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The_achievement of perfect light absorption in ultrathin semiconductor materials has been a long-
staw but also a critical challenge for solar energy applications and thus, requires redesigning
the strategy. Here, a general strategy is demonstrated both theoretically and experimentally to create a
surface absorber comprising a 1D ultrathin planar semiconductor film (replacing the 2D
avelength elements in classical metasurfaces), a transparent spacer and a metallic back
of. Guided by derived formulisms, a new type of macroscopic planar metasurface absorber is
ex ly demonstrated with light near-perfectly and exclusively absorbed by the ultrathin
nductor film. To demonstrate the power and simplicity of this strategy, a prototype of planar
metasurface_solar cell is experimentally demonstrated. Furthermore, the device model predicts that a
ar metasurface perovskite solar cell can maintain 75% of the efficiency of its black
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counterpart despite the use of a perovskite film that is one order of magnitude thinner. The displayed
cell colors have high purities comparable to those of state-of-the-art color filters, and are insensitive to
viewing angles up to 60°. The general theoretical framework in conjunction with experimental
Wns lays the foundation for designing miniaturized, planar and multifunctional solar cells
and®optoelectronic devices.

1. Introdudtionmm

(11

Ultrathin s@micondlctor materials are promising building blocks for solar photovoltaic (PV)" and

cr

photoelectfioc al (PEC)[Z] cells and other solar energy harvesting devices, because they have

S

reduced b bination, higher internal quantum efficiency™®* and exhibit new properties such

U

as flexibilit pared to their traditional bulk counterparts. Thus, they can increase device

performang@e and reduce material costs, and also have potential for portable and flexible devices.

[

However, t ement of strong light absorption in such ultrathin materials has been a long-

a9

standing b challenge and received extensive research efforts. Studies have sought to use

metama where subwavelength building blocks are artificially arranged in three dimensional

[9-11]

(3D) co ions, and metasurfaces that consist of subwavelength resonators arranged at the

]

two dimensional (2D) interface, a thin transparent dielectric spacer and a metallic back reflector, to

r

enhance o orption. Nevertheless, both metamaterial and metasurface optical absorbers

require co o-patterning steps that are difficult to scale to large areas. In addition,

nanostruct ilding blocks of these absorbers typically introduce nonradiative recombination

[2,4]

1

losses i cells;"*™ and thus, for example nanowire-based solar cells usually have lower

{

3

efficiencies than planar cells made from the same materials."? Therefore, enhancing optical

absorptiony in semiconductor materials requires redesigning the strategy.

A
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Here, we bIth the’etically and experimentally present a general strategy that facilitates the design

of a planar face comprising a one dimensional (1D) ultrathin planar semiconductor film
(replacing of subwavlength elements in classical metasurfaces), a transparent material
I

spacer and@ metallic back reflector substrate as shown in Figure 1. By using the simple building
block, an ulffathinfplanar semiconductor film, we experimentally demonstrated a new type of
macroscopic near perfect solar absorbers with nearly all the light absorbed in the semiconductor
layer in cowother metamaterial and metasurface absorbers where light is mainly absorbed in
their metal@nents,m] missing the generation of electron-hole pairs for PV and PEC cells.
Needless tcﬁj degree of complexity in fabricating 1D structures is orders of magnitude less

compared 3D structures. Although absorbers with similar planar structures (an ultrathin

semicondm coated on a metallic substrate with finite optical conductivity™ or with near

zero pegmitivii: or on a polar dielectric substrate in its reststrahlen band™) have been studied,

(1315 s to use

our design str is methodologically different. The strategy in references
asymmetric Fabry-Perot optical cavities to excite the Gires—Tournois resonance, so these studies
focused oriesigning the reflection phase shift at the interface between the semiconductor layer
and the SUD“” to achieve destructive interference yet with absorbed energy distribution less

investigate etasurface strategy is to tune not only reflection phase shift, i.e. optical cavity

behaviors, !ut also electromagnetic energy dissipation, i.e. dissipative behaviors, to achieve near

perfect Mpecifically in the semiconductor film, which is of crucial importance for solar PV

and PEC app!mahis.

