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METHOD AND SYSTEM FOR MULTILAYER TRANSPARENT
ELECTRODE FOR TRANSPARENT PHOTOVOLTAIC DEVICES

CROSS-REFERENCES TO RELATED APPLICATIONS
[oe01]  This apphication clats prionty to LS. Provisional Patent Application No. 62/731.600,
Hiled on September 14, 2018, entnled “Method and Svstem for Mudislaver Transparent Electrode
for Transparent Photovoltaie Devices,” the disclosure of which is hereby incorporated by

reference in s entireties for all purposes.

BACKGROUND OF THE INVENTION
{B802]  There has been a growing indergst in transparent photovoliaic devices that can be
mtegrated nto architectural glass n hotmes and shyscrapers, astomotive glass, as well as display
sereens used in a deskiop monitor, fapiop or notebook comyputer, tablet computer, mobile phone,
e-readers and the like, Transparent photoveltair devices may include attive materials that
transmit visible wavelengths and may selectively absorb Heht in the wltraviolet {UV) and near
infraved (NIR)Y wavelengths, Forarchitectural glass applications, there is a need for frmproved
transparent photovoliaie devices that exhibit high ratios of average visible transmussion (AVT)
over fraction of solar ransmission {Tsoly, high selectivity {defined as the ratio of AVT over solar

hear gain coefficient (SHGCH), and fow emissivity values.

SUMMARY OF THE INVENTION
[0003]  According to some emmbodiments of the pressnt invention, a nwiltilayer top electrode,
which nay tnclode one or more discrete metal layers, is utihized m transparent photovoltale
devices to improve NIR reflection in the device, which reduces the Tsol, SHGC, and the device

emissivity.



[0004] According to a first aspect of the present invention, a transparent photovoltaic device is
provided. The transparent photovoltaic device includes a transparent substrate and a transparent
bottom electrode coupled to the transparent substrate. The transparent photovoltaic device also
includes an active layer coupled to the transparent bottom electrode and a transparent multilayer
top electrode that includes a seed layer coupled to the active layer and a metal layer coupled to
the seed layer. The transparent photovoltaic device is characterized by an average visible
transmission (AVT) greater than 25%, and a top electrode sheet resistance that is less than 100
Ohm/sq, and a ratio of the AVT to fraction of transmitted solar radiation (AVT/Tsol) is greater than

1.3 and less than or equal to 2.5.

[0005] According to second aspect of the present invention, a transparent photovoltaic device
is provided. The transparent photovoltaic device includes a transparent substrate and a
transparent bottom electrode coupled to the transparent substrate. The transparent photovoltaic
device also includes an active layer coupled to the transparent bottom electrode and a transparent
multilayer top electrode. The transparent multilayer top electrode includes a seed layer deposited
on the active layer, a first metal layer deposited on the seed layer, an interconnect layer deposited
on the first metal layer, and a second metal layer deposited on the interconnect layer. The
transparent photovoltaic device is characterized by an average visible transmission (AVT)
greater than 25%, and a top electrode sheet resistance that is less than 100 Ohm/sq. In a specific
embodiment, the ratio of the AVT to fraction of transmitted solar radiation (AVT/Tsol) is greater

than 1.7 and less than or equal to 2.5.

[0006] According to a third aspect of the present invention, an insulated glass unit (IGU)
including a transparent photovoltaic device is provided. The IGU includes a first glazing and a
second glazing opposing the first glazing. The transparent photovoltaic device is disposed
between the first glazing and the second glazing and includes a transparent substrate, a
transparent bottom electrode coupled to the transparent substrate, an active layer coupled to the
transparent bottom electrode, and a transparent multilayer top electrode. The transparent
multilayer top electrode includes a charge selective seed layer coupled to the active layer and a
metal layer coupled to the charge selective seed layer. The insulated glass unit is characterized
by an average visible transmission (AVT) greater than 25% and a ratio of the AVT to fraction of

transmitted solar radiation (AVT/Tsol) is greater than 1.3 and less than or equal to 2.5.



[0007] According to some embodiments, a photovoltaic device includes a transparent
substrate, a transparent bottom electrode coupled to the transparent substrate, an active layer,
which can include a tandem or multi-junction cell, coupled to the transparent bottom electrode,
and a transparent top electrode. The transparent bottom electrode can include a first transparent
conducting oxide layer, a second metal layer, and a second transparent conducting oxide layer.
The active layer is transparent in the visible wavelength range in some embodiments and the
active layer can include an organic small molecule semiconductor with selective absorption in

the NIR.

[0008] The transparent top electrode includes a seed layer, which can be a charge selective
seed layer, coupled to the active layer, and a metal layer coupled to the seed layer. The seed
layer can include one of HAT-CN, TPBi:C60, indium tin oxide (ITO), ZnO, SnO., antimony
doped tin oxide (ATO), aluminum-doped zinc-oxide (AZO), indium-doped cadmium-oxide,
fluorine doped tin oxide (FTO), or a combination thereof and can have a seed layer thickness
ranging from 0.1 nm to 100 nm. The metal layer can include at least one of Ag, Au, Al, Sn, or
Cu. In some embodiments, the metal layer includes an alloy of Ag, Au, Sn, Al, Cu, or
combinations thereof, for example, Al doped Ag or Sn doped Ag. The metal layer can have a
thickness ranging from 3 nm to 30 nm. The transparent top electrode can also include an anti-

reflection layer coupled to the metal layer.

[0009] The photovoltaic device is characterized by an AVT value that is greater than 25%, and
a top electrode sheet resistance that is less than 100 Ohm/sq. The AVT can be greater 35%,
greater than 45%, or greater than 60%.

[0010] According to some other embodiments, a transparent photovoltaic device includes a
transparent substrate, a transparent bottom electrode coupled to the transparent substrate, an
active layer coupled to the transparent bottom electrode, and a transparent top electrode. The
transparent top electrode includes a seed layer coupled to the active layer, a first metal layer
coupled to the seed layer, an interconnect layer (e.g., a transparent conducting oxide) coupled to

the first metal layer, and a second metal layer coupled to the interconnect layer. The
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photovoltate device is chargeterized by an AVT that is greater than 23%, and a top electrode

sheet restatance that is less than 100 Ohinfsg.

{6811]  The active layer can include 3 transparent organic of morganic materizl. The
mtercomnect layer can have a thickness ranging from § om to 120 am. Each of the first metal
layer and the second metal layer can have a thickness ranging from 3 nm to 30 nm. The seed
layer can be charge selective. Ax an example, the seed laver can include one of HAT-CN,
TPBuCO0, mdim tin oxide (IO, Zn0, Snfdz, antimony doped tin oxide {ATO), shusinum-
doped zinc-oxide {AZD), indhwn-doped cadmiwm-oxide, fluorine doped tis oxide (FTO)L or a
combination thergof. The top electrode can also include an anti-reflection layver voupled 1o the
second metal laver. The transparent bottom electrode can include a transparent conducting
oxide. 1nother embodiments, the transparent bottom electrode includes a first transparent seed
layer (.2, a wansparent conducting oxide or a wansparent oxide), a third metal laver, and a

charpe selective laver (2., 8 transparens conducting oxide or a transparent oxude).

[0012]  According to some further ernbodiments, a photovoltaie device includes a transparent
substrate, a transparent bottom electrode coupled to the transparent substrats, active laver(s)
comprising g single junction or multipls junctions connected through chargs recombination
zones coupled to the ransparent bottom electrade, and & multilayer top electrode. The multilayer
top electrode meludes a charge selective sead layer coupled to the active layer(s). and a metal
fayer coupled 1o the charge selective seed laver, The photovoltaic device is characterized by an
AVT that is greater than about 25%, and a top electrode sheet resistance that is less than about

100 ohm/sq:

[0013] The active region can include a single junction or multiple junctions connected through
charge recombination zones, I one embodiment, the active region inclodes ap orgamie small
molecnle semiconductor with selective absorption in the NIR. The transparent multilayer top
electrode can nclude an tmerconnect layer coupled to the fnetal layer and b second metal laver
coupled to the interconnect layer, The transparent multilayer top electrode can also inclode an
anti-reflection layer coupled to the second metal Tayer. In anembodiment, the transparent
multilaver top electrode mctudes one or move additional interconnect lavers and one or more
additional wetal layers, each of the one or more additional interconnect tayers being coupled o

an adjacent metal layer of the one or more additional metal lavers. Furthermore, the transparent
4
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multilaver top electrode can include an anti-reflection layer coupled 1o the top-most metal layer

of the one or more additional metal lavers.

