is the highest refractive index material achievable
in our group). The refractive indices of PET, ZnO, and Cu-doped
Ag across the whole visible wavelength range are provided in
Supplementary Fig. 6. The thickness (dy) of Dielectric 2 is calculated
as ~24 nm with Eq. (9) considering n, ~ 2.05 and 7i3 ~ 0.19 4 3.39i
at 550nm wavelength. As shown in Fig. 4a, the interesting
compensation between the left (y34) and right (47nyd,/A) sides of
Eq. (9) spanning 400-700 nm is also effectively verified in this case.
Thus, 24 nm ZnO is an optimal selection not only for a single
wavelength (550 nm) but also for the entire visible range. As the last
step, the refractive index and the thickness of the top dielectric
(Dielectric 1) is swept from 1.3 to 2.6 and from 1 to 100 nm with a
step of 0.05 and 1nm, respectively, to find out the optimal
combination for the highest averaged absolute transmittance across
the 400-700 nm wavelength range. Figure 4b shows that n, =1.65
and d, = 56 nm for the optimal condition and this 7, is close to the
refractive index of Al,Os. By applying the measured refractive index
of ALO; (Supplementary Fig. 6), d, was re-optimized and is still
equal to 56 nm.

As illustrated in the inset in Fig. 4c, the final configuration of
the DMD transparent electrode is determined as PET substrate/
24nm ZnO/6.5nm Cu-doped Ag/56 nm Al,O;. The measured
and simulated optical spectra of the designed electrode are
presented in Fig. 4c, showing great consistency with each other.
The averaged absolute transmittances across 400-700 nm calcu-
lated from experimental and theoretical results are ~(88.4 £ 0.1)%
and ~88.4%, respectively. Figure 4c clearly shows that the
transmittance of the DMD electrode is higher than the absolute
transmittance of the bare PET substrate (~(88.1 +0.4)% from the
measurement) with the optical transmittance from 416 to 607 nm
effectively enhanced with the two antireflection dielectrics. Here,
the cited uncertainties above represent one standard deviation of
the measured data. The experimental averaged transmittances of
the DMD electrode and the PET substrate are calculated with the
measurement results of 15 samples. Detailed data can be found in
Supplementary Figs. 2 and 7. In contrast to all the results reported
in previous works, the relative transmittance of our proposed
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— — PureAg, ¢
Cu-doped Ag, &, | | 20
— = PureAg, ¢,
15
&
10
—60 45
= - - 0
200 400 600 800 1000

Wavelength (nm)

Fig. 3 Characterizations of a Cu-doped Ag thin film. a Atomic force microscopy (AFM) characterizations of a Cu-doped Ag thin film. The scale bar is
100 nm. b Measured relative permittivity (¢ = &1+ ie,) values as a function of free-space wavelength of Cu-doped Ag and pure Ag. The shaded region
refers to the visible range (400-700 nm), over which our DMD electrode is optimized.
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Fig. 4 Experimental demonstration of the designed DMD electrode. a The calculated values of the left and right terms in Eqg. (9) when using 24 nm ZnO
and 6.5 nm Cu-doped Ag as Dielectric 2 and the metallic layer, respectively, in the DMD structure. It shows Eg. (9) is well satisfied across the entire visible
range. b Averaged absolute visible transmittance (%) of the DMD electrode dependent on the refractive index and the thickness of the top dielectric

(Dielectric 1) when Dielectric 2 and the metallic layer are selected as 24 nm ZnO and 6.5 nm Cu-doped Ag, respectively. € Calculated (red solid curve) and
measured (blue dashed curve) absolute transmittance from 400 to 700 nm of the designed DMD transparent electrode, showing great consistency with
each other. The representative measured spectrum with an averaged transmittance of ~88.4% is taken from the measurement results of 15 samples. As a
comparison, one representative transmittance spectrum of the bare PET substrate with the averaged transmittance of ~88.1% is provided to show how the
optical performance of the optimized DMD electrode gets improved. Inset presents the configuration of the designed DMD electrode, i.e., PET substrate/
24 nm Zn0O/6.5 nm Cu-doped Ag/56 nm Al,Os. d A photograph of the fabricated flexible electrode, showing high transparent and neutral appearance.

DMD electrode surpasses 100% (T;~100.3% based on the
measurement data) as its optical loss (~11.6%) resulting from
the stack reflection and absorption (=100%—transmittance) is
well suppressed below the ~11.9% optical loss of the bare PET
substrate (Supplementary Fig. 2). The angular performance of the
DMD electrode is further investigated in Supplementary Fig. 8,
which shows that high transmittance >75% is maintained up to
60° angle of incidence. A photograph of the fabricated flexible
DMD structure on the PET substrate is displayed in Fig. 4d,
which clearly shows the high transparency.