<
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To demonstrate the power and simplicity of this strategy, a prototype of planar metasurface solar

cell was experimentally demonstrated and high-efficiency colored planar metasurface perovskite

t

P

solar cells were further designed. They hold great promise for energy efficient buildings because
theycanb with both interiors and exteriors, such as facades, windows and offices of the

buiIdingE. ar, two main approaches have been used to improve perovskite solar cell aesthetic.

£

The first is tguemgploy thick opaque perovskite layers (several hundreds of nanometers thick) with

C

reflected c erated from the nanophotonic structures incorporated on the top or at the

bottom of the @elIs#** Another is to use thin semitransparent perovskite layers (~ 100 nm) with

S

[21]

transmitte etermined by the energy band structures of the perovskite layers™ or by the

U

Fabry-Per nces supported in the electrodes.”>? However, these colored solar cells have

[ [20]

shown lowipower conversion efficiency (below 9% in Zhang et al.”® and below 5% in Lee et al.!*”! for

M

example). tasurface is used here as an alternative approach where the perovskite solar cell

d

employs antt n perovskite film (tens of nanometers in thickness) but have reflected color. The

solar cell is d to have a perovskite film that is one order of magnitude thinner than that in the

M

regular ell, but this cell was predicted to maintain 75% of the efficiency of its black

counterpart. In addition, our designed solar cells display tunable and angle insensitive colors with

[24]

I

purities comparable to those of state-of-the-art color filters.

O

2. Results and Discussion

f

{

2.1 Proof of concept for planar metasurfaces

Ul

A
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Theoretical design. As shown in Figure 1, eight parameters (n,, n,, k,, d,, ns, ds, n, and k) are
involved in designing the planar metasurface absorber. What is lacking is a general theoretical
framewor*o sign this absorber in a more direct and quantitative way. The well-known Gires-

Tournois i rs used in previous studies!™™!

only design the reflection phase shift
behavio’, ii*eoptical cavity behavior, but ignores the dissipative properties of the absorbers. In
this section, we derived a new formalism to elucidate the absorption in the semiconductor film for
the planar ace shown in Figure 1, which is very important for solar PV applications. No
restriction Wd on the metallic substrate in this work, so even metals approaching the perfect

electric co mit can be used; and this is in contrast to previous references™**¥ where metals
with finite

=

In the firstminvestigated the dissipative properties of planar metasurfaces. We have derived

nductivity or near zero permittivity were used.

the exp o calculate the absorption rate per unit length (absorbed energy at a given depth)

for multi ructures based on the transfer matrix theory in our previous works.™*”! Now we

applied the theory to the ultrathin semiconductor film with the absorption rate per unit length

normalizehcident energy expressed as

E 2
)= 25 ‘ |éjz‘ (1)
0

A (Za/ﬁt

h

for nornme (assuming transverse-electric polarized light), so the exclusive absorption in the

ultrathin semiconduictor film is

Ui

A
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d, 2
4. (4)= 47, K, IO E(Z)| dz
exc /1}11 |E0|2

where E(z)ic field in the ultrathin semiconductor film, E, is the incident electric field and

Alis the waw Zero reflection gives

(2)

E(z=0)=4, (3)

Cr

Since the segi uctor film is much thinner than the wavelength and the electric field can

S

penetrate int0 th€ transparent material spacer for d;>0, we assume that

(4)

-

This assumption Is different from that in Park et a

1.1 and will be validated later. By substituting

Equation (4}in uation (2) and applying the perfect exclusive absorption condition (A.=1), we
get

4rn, K

I (5)

or

In the next st€p, we studied the reflection phase shift behavior at the interface between the

semicondu@tor film and the transparent spacer similar to previous studies.™**”?*?”] The destructive

h

[

interfer on, i.e. the Gires-Tournois resonant condition, is

u

l//prop + l//2 (6)

A

This article is protected by copyright. All rights reserved.