{0014]  The charge selective seed laver can tnclude HAT-CN, TPBLC60, indimm tin oxide
(TO) Zn0, a0z, antimony doped tin oxide (ATO), aluinam-doped zinc-oxide (AZO),
mdumi-doped cadmiom-oxide, fluoring doped un oxide (FTD), or & combination thevesf The
charge selective seed laver can have a thuckness ranging from 0.1 qun to 100 . The metal layer
can melude Ag Au, AL SnorCu. The metal laver can include an allov of Ag, Ag, S Al or Cu
oy combinations thereot, for example Al doped Agan can have a thickness tanging from 3 am to
30 nmn. The interconnect layer, which can be a ransparent conducting oxide or a transparent
oxide, can have a thickness ranging from § am to 120 om. The teansparent bottom electrode can

nclude a transparent conducting oxide.

[0015]  According to an alternative embodiment of the present lnvention, 8 photovoltaie device
is provided, The photovoliaic device includes a transparent subsirate, a transparent bettom
electrade coupled to the ransparent substrate, an active layer coupled to the transparent bottom
electrode, and a transparent top electrods. The transparent top slectrode includss a charge
selgotive seed laver coupled to the active layerand a first metal laver coupled to the charge
selective seed layer. The photovoltaic devive is characterized by a peak in absorption ata
wavelength above 650 nm or below 450 nm, an average visilde transmission greater than 23%,
and a selectivity greater than 1.3, In an ewmbodiment, the photovohaie devide also includes an
mterconnect layer coupled to the first metal layver and a second metal layer coupled to the
interconnect layer. The second metal layer is electrically coupled to the first metal faver through
the interconnect layer. In an embodiment, the selectivity is greater than 1.4, for example,

between 1.4 and 2,19, although this 18 notrequired by the present invention.

BRIEF DESCRIPTION OF THE DRAWINGS
[e16]  FIG. 1 shows a schematic cross-sectional view of a transparent photovoltaic device that

mcludes a multilayer top electrode according to some embodiments of the present tnvention.
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{0171 FIG. 2A shows a schematic cross-sectional view of a photovoltaie devics that includes
a madtilaver top electrode with a single metal laver according o some embodiments of the

present myvention.

[6018] FIG. 2B shows a schematic cross-sectional view of a photovoltase device that sncludes
a multilayer bottom electrode with a single metal laver paived with a pailtilayer top electrode

with asingle metal layer according to some embodiments of the present invention,

{B019]  FIG. 3A shows a schematic cross-sectional view of a photovoliaie device that inchades
amuitiaver top glectrode with two metal layers accovding to some embodiments of the present

myention.

[0020] FHG 3B shows a schematic cross-sectional view of a photovoltaie device that wneludes
a muttilaver bottom electrode with a single metal laver paired with & mululayver top electrode

with two matal lavers according to some emshodiments of the present invention.

{80821} FIG. 4 shows a schematic energy tevel diagram whereby the charge selective seed layer
functions as an electron fransport layver within a transparent photovaltaic device according to

some embodiments of the present invention.

{00221 FIG. § shows a schematic engrgy level diagram wherehy the charge selgetive seed laver
functions as a hole transport laver within a transparent photovoltaic device according 10 some

embodiments of the present invention.

{23]  FIG. 6 shows experimental valaes for AVT ve. sheet resistance for various types of top

glectrode configurations according to some embodiments of the present invention.

{0241 FIG 7A shows simulated transmission curves v, wavelength for a cotmmercial ITO
electrode (sohid hine}, & malitlaver electrode with a single Ag laver (dashed line), and a
multilaver electrode with two Ag layers (dotted ling) according to some embuodiments of die

present invention,

{025]  FIG. 78 shows simulated reflection curves vs. wavelength for the commercial IT0
electrade (solid bing), the multilaver slectrode with a single Ag laver {dashed Hue), and the
multilaver electrode with two Ag layers (dotted Hue), according to some embodiments of the

present invention.
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{#026]  FIG. 8 illustrates schematically a reflection curve vy, wavelength (solid bine) of a
mulilayer top electrode, a representative absorption curve for a non-selective active layver
absorber {dashed Bag), and the cosresponding enhanced absorption curve (dotted ling) when
paired with the saltilayer top slectrode, according to some embodiments of the present

Hrvention.

{80271  FIG. 9 shows examplary spectra of absorption ceefficients for D100, C60, and a

D1006:0C60 blend, respectively, according to some embodiments of the present tirvention,

{0028] FIG. 10A shows simulated transmission curves vs. wavelength of various electrode

configurations for OPVy according o some embodiments of the present invention.

P

j0029]  FiG 10B shows simulated reflection curves ve. wavelength of various elecirode

configurations for the OPV devices according to some embuodiments of the present invention,

[0030] FIG: 10C shows simulated active layer absorption curves ve. wavelength of various
electrode confirations for the 0PV devices according to some embodiments of the present

IVEnion.

0031 FIG 11A shows simulated transnussion curves va, wavelength for two electrode
configurations used in norganic photovoltaie devices that include Culne o0 Ga 0082 (CIGS) in
the active fayer according to some embodiments of the present invention.

j0032]  FIG. 118 shows snoulated reflection curves vs. wavelength for the swo electrode
configurations used in the morgamc photovoltae devices that include CIGS m the active layer
according to some embodiments of the present invention.

{331 FIG 110 shows simulated active layer absorption vurves vs. wavelength for the two
electrode configarations used m the norganic photovoltaic devices that inclede CIGS in the

active layer according to some embodiments of the present mvention.

[0034]  FIG. 12A shows simulated transmission curves vs. wavelength for the two electrode

configurations used in photovoltaic devices that melude methylammonium lead todide (MAPbE)

perovskite i the active laver according to some embodiments of the present invention.
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{B035]  FIG. 12B shows simulated reflection curves v wavelength for the two electrode
gonfigurations used in the photovolisic devices that inchude MAPDE perovskite in the active

layer according to some embodiments of the present invertion.

[8036] FIG. 12C shows simulated active laver absorption curves vs. wavelength for the two
electrode configurations used in the photovoltaie devices that inclode MAPSL perovskite inthe

active laver according 1o some embodiments of the presst invention.

{0837 FIG. 1315 a table that summarizes the stroctures and propertics of transparent
photovoltaie devices with a variety of electrode and active laver combinations, as discussed in
relation to FIGS. 10A - 10C, 11A - 11C, and 12A - 120, acvording to variows embodiments of

the present wmvention.

{B038]  FIG. MA shows exparimental curvent density-voltage curves of OPVy wath avariety of
glectrode and active laver combinations tested under a solar simalator calibrated to AMILSG

Hlumination according to some embodiments of the present invention.

[0039]  FIG. 148 shows the corresponding external guantum efficiency (EQE) curves vs.
wavelength for these OFVs according to some embodiments of the present invention.

j8040] FIG. 14C shows the corresponding transmission curves vs. wavelength of the varipus
QOPVs obtained from experiment according to some embodiments of the present invention.
[8041] FIG. 15A shows exemplary spectra of absorption coeflicients for organic active laver
materials, according to some embodments of the present invention.

{6842] TFIG. 158 shows an expenimental current densiiy-voltage curve of an OPV tested under

a solar sinnilator calibrated to AM1.53G lhununation according to some embodiments of the

present invention.

{B843]  FIG, 15C shows the corresponding EQE curve vs. wavelength for the OPV of FIG. 158

according to some embodiments of the present invention,

{0d44]  FIG. 15D shows the corresponding ransmission curve ve. wavelength of the OPV of

FI(. 138 obtained from experiment according to some embodiments of the present invention.
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{00451 FIG. 10 1s o table that sunmimanizes the measured optical and electrical performance of a
variety of electrode combinations as discussed in FIGS. 10A-C, 14AC, and 19B-C avcording to

some smbodiments of the present invention.

j0048]  FIG. 17 1 atable that summarizes the measured optical and electrical performance of
wanspavent OPVs comprising a variety of electrode commbinations as discussed in FIGS. 10A-C,

14A-C, 15A-Dand 198-C according to some embodiments of the present invention,

{@047]  FIG. 18 15 o table showing the experimental emuissivity values of vartous organic
photovoltaie devices (OFVs) with different electrode configurations according to various

embodiments of the present mvention.