It is worthwhile noting that even higher transmittance can be
achieved by using a bottom dielectric of higher refractive index
than that of ZnO, such as TiO, (whose refractive index is about
2.6 in the visible range?”#344). In this case, the thickness of the
high-index TiO, layer is determined as d, = 22 nm using Eq. (9).
The refractive index and the thickness of Dielectric 1 are
optimized as n, = 1.6 and d, =72 nm, respectively, by sweeping
ny, and d, within a broad range. The optimal structure ‘PET
substrate/22 nm TiO,/6.5nm Cu-doped Ag/72nm Dielectric 1’
gives out an averaged absolute transmittance of 89.6% across
400-700 nm, which corresponds to a relative transmittance of
~101.8% as presented in Supplementary Fig. 9.

Finally, we discuss the functionality of our designed DMD
electrode and other material options depending on the intended
applications. Firstly, the use of the insulating Al,O; layer will
make the proposed DMD structure an excellent candidate for the
transparent heat mirror28, that can be used for window defrosting
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or deicing applications. Secondly, to use the DMD structure as an
electrode in optoelectronic devices, the Al,O; layer can be replaced
by other dielectric materials featuring a similar refractive index that
can also function as an effective electron/hole transport layer.
Possible candidates include ZnO sol-gel films!, which are
commonly used as electron transport layers in solar cells and
organic LEDs (OLEDs). Due to its porous structure, the refractive
index is much lower than that of a dense ZnO film prepared by
vacuum-deposition methods and is very close to the ideal refractive
index (n, = 1.65) required in our design (Supplementary Fig. 10).
Notably, our proposed design principles are not limited to treating
the ambient as air, in Supplementary Information we show that
they are also applicable when designing a DMD electrode used in a
solar cell, as an example of optoelectronic devices (see Supple-
mentary Fig. 11 for more details). Thirdly, the dielectric layers
(ZnO and AL, O;) also play a critical role in protecting the ultrathin
metallic film from degradation. As presented in Supplementary
Fig. 12, the DMD electrode on the PET substrate has survived the
accelerated test under high temperature and humidity (85 °C, 85%
relative humidity), showing ~12.6% change of the sheet resistance
after 120 h test, while the sheet resistance of the ultrathin Cu-doped
Ag without any protections increases quickly to infinity under the
same test condition after 8 h.

Discussion
Relative transmittance higher than 100% was achieved in this
work by the integration of a novel Cu-doped Ag film into an
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optimized DMD structure. This Cu-doped Ag film features ultra-
thin thickness (~6.5nm thick), ultra-smooth morphology
(roughness < 1 nm), low optical loss, and high electrical con-
ductivity (sheet resistance ~18.6 Q) sq~!), and was fabricated
using a room-temperature deposition method. The optimized
DMD structure was designed by quantitative principles that were
generalized for the first time in this work. We experimentally
demonstrated that the flexible DMD-based electrode, although
not optimal, has 88.4% absolute averaged transmittance over the
visible spectrum, which is higher than 88.1% transmittance of its
PET substrate. This study provides an exciting pathway to
address the major challenge faced by existing flexible transparent
electrodes and to replace traditional ITO counterparts, thus
facilitating high-performance flexible optoelectronic devices.

Methods

Film deposition. Materials used in this work were all deposited by sputtering (LAB
18, Kurt J. Lesker Co.). Cu-doped Ag films were deposited by DC co-sputtering
from Cu and Ag targets with 4.5 mTorr argon (Ar) pressure. The optimized
deposition rates of Cu and Ag were 0.19 and 11.09 A s~1. Pure Ag was deposited by
DC sputtering for 12.4 A s~! and 4.5 mTorr condition. ZnO and Al,Os films were
deposited by RF sputtering with 4.5 and 3.0 mTorr Ar pressure, respectively.

Material and optical characterizations. All optical simulations were performed
using the transfer matrix method. The refractive indices and thicknesses of
materials and transmission spectra of electrodes were measured by spectroscopic
ellipsometry method (M-2000, J. A. Woollam Inc.). The reflection spectra of the
fabricated electrodes were measured by a thin-film measurement instrument (F20,
Filmetrics) integrated with a spectrometer and light source. The sheet resistances
were measured using a four-point probe method (FPP-5000, Miller Design &
Equipment). The surface morphology of Cu-doped Ag films was characterized by
tapping mode atomic force microscopy (Dimension Icon AFM, Bruker
Corporation).

Data availability

The data that supports the findings of this study are available from the corresponding
author upon reasonable request. The source data underlying Supplementary Figs. 2 and 7
are provided as a Source Data file.

Code availability
Transfer matrix method codes used for optical simulations are available from the
corresponding author upon reasonable request.
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