6



WILEY-VCH

where (4, is the reflection phase shift at the interface between medium (1) and the semiconductor

film (1-2 interface) Yorop is the propagation phase shift in the semiconductor film and ;34 is the
reflectlon shift at the interface between the semiconductor film and the transparent spacer
(2-3 mterfmqual to the phase angle of ry,, the reflection coefficient at the 1-2 interface,
expressed g

where m,= mhe complex refractive index of layer p. {,3,4 is equal to the phase angle of ry3,,

the reflection coe5c|ent at the 2-3 interface, expressed as
4621ﬂ3
Py = (8)

+l"l"€

where rp,=( )/ (mpy+mg) and 83=2mn;ds/A. P is expressed as

l//prop Z i E (9)

Two assun!tions, (i) the magnitude of the complex refractive index of the semiconductor material is
much larger than one which is reasonable for most semiconductors and (ii) the metallic substrate is

perfect electric conductor, were applied to get

=

(12)
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where Im(ry34) is the imaginary component of ry34 and Cis a negative real number. Substituting

Equation (9) and (10) into Equation (6) gives

H I
Equation (si show that (J,34 can always be designed to be larger than m, i.e. Im(r,34)<0, by tuning the

transparendfspacemithickness, d;, so that we can find the semiconductor film thickness, d,, that is

smaller than rter wavelength, circumventing the quarter-wavelength lower limit, as well as
satisfies Eqmﬂ. The semiconductor film thickness, d,, can be designed by Equation (5) and

then to accuratelyW@esign the transparent spacer thickness, ds,

U

4rnyd, | Y =V -1 (14)

d

should be thus, the planar metasurface absorber is designed.

M

Overall, by scrutinizing both the dissipative and optical cavity behaviors of the planar metasurface,

we introdumion (5) and (14) as design guidelines to realize perfect absorption in the ultrathin

semicond at the target wavelength. We must point out that Equation (5) is valid for only
the structure semiconductor film much thinner than the wavelength, i.e. in the ultrathin regime,
SO now ider a limiting case where d;=0. This gives (/,3,=Tt. Substituting this result into

EquatioWdzzA/an) corresponding to the quarter-wavelength thickness limit. d;=0 also

gives E(z=d,)=0 begause the electric field cannot penetrate into the perfect electric conductor

B
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d. 2
substrate; the resultant IOZ ‘E(z)‘ dz is approximated to be equal to | Ey|%/2. Perfect absorption

leads towzdz). For the quarter-wavelength thickness limit, we have k,=2n,/n. Therefore,
perfect ab an be achieved in the ultrathin semiconductor film only for spectra where the

extinction coefficient of the semiconductor material is larger than 2n,/m. Otherwise, although the

1

planar me absorber can resonate at the target wavelength determined by Equation (14),

the absorpffon carBinever approach 100%.

SC

Experimental demgnstration. Now we experimentally prove the concept. Without losing generality,

U

germanium (Ge) was used for the semiconductor film with alumina (Al,O;) for the transparent

spacer, air m (1) and silver (Ag) for the metallic substrate as shown in Figure 2a; and the

]

target res elength was selected to be 700 nm. The complex refractive indices of Ge, Al,O;

a

and Ag were measured using the ellipsometry method (see Methods) and shown in Figure 2b. The

refractive inde e is 4.35 and the extinction coefficient is 0.96 at 700 nm wavelength. The Ge

M

thickne

ned to be 13 nm, only 1/12 of the resonant wavelength, according to Equation (5)

and the AlL@; thickness was then designed to be 20 nm according to Equation (14). The 13 nm Ge/20

[

nm Al,03/A le was fabricated using the electron beam evaporation method, and characterized

O

using the s lectron microscopy shown in Figure 2a to show it is as designed. The Ge-Al,O3

and Al,O;-Ag interfaces were characterized using the X-ray photoelectron spectroscopy shown in

h

Figure 2c amd 2d t@lshow the sample is reliable though fabricated by a simple deposition method.

t

We measu ectral reflectivity of the sample using the spectrophotometer and calculated the

U

spectra usi ransfer matrix method (see Methods). Figure 2e shows that the calculated

A
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spectral reflectivity agrees well with experimental data; the reflectivity is below 1% and the exclusive
absorption in Ge is higher than 97%, i.e. near perfect absorption, at 700 nm wavelength. Results also
show thmwted 4mn,k.d,/(Any) and (4mn,d,/A+,34-15) /Tt are both nearly equal to one

correspon guation (5) and (14). Hence, they are effective design guidelines to maximize

the excﬂsig aBsorption in the ultrathin semiconductor film for planar metasurfaces.