[0048] FHG I9A shows a schematic of an example msulated glass umit (IGU) construction that

was used to caleclate thermal properties of photovoliaie devices in the present mveniion.

J0049]  Flx 198 s atable that summarizes the structares and properties of transparent
photovoltaice devices with g vatiety of elecivode and active layer combinationn, ay discussed
relation to FIGS. 104 - 10C, 11A - 1IC, 12A - 120, and 13A-D, when integrated into an
msulated glass unit according to FIG. 19A, according to various embodiments of the present

nvention.

S FIG. 19C is o mble that summarizes the measured optical and electrical performance of
sransparent OF Vs comprising a variety of electrode combinations as discussed m FIGS, 10, 13,
14AC, and 154D, if they were to be integroated o an msulated glass unit as m FIG. 19A,

according to some embodiments of the present invention.

DETAILED DESCRIPTION OF SPECIFIC EMBODIMENTS
{B051]  Average Visible Transmussion {AVT) s defined as the weighted averags of the

fransmission spectram against the photopic response of the human eve.
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where & 15 the wavelength, T is the transmission, £ 15 the photopic response, and S s the solar
photon flux (AMI.5G) for window applications, or 1 for other applications. AVT is also raferred
to as Tvis in the window industey. For the purpose of this invention, the word “wansparent”™ means

AVT greater than zero.

{0852]  Tsolis the fraction of solar radiation admitted through a mediom and can be referved 10
as the fraction of transmitted solar radiation. When a transparent photovoliaic device 1s used for
architectural glass applications; it may be desired that the transparent photovollaic device is
selective in that it rejects as much of the solar spectrum as possible 1o achieve low values of Tsol
while still allowing a significant fraction of visible light to be ransmitted. This can be quantifiad
as the ratio of AVT over Tsol (AVT Tsal), in which larger values ave generally desirsble. By
maintaining high AVT while rejecting as much non-visible light as possible, a transparent
photovoliaie device can be engineered with a high (AVT/ Tsol). A relatively lugh reflection

the NIR and IR wavelenyths mav decraase the Tsol.

[0033]  According to some gmbodimends of the present invention, transparent photovoliaie
devices mav utilize a mulilaver top glectrode that includes one or muore discrete metal lavers to
achieve high AV, enhanced active layer absorption in the NIR and IR wavelsngths {thus larger
shott cireuit current density Jso), high AVE Tsol, low emissivity ow-e}, as well as low sheet
resistance of the electrede, In some smbodiments, & multilayer bottom slectrode that includes

ome or mwore discrete metal Tayvers may also be wilized.

[0054]  FIG. 1 shows a schematie cross-sectional view of a transparent photovoltaic device 100
according fo some ernbodiments of the present invention. The iransparent photovoltaie device
100 may inclode 8 transparent substrate 110 2 transparent bottoin electrode 124, an active layer
130, and amultilaver top electrode 140, The substrate 110 may inchude glass, quartz, or polviser

materials.

{6655]  The bottom electrode 120 may mclode wansparent oxides, such as indnan tin oxade
{10}, Zn0, SnO:, antimony doped tin oxide (ATO), alominum-doped zinc-oxide {(AZO),
mdivm-doped cadminm-oxide, fluorine doped tin oxide (FTO), indivm zine oxide (1203, carbon

nanotubes, graphene, silver nanowires, o combingtions thereof, In some embodiments, the

10
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botton electrode 120 may also inglude one or more discrete metal layers, similar to the

aulitlayer top electrode T4k

{00561 The active layer 130 may include a single layer or multiple layers. The active laver
may inchade organic semiconducting matenials such as small molecules oy polymers or other
molecular excitonic materials. The active layver may also tnclude inorganic matevials, such as
CulneGa:Se {CIGS), amorphous St methylammontum lead todide (MAPBL) perovskitg,
quantum dots, carbon nanolubes, and the like. Some common organic small molecules may
mciede phihalocyanines, posphyrins, naphthalocynanives, squaraines, boron-dipytromethenes,
fullerenes, naphthalenes and pervlenes. Some examples include chloroaluminum phthalocyanine
{CIAIPc) or tin phthalocyanine {SaPe) as an electron donor, and fullerene {(Cas) acting ss an
electron acceplor, Additional descriptions of possible materials for the active layer are provided
i U8, Patent Application Publication Nos. 201 2/0186623 and 2018/0108846, U5, Fatent
Application Serial Nog, 16/010,374, 16/010,364, 16/010.363 16/010,371, and 16010369, and
PCY Application Serial No. POTAUSIOIR/037923, the contents of wlich are Incorporated by

reference in theiv entirety for all purposes.

J0057]  The multilayer top electrode 140 may wctude a charge selective sged layer 150, a metal
fayer 1 160a, and an anti-reflection laver 190, The anti-reflection laver 190 is optional, The
muttilayer top electrode 140 mayv further include oni or more addisional discrete metal layers
1604 through 160n and one or more interconnect lavers 170a throogh 1700, where gach
respective interconnect layer 170 1s disposed between each pair of adiscent metal lavers 160,
Each of the charge selective seed layer 150, the metal laver 1 1004, the interconnect laver 1 170y,
angd the antireflection layver 190 may welude s single laver or muhiple lavers. Thus, although
metal layers 160 may be referred to using a common reference muonber, 1t showdd be appreciated
that the metal materials present in each of metal lavers 160 can be different metals, Asan
example, a fivst metal {or metal alloy) conld be utilized for metal layer 1 1602 and a different
metal {or metal alloy) could be utihized for metal layer 2 160b. Simtlarly, although interconnect
layers 170 may be referred tousing a common reference manber, it should be appreciated that
the materials present in each of interconneet lavers 170 can be different metals. One of ordinary

skill 1 the art would recognize many vanations, ywodifications, and alternatives.

i1
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{BOS8]  The charge selective seed laver 150 may melude oxides, organic matenals, refractory
metals, or combinations thereol. The charge selective seed laver 130 may serve as a charge
carrier transport laver (e, electron ransport fayer or hole transport laver), The charge selective
seed layer 130 may exhibi electrical conductivity and electronic propertiss that promote
conformal growth of the overlyving metal laver 1 1680a. 1o various embodiments, the seed layer
can have a thickness that ranges from 8.1 am o 100 nm. For example, the thickness of the seed
ayer can be less than T nm, less than 3 nm, less than 10 nm, less than 20 nm, less than 30 nm,

less than 40 nm. less than 50 nm. or less than 100 nm.

[0059] Each metal laver 160 may mclude a pure metal such as Ag, Au, Al or Cu, or doped
metals such as AliAg, or Ag lavered with ulira-thin refractory metals such as Cr. The metal
layer 1 1603 may have the lowest resistance among the various lavers and may provide the
dominant path for lateral charge conduction th the mulnlaver 1op electirode 140, v various
embodiments, the metal layer can have a thickness ranging from 3t to 30 nm, for example,
from 3 nm to 10 nm, from 10 nmto 15 nm, from 15 nm to 20 nm, from 20 nm to 25 mm, or from

25 nm to 30 nm.

{0060] Each interconnect layer 170 may include oxides, nrganic materials, refractory metals,
or combinations thereof. The interconnect layer 1 170a may function as av optical spacer while
providing an elgctrical connection betwesn two ngighboring metal layers, so that the ovarall
sheet resistance of the composite electrade 140 18 redoced frony that of & multilayver elettrode
with a single metal layer, In various embodiments, the inferconnect layer can have a thickness
ranging from 1 mmto 120 nm. Forexample, the thickness can be less than S nm, less than 10
nm, less than 20 nm, less than 30 nm, less than 40 nm, less than 50 nm, less than 60 nm, less than
70 nm, less than 80 nm, less than 90 nm, less than 100 nm, less than 110 nm, or less than 120

nm.