Furthermog®, anar metasurface exhibit omnidirectional resonant behaviors, which is also an

SC

important feature for solar PV applications. We measured and calculated the spectral reflectivity of

the sampl larized light with incident angles up to 60° as shown in Figure 3. Results show

U

that the cal€ulated spectra are red-shifted by less than 20 nm with respect to the measured spectra,

N

so calculation results agree reasonably well with experimental data. The reason for this red-shift is

a

that the actiual ness of the deposited Ge film could be slightly smaller than 13 nm. Results also

show t resonant wavelength for unpolarized 60° incident light is blue-shifted by only 20 nm

from th ormal incident light. The reason for this angle robust behavior is as follows. The

M

resonant wavelength is determined by Equation (6). Since the thicknesses of the Ge and Al,O; layers

[

are much s an the wavelength and Ge refractive index is as larger as 4.35, both the

propagatio @ lection phase shifts, and thus, the resonant wavelength, change slightly with

incident an re detailed analysis can be referred to our previous work.!?”!

{

2.2 Design ells with planar metasurfaces

Au
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Device demonstration. The planar metasurface structure shown in Figure 1 is also representative of
a solar cell configuration with medium (1) as the transparent electrode, the semiconductor film as
the acti\H transparent spacer as the carrier transport layer and the metallic substrate as
the metal erefore, to demonstrate the power and simplicity of the planar metasurface
strategy’wFseggned solar cells with planar metasurface structures. The amorphous silicon (a-Si)
solar cell, shgwn,in Figure 4a, was designed and fabricated (see Methods) as a prototype taking
advantage perience.”® Figure 4b shows the device configuration with the ITO coated glass
substrate xwﬂe anode, vanadium oxide (V,0s) for the hole transport layer, a-Si for the active
adduct (ICBA) for the electron transport layer and an opaque Ag film for the

layer, inde

cathode.

Without lo

-
-
An!

rality, the resonant wavelength was selected to be 470 nm to produce yellowish

appear shown in Figure 4a. Guided by our planar metasurface strategy, a-Si thickness was
design 4 nm, i.e. ultrathin, and ICBA thickness was designed to be 0 nm, but we used a very
thin (5 nm) layer of ICBA to extract photo-generated electrons more efficiently. Figure 4c shows that

the calculahtivity agrees well with experimental data. Results show that the total reflectivity

is lower the. near perfect total absorption, and the exclusive absorption in a-Si approaches
83% at the wavelength. The exclusive absorption for this structure is lower compared to
the afoﬁ Ge absorber because both ITO and V,0s can absorb light at the resonant
wavelengti Results also show that the calculated 4mnkads/(An,) and (4mtnads/A+ase-Psa)/m are both

close to one corr;onding well to our theoretical framework.

<
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The eIectriFI Eerf"mance of the ultrathin a-Si solar cell was charaterized by current density-voltage
measuremmn in Figure 4d. This device had a short-circuit current of 4.7 mA cm?, an
open-circu 0.6V and a fill factor of 0.2, yielding an efficiency of 0.6%. This efficiency is

I
reasonableffor a prototype considering the state-of-the-art 10.2% efficiency for a single-junction cell
using a 2508Am intinsic a-Si film,> 3% which is over 18 times thicker than our device. We must also
point out that the efficiency of our device can be enhanced, for example, by using LiF/Al cathode of
which the rk function aligns better with ICBA LUMO (lowest unoccupied molecular orbital)
and a-Si conductioSenergy level than Ag, or by adding additional Algs layer to reduce contact

resistance,ﬁing layer thicknesses to optimize electrical properties.m] However, these works

are out of of this paper.
Perovsl§ls. Perovskites have more suitable band gaps, larger absorption coefficients and
longer ion lengths®”! compared to a-Si and the state-of-the-art efficiency of perovskite

solar cells Isve exceeded 20%, twice of that of a-Si solar cells.”® Therefore, we further designed
colored peroyskite solar cells that hold promise to meet all the desired characteristics which the
ideal color ell should have, including high power conversion efficiency, and high-purity,

tunable an‘ang!e—msensitive colors. This synergistic combination is achieved by using the ultrathin

perovskite film to lpuild planar metasurfaces. mixed halide perovskite (CH;NH;Pbl;.Cl,) was used for

the active I:hown in Figure 5a because Liu et al.B! reported that vapor-deposited

CH;NH;PbI55€ERE s were more uniform with higher quality than solution-processed films. TiO, was

<
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used for the electron transport layer with Spiro-OMeTAD for the hole transport layer, FTO for the

anode and Ag for the cathode, as used in the well-known 15%-efficiency cell.®” The energy band

t

P

diagram of'the perovskite solar cell was shown in Figure 5b.

[

It is of inte mpare the power conversion efficiency of the designed solar cell to its black

counterpa by usifig our developed device model (see Methods). First, we benchmark the device

C

model aga ell-known 15%-efficiency black perovskite solar cell with a 330 nm thick

S

perovskite film.®" The calculated current-density/voltage curve was shown in Figure 5c. The black

U

cellhasas it current of 21.5 mA cm™, an open-circuit voltage of 1.09 V, a fill factor of 0.65,

yielding poWer conversion efficiency of 15.3% as summarized in Table 1. These calculated results

N

[31]

were compared with the experimental data”™ and they agree well as shown in Figure 5c and Table 1,

a

verifying t cy of our device model. Then we reduce the perovskite film thickness by one

ordero itude. Without losing generality, the resonant wavelength was selected to be 535 nm

to prod magenta color. The perovskite film thickness was designed to be 30 nm with 30 nm

M

thickness for the Spiro-OMeTAD layer guided by our planar metasurface strategy. Figure 5d shows

[

that the ex sorption in perovskite approaches 95%, i.e. near perfect absorption, at 535 nm

wavelengt

ho

The des in magenta cell achieves a remarkable short-circuit current of 16.4 mA cm?,

!

76% of the photoclirrent of its black counterpart (21.5 mA cm™), despite the use of a perovskite film

Ul

that is one ord magnitude thinner. This high photocurrent arises from the enhanced exclusive

A
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absorption over the resonant wavelength range which can partially compensate for the lower

absorption in the rest of the visible spectrum compared to the black cell. As shown in Figure 5d, the

£

P

magenta cell higher exclusive absorption in perovskite for wavelengths from 445 nm to 580 nm.
Results als the open-circuit voltage decreases by 4% to 1.05 V after reducing the

perovskﬂe ickness to 30 nm. The solar cell with thinner semiconductor active layer has higher

interfacial defectlevel which causes reduced open-circuit voltage.”?® 3% The fill factor of this cell

Cl

increases b .66 because the thinner cell has less bulk recombination. The open-circuit

voltage andfillfactor variations with perovskite thicknesses reported in this work and in

S

references w the same trend. Overall, the ultrathin magenta cell achieves notable

U

efficiency 5%, maintaining 75% of the efficiency of its black counterpart. Although this

efficiency iS\not experimentally demonstrated, it is feasible given the accurate device model and the

[)

mature fab echnique.

d

Figure s that the benchmark cell has low reflection (~ 10%) over the entire visible spectrum

M

corresponding to a black appearance. On the contrary, the ultrathin magenta cell has low reflection

[

(below 109 75 nm to 580 nm while it is highly reflective with its optical properties dominated

by the Ag d ver the rest of the visible spectrum, especially for longer wavelengths; and thus,

it is vividly ith high purity. In addition, the perovskite thicknesses can be used to tune solar

n

cell col d 10 nm thick perovskite films are designed to produce cyan, magenta and

{

yellow cold¥s, the standard CMY colors, as shown in Figure 5f, with the corresponding spectral

4

reflection dip at 630, 535 and 450 nm as shown in Figure 5e. By combining solar cells with various

colors, arbi terns or images can be obtained.