{6061]  The anti-reflection layer 90 may be an optically enpincered layer that reduces
reflection &t visible wavelenpths while improving the AVT of the averall photovoltaie device
100, The antiweflection laver 190 need not be electrically conducting and may include oxides,

carbides, nitrides, sulfides or organic materials.
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{062} FIG. 2A shows a schematic cross-sectional view of a photovoltaic device 200 that
melndes a mulidayer top electrode 2480 with a single metal layer 260 according to some
embodiments of the present mvention.. The nudtilaver top elestrode 240 may inclade a charge
selective sead layer 250, a metal laver 260, and an anti-reflection layer 290, Each of the charge
selective seed layer 250, the metal Yaver 260, and the anti-reflection laver 290 may include a
single laver or mudtipls layvers (te., sublavers). Thus, the term "layar” as utihzed 1n the
speeification does not necessarily connote a single ymt of consistent material, but can inclade
multiple sublavers to form 8 laver, As an example, an anti-reflection costing may consist of a
single layer of naterial or myltiple layers of different materials that form the coating.
Accordingly, this coating, or other lavers described herein may be referred 1o as g layer although
the layer would wclude mnltipls sub-lavers. The multilaver top electrods 240 may allow
simuliangous optitnization of electrical conductance and optical transmittance of the photovoliaie
device 200, leading to improved AVT and shest resistance values compared to other transparent

electrodes, such as ITQ, FTO, AZQ or other transparent conductive oxides,

{8663} FIG. 2B shows a schematic cross-sectiomal view of a photovoltaio devige 202 tha
includes 8 multilayer bottom electrode 220 paived with the multilayer top electrode 240
according o some embodiments of the present invention. The muoltilayer bottom electrode 220
may include a seed laver 222, a metal laver 224, and a charge selective layer 226, Each of the
seed laver 222, the metal layver 324, and the charpe selective laver 226 may include a single laver
ot pultiple lavers. The optional seed tayer 222 vaay include oxides, sulfides, organic naterials,
refractory metals, or combinations thereof, that may promote conformal growth of the overlyving
thin metal layer. These seed layer 222 need not be conductive. However, using condactive
layers may be beneficial in reducmg the overall sheet resistance of the mudtilayer bottora
electrode 220. The optional charge selective laver 226 may mclude oxides, sulfides, fluorides,
metals andior organic miaterials, such that the wetal laver 224 38 eleotvically-connected to the

active fayver 130 in the photovoltaic device 200

{6064]  According to some embodiments of the present invention, transparent photovoltaic
devices may utitive a top electrode with multiple discrete metal layers spaced apart by

terconnect favers o stomddtaneously optimize AVT o], emissivity and device performuance.
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{#065]  FIG. 3A shows a schematic cross-sectional view of a photovoltaic device 300 that
melndes a mulidayer top electrode 3480 with two metal lavers 360 and 380 according fo some
embodiments of the present mvention.. The nudtilaver top elestrode 340 may inclade a charge
selective seed laver 350, a Grst metal laver 360, an itervonuect faver 370, a second metal layer
380, and an smti-reflection laver 390, The anti-reflection Yayer 390 is optivnal. Each of the
charge selective seed laver 350, the first metal laver 360, the interconnect laver 370, the second
metal layer 380, and the anti-reflection layer 390 may include a single laver or multiple layers.
The second metal laver can be similar to the fivst metal laver as described hersin. As an
exanple, the second metal layer can have a thickness ranging from 3 mm te 10 sm, 10 nmto 15

am, TSt 20 nm, 20 norto 25 am, or 25 nm to 30 nm.

{0066]  FIG, 3B shows a schematic cross-sectional view of a photovoltaic device 302 that
includes g multilaver bottom electrode 320 paired with the nwaltilayer top electrode 340
according t© some embodiments of the present mvention. The nudtilayer bottom electrode 320

may inctude a seed laver 322, 3 metal layer 324, and a charge selective layer 326,

{0067)  The properties and fimctions of the various layers i a multilayer electrode are

discussed in more detail below.

{0068]  The charpe selective seed laver may wclude a single laver or nuultiple layers. The
chatge selective sead laver is prefivably conductive and has slecironic properties suitable ax a
charpe carrier ransport layer. When serving as an electron transport layer, the laver within the
charge selective seed laver adjacent to the active layer may have an electron affinity (EA)
altgned with the active layer EA and a high electron mobility. These characteristios may allow
electrons o How through the layer, while holes are “blocked” and cannot go throngh. Such
glectron selective layers may comprise TPB, Fullevenes, €60, C70, TPRUCHD, BCP, BPhey,
PEL PEIE, NTCDH, NTCDA, PTCBI, fuorides such as LiF, ZnQ, Ti0:, and combinations and
detivatives thereof.. When serving as a hole transport layer, the layer withan the charge selective
seed layer adjacent to the active laver may have an tonization potential (IP) aligned with the
active layer IF and a high hole mobility. A hole wansport laver may allow holes o flow through
the layer winle electrons are “blocked.” Such hole selective lavers may comprise HAT-ON|
TAPC, Sprro-OMeTAD, NPR, NPD, TPTPA, MoOs, WO, ViOs and corsbunations and
derivatives thereof.
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{0069]  FIG. 4 shows a schematio energy level diagram whereby the chiarge selective seed layer
functions as an electvon transport layer within a transparent photovolaice device according to
some ambodimeants of the present invention. Work function of the cathode and anode are labeled
as dro and dea, respectively. The EA of the charge selective sved layer is aligned with that of
the active fayer to allow electrons to flow through the laver, The 1P of the charge selective seed
layer is larger than that of the active layver such that holes are “blocked™ from reaching the metal

fayer acting as a cathode.

[8070]  FIG. 5 shows a schematic energy level diagram wherehy the charge selective seed layer
functions as a hole transport layer within a transparent photovoltaic device according to some
embodiments of the present nvention. The 1P of the charge selective seed laver i1s aligned with
that of the active layer to allow holes to flow through the laver. The EA of the charge selective
seed layer 15 smaller thaw that of the active laver such that electrons are “blocked™ from reaching

the metal laver acting as an anode.

[0071]  The top surface of the charge selective seed layer may be characterized by a relatively
fow mterfacial energy with the overlying metal layer. Lowering the free engrgy of the charge
selective seed-metal interface promotes conformal growth of the overlying metal laver (a5
opposed to 1sland formation or tlvee-dimensional growth). In some embodiments, the properties
of the charge selective seed laver may lead to a surface roughuess of the overlving metal layer
that is less than abowt $0% of its thickness. Such top surface lavers may comprise ZnQ0, AZ0,

ITQ, Sn0y, sulfides such as Zn¥, refractory metal layer {e.g., 1-2 mm) such as T1, Cr, Ny, and

v, and organic seauconduntors such gs those listed above. Multilayer charge selective seeds
may tnclude combinations of layers, such as TPB1:C60/Zn0, TPB1:C60/1TO, TPB1:C60/AZO,
TPBLO6SnO:, HATCNMoO:, 2o Cr, TIONLCr ete., as discussed ghove.

[0872]  In some embodiments, the charpe selective seed layer may be chargeterized by a
relatively low optical extinetion coefficient (k) such that parasitic sbsorption i nummized. The
charge selective seed laver may be comfigured to improve the AVT of the entive phatovoltaic
device by tuning the optical field profile within the active lavers. For example, the index {or
mdices) of refraction of the constituents of the charge selective seed layer and their thicknesses

may be taloved o achieve this effect. In cases where k of the seed 18 not wamumzed, 1ts
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absorption features may be tuned to aclueve a desived color for the photovoltaie device stack.

The charge selective ssed layer may have a thickness ranging from about 1 nm to about 106 nm.

{I073]  The charge selective seed laver may be depositad by vacuum thermal evaporation
{(VTR}, organic vapor phase deposttion {OVEFD), electron beam phyvsical vapor deposition
{EBPVD), sputtering, atomic layer deposition {ALD), chemical vapor deposition (CVD), o

solution processing.

074]  Fachmets layver may include s single laver or multiple layers, Each metal laver may
molude a pure melal sach as Ag, Au, AL or Cu, oy doped metals such as AlAg and SwAg, or
combinations thereol. In some embodiments, the doping concentraion may be less than about
10%:. Ag may be advantageously ased, as Ag provides less parasitic absorption and tugher
visible transmission as compared fo other metals. Each metal layer may be deposited by

sputtering, VTE, EBPVD, CVD_ or solution processing.