A
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To demonirate hi'h purity and angle insensitivity features, we compared our designed solar cells to

the state-o angle robust color filters with planar structures.?” Calculated color coordinates
in Figure 5 ur cells and referenced filters have comparable color purities. Color
I

coordinate§iof the magenta cell for various incident angles (viewing angles) were also calculated and

Figure 5g s@t the cell color is nearly unchanged with viewing angles up to 60°, corresponding
refle

well to the jon spectra in Figure 5h. Results show that the resonant wavelength for
Q ij

unpolarize dent light is blue-shifted by 40 nm from that for normal incident light, which is

also comparable tSthe results in reference.’?”

3. Conclusion

In sum ral strategy was both theoretically and experimentally presented to create a new
type of opic planar metasurface absorber consisting of a 1D ultrathin planar semiconductor

film (instead of the 2D array of subwavelength resonators in classical metasurfaces), a transparent

material s;h a metallic back reflector. Rather than following the well-known nano-optical-
cavity fra @ e derived a new formulism to tune not only the optical cavity behaviors but also
the dissipati erties to achieve near perfect absorption exclusively in the semiconductor film.
To dem power and simplicity of this strategy, a protoype of planar metasurface solar cell
was expmdemonstrated. We further designed high-efficiency colored perovskite solar cells

with planar metasiface structures. The designed solar cells employ ultrathin perovskite films but

display @ors. Our device model predicts that they can maintain 75% of the efficiency of

This article is protected by copyright. All rights reserved.

15



WILEY-VCH

their black counterparts despite the use of perovskite films that are one order of magnitude thinner.

They can also display high purity (comparable to those of state-of-the-art color filters) and angle

1

P

insensitive (for viewing angles up to 60°) colors. This work paves the way to miniaturized, planar and

multifuncti lls and optoelectronic devices.

4. Method

SCTl

Experimen ctgon beam evaporation was used to deposit the multilayer structure shown in Figure

2a, and to depositthin films for complex refractive index measurements as shown in Figure 2b. Ge,

U

Al,Os; and A eposited for rates of 0.1, 0.1 and 0.3 nm stand pressures of ~ 10°® torr. Their

N

complexr indices were measured using the ellipsometry method. The multilayer structure

sample wag[c @ erized using scanning electron microscopy and X-ray photoelectron spectroscopy

d

as sho a, 2c and 2d. The reflectivity spectra in Figure 2e and 3 were measured using the

PerkinElmer La 950 spectrophotometer combined with the universal reflectance accessory.

The expande certainty is 0.5% for near-normal, 20° and 40° incidence, and 2% for 60° incidence.

Regarding flhe prototype device, V,0s and Ag were deposited for rates of 0.02 and 0.1 nm s™* and

[

pressures o torr by thermal evaporation. ICBA was spin cast. The a-Si was deposited using the

O

plasma-enh hemical vapor deposition method. The device was tested for AM1.5 simulated

sunlight illd@imination condition. The instrument of Keithley 2400 was used for the data acquisition of

I

the curr. age.

{

AU
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Theory: The expression of the absorption rate per unit length normalized to the incident energy was
derived based on the transfer matrix theory. This theory was also used to calculate the reflectivity
and thehsorption in the semiconductor film. The device model features coupled electrical
and optica he transport of photo-generated charge carriers is governed by the diffusion
and the-eleSWayinduced drift equations. The electrostatic potential and carrier concentrations
throughout the device were calculated by solving the Poisson and the continuity equations. The
photo—genmte was calculated using the transfer matrix method. The generated charge
carriers cawine via radiative, Auger, Shockley-Read-Hall and surface mechanisms. The optical
parameter ferences® 3", and the electrical parameters from references®® ** were used for
gce recombination velocities for ultrathin colored cells was assumed to be one

modeling.

order of mgnitude larger than that for the regular black cell, because the cells with thinner

semicondum/e layers have higher interfacial defect level.”® *”
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Figure 1. Schematic of a planar metasurface absorber. The absorber consists of a 1D ultrathin

planar semjconductor film (refractive index n,, extinction coefficient k, and thickness d,), replacing
the 2D arr
(thickness d ndwiched between the semi-infinite transparent medium (1) and the metallic back

i

avlength elements in classical metasurfaces, and a transparent material spacer

reflector sdb elThis structure is also representative of a solar cell configuration with medium (1)