{75] The metal layers may have the highest conductivity among the various layers of the
muhtilaver top glecrode. Thus, the metal layers may provide the dominant paths for lateral
charge conduction in the multilayer top electrode. Each metal laver may be characterized by a
relatively Tow sheet resistance. For example, the sheet resistance of each metal layer may be less
than about 100 Ohav'sq. The sheet resistance of the metal lavers can be less than 50 Ohmsq,
less than 30 Ohasg, less than 20 Ohindsqg, Tess than 10 Ohindsg, of Tess than 5 Ohavsg. Ina
particular embodiment, the sheet resistance of the metsl layers ranges from 1 Olun/sq to 10

Olunisq.

[0076] The use of metals in the multilayer top electrodes may provide relatively high reflection
i the NIR and IR wavelength range, so that NIRAR Hght may be reflected back into the active
layer for a second pass, thereby increasing total absorption of the NIRAR light by the active
laver, as discussed below with respect to FIGS. 7A - TB and 8. As aresult, the Js¢ may be

gelectively enhanced u this wavelength range.

80771  The use of metal lavers may reducs the smissivity {e.g., below about 0.2) and increase
the AVT/Tsol {e.g., greater than 1.4} of the photovoltaic device. The Tugh IR reflectivity of the

metal layers leads to a Tow thermal re-adiation efficiency, and hence low enussivity values. The
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hugh NIR reflectivity reduces the Tsol while maintaining a high AVT. This results in a high

vatios of AVITsol of the photovaliaie desice.

{6878]  Each metal laver nwy have a thickness ranging from sbout 5 nm to about 3 am. In
general, increasing thickness may vesult in decreased AVT and decreased emissivity, while
reducing the sheet rexistance of the multilaver top glectrode. Therefove, for a transparent
photovoitaic device, there may be a wradeoff between AVT and Ra/Tsolemissivity. By

explotting the optical properties of the multilayer top glectrode, this tradeoft may be mutigated.

[0079] Each inlerconpect laver may function asan optical spacey between fwo neighboring
metal layers, and may help create resenant mode(s) 1 the mudiilayer top slectrode so that it
preferentially transmits visthle hght while rejecting UV and NIRVIR wavelengths. As such, the
migreonnect lavers may help increase the ratio of AV Tsol of the multilayer top electrode. The
nterconnect layers may be characterized by relatively low k values in the visible wavelength
range {e.g., from about 400 mn to about 700 nm}, such that parasitic absorption is minimized.
Multiple layers may be used in combination to tatdor the wansmitied and reflected coler, the

AVT, the Tsol and the AVT Tsol of the photoveltaic device,

[0080]  Each intercomviect laver may inchude a single layer or multiple layers and may have g
thickness ranging from about 5 nm to about 100 nm. Each interconnect layer may include
conductive oxides {ag., 1T0O, Zn03, AZO, 12O, TiOz, WO, MoOs, V20s, N and 580s),
sulfides such as ZnS or organie materials such as PEDOTPSS, HAT-ON, TAPC, NTCDY,
NTCDA, and TPBI, or combinations and derivatives thersof. Each interconnect layer may be

deposited by sputtermg, VTE, EBPVD, ALD, CVD, or solution processing.

[B081]  Smmilar to the charge selective seed layer, the top surface of the mterconnect layer may
be characterized by relatively low mterfacial enerpy with the overlving metal layer so as to
promote conformal growth of the overlying metal laver. Each interconnegct laver may include a
thin metal layer {e g, 1-2 nmy), such as Ti, Cr, W4, or N, to prowote adhesion of the adjacent

metal fayer to the terconnect layer.

[6682] The wterconnect layers may have sowme electrical conductivity to provide a vertical
charge conduction path between two neighboring metal Tayers. As such, the overgll sheet
resistance of the multilaver top electrode with mudiiple metal lavers may be reduced below that
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of a multtdayer top electrade with only the fivst metal layer. The reduced sheet resistance may
result 1n lower envissvity values. Becaose each inferconnect laver is relatively thin {eg., 5+ 100
nm thick), the vesistance of the Interconnect faver i the vertical divection, may still be
veasonably low to result i a relatively low overall shest resistance of the multflayer top

electrode.

[0083] The anti-reflection layer may mclude a single laver or multiple lavers. In some
embodiments of the present mrvention, the anti-reflection laver may include oxides such as 5i0a,
1O, 200, AZC 120, Ti0:, WOz Mok, Vol Sn0y, N0, ALGh, NbaOs and HIO:, organics
suchas HAT-ON, TAPC, BCP, BBhen, TPBI, NTCDI, and NTCDA and combingtions aud
derivatives thereof, sulfides such as ZnS or nitrides such g5 $iNs and AN, The anti-reflection

layer may be deposited by sputtering, VTE, EBPVD ALD, CVD, or solution processing,

[0884]  The anti-reflection laver may also function as a protection layer for improving the
fifetime of the photovoltaic cell. Thus, the anti-reflection layer may have desired barrier
properties against oxvvien and moisture inpress ito the underdving layers. The anti-reflection
layer may also serve as acap layer for iaproving the mechanical duralulity of the photovoltaic

device,

{0085]  The anti-reflection layer mav be characterized by 0> 1.0 from about 400 mivy 1o ahout
TOO nm with a lugher index of refraction in the visible wavelength range leading to itaproved
AVT and reduced reflection of the photovoltaie device. The anti-reflection laver may have
velatively low k values in the visible wavelength range from about 400 nm to about 700 um such
that parasitic absorprtion is minginized. But this is not required. The anti-reflection layer may
also be used o tune the transmitted or reflected colors of the photovoltaic devige, For example,

the antiveflection laver may be used as & color neutralizing layer.

[0086]  Multilayer top electrodes that include a single matal laver (2.3, the mulitlaver top
glectrode 240 of the photovolmic device 200 as Hlustrated in FIG. 24) or with multiple metal
fayers (e.g., the multilayer top electrode 340 of the photoveltaic device 300 as illustrated in FIG.
3A) may allow simultaneous optimization of electrical conductance and opical ransnuttance of
a photovohaic device, leading to noproved AVT and sheet resistance values compared to other

transparent electrodes, such as ITQ, FTO, AZQ or other transparent conductive oxides.
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{0871 FIG. O shows experimental values for AVT vs. sheet resistance for various types of top
electrodes configurations according to some embodiments. As tHustrated, multilayer top
electrodes with a single Ag laver (represented by square symbols tn FIG. 6} or with two Ay
lavers {represented by a triangle symbol in FIG. 6} can exhibit improved shest resistance
compared to those of ITO electrodes (reprasented by the circle symbeols in FIG. 6), while
maintatnng high AVT. The low sheet resistance of the multilayer top electrode s enabled by
the high intrinsic conductivity of Ag compared to ITQ. The high AVT of the multilayer top
electrode is achieved by engineering the optical properties and thicknesses of the lavers
comprising the multifaver top electrode. By using muluple metal lavers spaced apart by
interconnect layers, optical interference may be exploited to produce higher AVT valoes than
what's possible 1 a mudtilayer electrode with a single metal layer and having the combined
thickness of the muultiple metal layers, By using slectrically conducting interconnect layers, the
overall shieet resistance can be reduced below that of a multilayer top slectrede smploving a
single metal lyver exhibiting the same AVT. The multilayer electrode with multiple metal lavers
may efficienty transmit visible light while reflecting neav-anhared (NIR) wavelengths {e.g.,
>0 nm), such that NiR-absorption of the underlying active layer may be preferentiglly
enhanced in transparent photovoltaic devices. Increased reflectivity in NIR wavelengths may
decrease the operating temperature of the photovoltate device by reducing parasitic gbsorption i
the clectrodes. As Hlustrated i FIG. 6, the top electrode sheet reststance can be less than 50
s, less than 20 Ohmisg, less than 10 Obwmdsg, or less than S Ohw/'sg. Iy a particular

embodiment; the top electrode sheet resistance ranges from ranges from 1 Ohmisg to 10 Ohew/sq.

[BO88]  FIG. 7A shows simulated transmission purves vs. wavelength for g commercial ITO
slectrode (solid lime 710, a nultilayer electrode with a single Ag haver {dashed hine 7200, and a
multilayer electrode with two Ag layers (dotted line 730), according to some embodimens of the
present mvention. As thusivated, the transougsion vahies in the NiR and IR wavelength range
{e.g., from about 7Y nm to about 2500 nm) of the molnlaver slectrode with a single Ay layer
(dashed line 720} are decreased significantly as compared to those of the ITO electrode (sohd
Bme 710}, The NIRAR transmysston 1s further reduced i the multilayer electrade with two Ag

layers {dotted line 730). The transmission windows of the mulitlayer slectrode with a single Ag
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faver and the multdaver slecirode with two Ap layers overlap well with the photopic response

aurve of the nan eye with a peal at about 350 nm.

{00891 FIG. 7B shows simulated reflection curves vy, wavelength for the commercial ITO
electrode {sohid hine 712}, the multilayer electrode with a single Ag laver {dashed line 722), and
the multilaver electrode with two Ag lavers (dotted Ting 732}, accordimg to some embodiments of
the present invention, As tHustrated, the reflection values in the NIR and IR wavelength range of
the multilayer slecwode with a single Ag laver (dashed line 722} are inoreased significantly as
compared fo those of the ITO electrode (solid lne 712). The NIRAR reflection i3 frther
mcreased in the pnlilaver slectrode with two Ag lavers (dottad line 732} The mcrsasad
veflection in the NIR and IR wavelengths may lead to enhanced absorption within the underlying
active lavers, as Light in those wavelengths may be reflected back toward the active laver fora
second pass. Therefore, the Isc of the photovaltaic device may be prefersntially mcreased ar
these wavelengths., The moreased reflection m the NIRAR wavelengths may also lead to
decreased operating temperature of the photovoliaic device by reducing parasitic sbsorption in
the electrode. This is important for minimizing thermal vadiated power from the photoveltaic

call, which seales with the fourth power of the operating temperature,

{0090]  The wterconnect layver sandwiched between the two metal lavers may form an optical
cavity and support a Fabry-Perot resonance. The resonance wavelength of the cavity may be
tuned o coincide with the photopic response of the human eve n the visible spectnumt. Due to
the thinness of the metal lavers (typically less than about 30 am), the qushty factor {the full-
width-hatf-maxigom) of the ransmitted mode supported by the cavity may be relatively broad.
The quality factor may be adjusted such that the teansmitted mode spans the visible spectrarn,
resulting 10 a high AVT of the stack. By tuning the thicknesses angd the refractive indices of the
interconnect layer within the cavity and the anti-reflection layers, the color and shape of the
transmission spectium may be gngineered to maximize AVT. while rejecting wavelengths

outside of the resonance condition {e.g, UV and NIR hight),

{8091]  In some embodiments, more than two metal lavers and more than one intercomnect
layers may be used m a top electrode.  Introducing additional interconnect/metal layers may

allow further teung of the color of the stack by introdocing additional resonant modes for

20



10

13

20

WO 2020/056361 PCT/US2019/051159

transmission. Rejected wavelenaths may then be reflected back through the active laver, with

some of thetr optical power absorbed by the active layer during the second pass,

{00921 FIG. § illustrates schematically a reflection spectrum 810 vs. wavelength {solid tine
810) of & multilayer top electrode. As tlustrated, the reflection spectrum 810 may be tuned to
exhibit minomal reflection in the visible wavelangth range, while exhibiting high reflection
values outside the visible wavelength range. The dashed line 820 Hlustrates a “flat™ and broad
absorption profile of a non-selective active layer, extendmg from the uliraviolet {L1V) into the
NIR. Bevause the multitayer top elecivode preferentially reflects UV and NIR light back {0 the
active layer for g second pass, the absorption by the active layer in the UV and NIR wavelengths
may be selectively enhanced, ss tHustrated schematically by the dotted line 830, Thus, the
photocurrent generated by the photovoltaie device at wavelengths outside the visible spectrum
may be enhanced. The same concept may be applied 10 an active laver with inherently selective
absorption iy the UV and NIR to further enhance the absorption siwength of such layers in the

UY and NIR while matntaining high AVT,

{00931 FIG. 9 shows exemplary spectra 910, 920, and 930 of absorption coeflicients for OPV
active lavers that comprise D100, €60, and & DT00:C60 blend, respectively, according to some
embodiments of the present invention. D00 15 an organic semiconducting electron donor
fayer materials include “selective” orgarde materials whose extinction coefficients are peaked
outside of the visible wavelength range. Asan example, OPV devices with the following
structure are considered: glassibottony elecirodel DIOG:C60 {20:80) (60 nmiiCa0 (10 nmlitop

elecrode, with a variety of bottom electrode and top electrode configuwrations.

{6094]  FIG. 10A shows gansmission curves vs. wavelength of various OPVs obtained from
simulations ysing the above structare. FIG. 108 shows reflection curves vs, wavelenpgth of the
various OPVs obtined frony stmulations, FIG. 100 shows the active fayer absorption vs,

wavelangth of the various OPVs obtained from shulation,

{6095]  Referving to FYEG. 104, the curve 1010 15 the transnuission curve for a photovohate
device that includes gn ITO bottom electrode and an ITO top electrode without any metal layer

{Stack #1). The curve 1020 is the transmission curve for a photoveltaic device that includes an
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P10 bottom slectrode and a multidaver top electrode with a single Ag laver (Stack #2). The
curve 1030 is the fransmission curve for a photovoltaie device that includes an ITO bottom
electrode and a multilayer top electrode with two Ay lavers {Stack #3). As Hlustrated, the
fransmission in the NIR wavelengihs ts significantly reduced in the photoveltaie devics that
meludes a maltilayer top electrode with a single Ag layer {curve 1020) as compared to the
photovoltaic device that includes a ITQ top slecirode {curve 1010}, and is further reduced  the

photoveltaic device that includes a multilaver top electrode with two Ag layers (curve 1030).

[6696]  As dlustrated in FIG. 108, the reflection in the NIR wavelengths is increased in the
photovoltsic device that includes a multilaver top electrode with a single Ap layer (curve 1022
as compared to photovoltaic device that inchudes a ITO top (corve 1012), and is further increased
m the photovoltaie device that meludes a nulitlayer wp electrode with two Ag layers {curve
1032),

{00971 Asillustrated in FIG. 10C, as a result of the increased reflection frem the multilaver top
electrades, the absorption by the active layer is increased in the photovoltaic device that includes
a multilayer electrode with a single Ag layer {ourve 1024) as compared 16 the photovoltaie
device that mncludes gn ITO top electrode {curve 1014), and is further increased in the

photovoltaic device that includes a multilaver electrode with two Ag layers {ourve 1034},

[0098]  The multilayer top electrode may be pared with various types of bottom glectrodes
according to various embodiments. For example, the bottom electrode may include a transparent
conducting oxide, a multilayver stack with a single metal laver, or an alternative transparent

clectrode such as graphene, carbon nanotube network, Ag nanowire network, and the like.

8099 As iustrated in FIGS, 28 and 3B, multilayer bottor slectrodes 220 or 320 that include
one or more metal lavers may also be used in photovoltaie devices. There mav be numerous
advamages of using & multilaver battom electrode when paired with & naudtilayer top electrode.
For example, the optical electric field within the active layer may be enhanced as compared to
alternative bottom electrode structures, resulting in improved active layer absorption and
photocurtent generation. Tt may also be possible to achieve simpltaneous optimization of
electrical conductance and optical transmuttance, leadmg o optimal AVT and sheet resistance

values as compared o other transparent bottom electrodes. Tn addition, reflection 1n the NIR
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wavelengths of the transparent photovoltaic devive may be increased, so that the integrated solar
absorpion may be reduced at wavelengths outside the active laver absorption spectram. This
may lead to reduced operating temperature of the transparent photoveliaic device ander solar
Humivation. As building-inteprated phovovoltaic devices, lower operating temperaties may
reduce the re-radiated power (blackbody emission) into the building, improve thermial insulation,
and reducs the probability of fadwe of the underlying glass substrate due to shading temperature

differential across the window unit.