0O

as the transp electrode, the semiconductor film as the active layer, the transparent spacer as
the carrier layer and the metallic substrate as the metal electrode.
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Figure 2. Demon:ation of a macroscopic planar metasurface absorber.
(a) Schema ack-scattered electron image of the sample consisting of 13 nm Ge, 20 nm Al,O3
and 150 n ed on a silicon substrate fabricated using the electron beam evaporation method.
(b) Measur@d complex refractive indices of Ge, Al,O; and Ag. (c) Ge 2p spectra near the Ge-Al,O;

3d spectra near the Al,0s-Ag interface. (e) Measured and calculated reflectivity,

sive absorption in Ge, 4mn,k.d,/(An,) and (4mn,d,/A+Y134-15) /T of the sample
e, demonstrating near perfect exclusive absorption in the ultrathin Ge layer.
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Figure 3. Measurefl and calculated reflection spectra of the planar metasurface sample for various
incident a to 60°.
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tion of a prototype of planar metasurface solar cell. (a) Image of the fabricated
device with ish appearance. (b) Device configuration. The solar cell consists of a 90 nm ITO
coated glasg substrate, an 8 nm thick V,05 hole transport layer, a 14 nm thick a-Si active layer,a 5

Figure 4. D

[

nm thick | on transport layer, a 150 nm thick and opaque Ag cathode. (c) Measured and
calculated , and calculated exclusive absorption in a-Si, 4ntnak.da/(An1) and (41tnada/A+ as6-
P34)/mof tRe s for normal incidence. (d) Current-density/voltage curve of the device.
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Figure 5 ance and appearance of perovskite solar cells with planar metasurface structures.
(a) Devi

thick TiO, electron transport layer, a 30 nm thick Spiro-OMeTAD hole transport layer, a 100 nm thick

tion. The solar cell consists of a CH;NH;Pbl;,Cl, perovskite active layer, a 10 nm

FTO anodef@nd an opaque Ag cathode. 65, 30 and 10 nm thick perovskite films are used for ultrathin
colored cel rate cyan, magenta and yellow colors, the standard CMY colors, with a 330 nm
thick peroy, ﬂ for the regular black cell. TiO,, Spiro-OMeTAD and FTO thicknesses are on the

of ma

same orde itude with those in previous studies. Although Spiro-OMeTAD layers are usually

several hun nanometers thick to ensure high efficiency, tens of nanometers thick hole

transport |1@ers have been reported.®*3¥ (b) Band diagram. (c) Current-density/voltage curves of the
regular 0 nm thick perovskite film) and the ultrathin magenta cell (30 nm thick
perovsk“culation results for the black cell agree well with the experimental data.B®Y The
current-deﬁ' age curves of the ultrathin cyan and yellow cells are shown in Figure S1. (d)
Calculated exclusivig absorption in perovskite of the ultrathin magenta and regular black cells for

normal inc e) Calculated reflection spectra of the ultrathin colored cells and the benchmark

black ce%l incidence. (f) Calculated color coordinates® of the ultrathin cyan, magenta and
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yellow cells for normal incidence. Calculated coordinates were compared to those of the color filters
in reference®. (g) Calculated color coordinates and (h) reflectivity of the magenta cell for
unpolarized light with various incident angles up to 60°. The reflection spectra of the cyan and the

yellow cwus incident angles are shown in Figure S1.
Table 1. S-circuit currents, J;, open-circuit voltages, V,,, fill factors, FF, and power

conversio .

T e Jee (MA cm?) Voe (V) FF n (%)
Regular black cell (experiment) 215 1.07 0.67 154
Regular bl & alculation) 215 1.09 0.65 15.3
Ultrathin ell (calculation)® 16.4 1.05 0.66 11.5

® Parameters of tAe ultrathin cyan and yellow cells are listed in Table S1.
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Proof-of-Concept Device

A general strategy is demonstrated both theoretically and
experimengallyo Geate a new type of macroscopic planar metasurface absorber with light near-
perfectly a ively absorbed by the ultrathin semiconductor film. Guided by this strategy,
olar cells are further designed to meet all the desired characteristics including
high power convegsion efficiency, and high-purity, tunable and angle-insensitive colors.
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