[6100] Refuring again to FIGS. 10A - 100, FIG. 10A shows a simulated transmission curve
1040 for an OPV that includes a multitaver bottom slectrode with a sinple Ag layer patved with a
multilaver top elecirode with a single Ag laver (curve 1040, Stack #4 shown i FIG 13}, and a
simulated transmission curve 1030 for an OPV that includes a multilayer bottony electrode with a
single Ag laver psired with g nultilayer top electrode with two Ag lavers {Stack #5 shown
FIG 13). AsiHlustrated, by paining & multilayer bottoms electrode with a multdayer top electrode,
the trarssnussion in the NIR Is further reduced as compared to that of the OPV device with an

ITO botton electrode paived with the mudtilayer wp electrode.

[6101] FHS. 10B shows a simulated reflection curve 1042 forthe OPV that wcludes the
multilayer bottown electrode with a single Ag laver paired with esther a mulnlaver top electrode
with a single Ag layer {(Stack 84 shown in FIG 13}, and simulated reflection curve 1052 for the
OPV that includes the multlayer botionn electrode with a single Ag layer paired with a
vaultilayer top electrode with two Ag layers (Stack §5 showo 1o FIG 13). As illustrated. by
pairing a multilayer top electrode with a multilayer bottom electrode, the reflection tn the NiR is
enhgnced as compared to that of the OPV device with an ITO bottom elecnrode paired with the

multilaver top electrode.

[0102]  FIG. 10C shows a siroulated absorpiion curve 1044 for the OPV that includes the
mudtilayer botom electrode with a single Ag laver paired with & nwltilayer top electrode with a
single Ag laver (Stack #4 shown in FIG 13), and sinulated absorption curve 1054 for the OPV
that includes the multilayer bottom electrode with a single &g layer paired with 2 mullayer top
electrode with two Ay lavers (Stack #5 shown in FIG 13} As ilhustrated, by paring & maltilayer
top electrode wath a maltdayver bottom electrode, the absorption i the NIR is enhaoced as

compared to that of the OPV device with an ITO bottom electrode. The mudtilayer bottom
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electrode with a sinple Ag laver may help establish a stronger optical cavity within the active

laver which can lead to improved active laver absorption.

{163]  Muoltdayer top slectrodes that inclnde one or more metal lavers may also be used with
morganic active layers in photovoltaic devices to achieve similar advantages. As examples, two
morganic photovoltaic devices that bave the following structure ave connidered: glassiTO {70

nmiCulne soGia a3 Se {30 nmijtop electrode.

{B184]  The active layer incluodes CulnesoGa o1 85e (THGS) and has a thicknessof 30 nm. The
bottom elestrode includes ITO and has a thickness of 70 nm. A first photovohiaie device has a
10 am Za0750 am ITO top electrode (Stack #6 as shown in FIG 131 Zn0 is included to actasa
charge selective transport layer. A second photovoliaic device has a 18 am Zn(d/14.5 sm AgB0

o POV LS am Agf10 ameSiOn top electrode (Stack #7 shown i FIGS. 13A-B).

J0185]  FHG 11A shows simulated transmisston curves 1118 and 1120 vs. wavelength for two
electvode configurations used in inorganic photovoltaie devices that include CIGS o the active
faver according to sone embodiments of the present iwvention. FIG. 118 shows simulated
reflection curves 1112 and Y122 vs. wavelength for the two electrode configurations wsed in the
inorganic photovoltaic devices that include CIGS 1 the sotive layer according to some
embodiments of the present invention. FIG. 11T shows simulated active laver absorption curves
114 and 1124 vs wavelength for the two elecrode configurations dsed in the inofganic
photovoltaic devices that include CIGS i the gotive layer according fo some embodiments of the

present invention.

{01086]  The CIGS active laveris intvinsically “non-selective.” That is, the extinction
coafficiant is relatively “flar” from the visible to NIR wavelengths (2.g., from about 300 mwm 1o
about 900 nm}, as Mustrated 1n FIG. 11C (curve 11H14), When using a aniltilayer top glecivode
with two Ag lavers, the active layer becomey “selective”™ in that the active layer absorption
exhubits o sivomg peak at about U0 nm in the NIR, as hustrated i FIG. 110 {ourve 1124), Aga

resudt, the Jse of the photovoltate cell is significantly ncreased while maintaining transparency.

[61067]) Thus, effectively, the multilayer top electrode with two Ag tavers causes the CIGS o
become a Yselective” ghsorber with absorption peaks outside the visible specirum, Thisisa
result of the preferential enhancement of absorption in the NIR and UV due to increased
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reflactivity of the multilaver top electrode with two Ag layers at those wavelengths {as illustrated
by the curve 1122 shown in FIG. 11B), as compared to that of the photoveltaie device that
mcludes a8 ZnVITO top electrode (as Hustrated by the curve 112 shown n FIG, LIB), As
ustrated 10 FIG. 114, the mnorsased reflectance of in the NIR wavelenpths is accompanied by a
decrease of transpyssion in the NIR wavelenpths (as tlustrated by the curve 1120 as compared to
the curve 1110}, The reduction tn NIR/R transnussion significantly decrzases the Tsol of the

photovoltaic cell while maintaining a high AVT, leading to an ingrease in the ratio of AVT/ Tsol.

[6108]  Multilaver top elecirodes that include one oy more metal layers may also be used with
morganic active lavers in photovoltaic devices to achieve similar advantages. As examples, two
IR

morganic photoveltgic devices that have the following structure are considered: (la

{Finm)Spiro-OMe TAD (208m)MAPH: (S0amiTop Elestrode.

[0109]  The active layer includes MAPH: and has a thickness of 60 nm. Spive-CdeTAD iy
used ax & hols transporting laver. The bottom electrode ncludss ITO and has a thickness of 70
am. A first photeveltaic device has a 10 nm TiOx/50 nm I'TO top electrode (Stack #8 as shown
in FIG13), Th0s is included to act as & charge selective transport laver. A second photovoltaic
device has 2 10 nm THRA14.5 nm Ag/80 nm ITOMA4.S nm Ag/10 nm $iQztop elecirode (Stack
#9 shown m FIG 13),

[0118] FIG. 12A shows simulated transmission curves 1210 and 1220 s wavelength for two
electrode configurations used in photoveltaic devices that include MAPL perovskite in the
active laver according to some gmbodiments of the present invention, FIG. 128 shows simulated
reflection curves 1212 and 1222 vs, wavelength for the two electrode configurations used i the
photovoltaie devices that include MAPbDI: perovskite i the active layer according to some
gmbodiments of the present snvention. FIG. 120 shows simolated active layer shsorption curves
1214 and 1224 vs. wavelength for the two electrode confipurations used in the photovoltaie
devices that include MAPDL perovskate in the active layer according 1o some embodiments of
the present tnvention. Here, apain the multilayer top electrode that includes two Ag layers result
in lower NIR transmission {the curve 12200 FIG. 1243, higher NIR reflection (the corve 1322
w FIG. 128}, and a more “selective™ active layer absorption {the corve 1224 in FIG: 120, a5
compared to those of the photovohaie device with a TIOVITO top electrode (the carves 1210,
1212, and 12144n FIGS. 12A, 12B, and 12C, respectively).
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{111} FIG. 13 1s a table that sumanarizes the structure and properties of transparent
photovoltaic devices comprising 8 varitety of elecirode and active laver combinations as
discassed n relation to FIGS. 10A - 100, 1TA - 110, and 124 - 120, according to various
embodiments of the present invention. For valuss of AVT and T, the device travsmission

specira were used. Using these values, the ratio of AVT over Tsol wags caloulated.

81121 As shown i FIG. 13, the introduction of metal layers i the top electrode favorably
redaces the Tsol while maintaming a ligh AVT leading to wnproved {AVT/ Tsol) values. For
example, Tsol values can be reduced below 50% while (AVT Tsol) greater than 1.4 can be
achisved by switching to multilaver top electrode. In addition, there is a conconyitant
enhancement i the Jsc of photovoltaic devices. Inprovement in {AVT/ Tsol} is important for
architectural glass applications while higher Js¢ is desived for improved photovoliais device
performance. The use of mudtilayer top electrodes sivultancously iimproves hoth of these
metrios. This approach is generally applicable o any transparent photovoltaic device as
highlighted by the comparisons between organic, CIGS and perovskite active layers show in

this work.

[6113]  Insome smbodiments, it may be advantaggous o incorporate g muudttlayer bottom
alectrode 1n place of ITO with a multilayer top electrode. This may lead to improvements in the
Ise of photovoltaie device as a result of optical cavity effects within the active layer. In somsg

smbodiments, this may also resglt in an improvenient in (AVT/ Tsol}.

[8114]  FIG. 14A shows experimental current density-voltage curves 1410, 1420, and 1430 of
varous OPVs tested vnder a solar sinugdator calibrated to AMISG itllumination. The OPVs hiad
device siructores as defined by Stacks #1 - #3 in FIG. 13A. FIG. 14B shows the corresponding

external guantion efficiency (EQE) curves 1412, 1422 and 1432 vs. wavelength for Stacks #1 ~
#3 obtained from experiment. FIG. 14C shows the corresponding transission curves 1414,

1424, and 1434 vs. wavelength of the vartous OPVs obtained from experinient.

[1158]  Referring 1o FIG. 14A, the photocurrent ountput from the OPV is significantly enbanced
for the photovoltaie device that includes & munltilaver top electrode with a single Ag laver {ourve

1420) gs compared 1o the photovoltaic device that includes & ITO top electrode (ourve 1410}, and
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ts further tncreased i the photovoltaie devics that includes a multilaver top electrode with two

Ag lavers {ourve 1430).

{8116} Asshown in FIG. 14B, due to the increased reflection from the mupltilaver top
electrodes, the experimental EQE in the NIR is inereased in the photoveltaie device that inchsdes
a multifayer electrode with a single Ag layer {curve 1422) as compared to the photevoltaic
devige that includes an ITO top electrode {urve 1412), and 15 futher increased m the
photoveltaie device that mcludes a moltilayer electrode with two Ag layers {eurve 1432). The
mncreased EQE is a direct result of the increased active layer absorption in the photovoliaic
devices that include a multilaver top electrode; as Hustrated 1 FIG, 10C, FIG. 14C shows that
the experimental transmission m the NIR wavelengths is significantly reduced in the
phetovoltaic device that includes a multilaver top electiods with a single Ay layer {curve 1424)
as compared to the plictovoltaie device that includes a ITO wop electrode (curve 1414), and is
further reduced n the photovoltaic device that includas a multilaver top electiode wiath two Ag
layers {curve 1434} The measured specira closely matches the corresponding stmwlated curves
1010, 1020, and 1030, respectively, as shown in FIG. 10A.

[8117] FHG 15A shows absorption coeflicient for OFY active layer corresponding to Stack
¥10in Fig. 13, The active layer includes 100 wm of the organic active laver materials whose
absorption costiicients arg peaked outside of the visible wavelength range. Bottom and top

x

slectrode for this device are as defined in Fig, 13,

FIG. 138 shows an experimental current density-voltage curve 1510 for the OFV tested undera
solar simulator calibrated to AMISG dlumination, FIG. 15C shows the corresponding external
quantum efficiency (EQE) curve 1512 vs, wavelength for Stacks #10 obtained from experiment.
FIG. 15D shows the corresponding transmission curve 1514 vs. wavelength obtained from

experhiment.

[0118]  Asshown in FIG: 15C, a high experimental EQE is mamtaed 1 the NIR due to the
selective NIR reflection of the mulilayer electrode with two Ag layers {curve 1512} The
mcreased FEQE at NIR wavelengths is 8 direct result of the increased active layer absorption in

the photovoltaic devices that mchude e multilayer top electrode. FIG. 18D shows that the

Pk
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experinental ransmussion in the NiR wavelengths 5 mintnral in this device {curve 1514} bevond

TO0 .

{0119}  FIG. 1618 o table that sunmarizes the measured optical and electrical performance of a
variety of top electrode configurations as discussed 1 FIGS. 10A-C, 14A-C, and 19B-C. The
use of a mudtilaver top electrode can significanty lower the Tsol from that of 1O while
mamtaming a high AVT, resulting m (AVT/Tsol) values approaching 2.0. Simultanecusly, the
Rancan be reduced by an order of magnitade and the emisstvity can be lowered to below a valug

of (L1, For values of AVT and T, the top electrode transvmission spectra were used.

{120]  FIG. 17 1o a table that sunanarizes the measured optical and electrical performance of
transparent (PVs comprising a vanety of electrode combinations as discussed m FIGS. FIGS.
H0AC, 4A-C, 15A-DLand 198~ Forvalues of AVT and Te, the device transmission spectra

were used.

{121]  Asshown in FIG. 17, the measwred AVT, Tw and (AVT Tsol} vahues of Stacks #1 - #3
closely match the simulated valugs as shown in FIG 13, Through the use of a multilayer top
electrode with two Ag lavers, Tsol can be lowered while maintaining a high AVT of the
photovoliaie device, and (AVT/ Tsol) values as high as 2.3 can be experimentally achieved,
Simultaneously, the Jsc and power conversion efficiency (PCE} are sipnificantly improved. By
extending the multilaver top electrode concept to a higher efficianey OPV active layer using

Stack #10, both a high PCE and (AVT/Tsol} cant be simubianeously achieved.

j0122]  FIG 18 s atable showing the experimental goussivity valugs of various organic
photovoltaic devices with different electrode configurations according to-various embodiments,
Unlike transparent conductive oxides, multilayer electrudes with one or more metal Tayers can be
engineered with near perfect IR reflection which leads to low thermal emissivity {referved to as
low-e). Thus, & multilayer top elecirode may provide dual functionality as a low-g coating and as
a transparent electrode for a ranspavent photovoltaie device. When ased for arclutectars] glass
applications, it may be desired that the enussivity, defined as the power re-radiated into the
building by a transparent photovoltaic device {as a blackbody emititer), is as Tow as possible. By

using nultiple metal Tayers, the IR reflection of the top electrode may be reduced comparedito
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single ITC laver electrode or 2 multilaver top electrode with a single metal laver, and thus the

enussivity may be minimized.

{0123]  For architectural glass applications, a transparent. photovoltaie device may be integrated
o a windos antt known as an insulated glass unit JGU) that may mclude multiple panes of
glass with a gas filled in the cavity between, The full HGU construction inapacts heat fow
through the windew nto a building. Thus, for such applications it ts desirable to calculate 3 Solar
Heat Gain Costfictent (SHGC) for the IGU The SHGC is the fraction of meident solar vadiation

acdmitted through a window, and can be dafined by the relation
SHGEC =Ty + N - Agyy

where Tu and Asa sre the transmitted and sbsorbed fractions of the incident solar radiation
throngh the IGU and N is the mward Howing fraction (both convective and radiative) of
absorbed heat through the HGU, Selectivity 15 defined as the ratio of AVT of the IGU over
SHOC (AVT/SHGO). Because Tsol 1s huearly related 1o SHGC, high values of AVT{Tsol
eenerally correspond to Wgh values of selectivity. Thus by engineering devices to have a high
reflectivity in the NIR and IR, SHGU can be reduced. By mamtaining a high AVT while
rgjecting as much non-vastble light as possible, 8 transparent photovoltaic device can be

engineered with a high selectvity, which is one of the performance metrics for low-E windows.

[8124] PG 19A 18 8 schematic diagram of 8 simple insulated glass wont (JGU) construction
assurned for calenlanng SHGC and selectivity vahues of the photovaliaie devices in the present
mrvention. We note that in practice, the IGU constroction may vary to include differemt
thicknesses of glass, diffevent spacer distances, and different gas composition. For the
calculations herein, the photovoltaic costings were apphied on the second surface 1912 of glazing
1 1910, which acts as the glass substrate. In this diagram, hght is incident from the left. SHGC
and selectivity were caleulated using Lawrence Berkelay National Lab’s WINDOW software
assuming NFRC 100-2010 environmental conditions, 907 tilt with no deflection, and considering

center-ofglass values only (ignoring contributions from franung).

{B125]  FIG. 198133 table that summarizes the structwres and properties {e.g, AVT, Solar
Heat Gain Coeffictent {SHGO) and selectivity values) of transparent photovoltale devices with a
variety of electrode and active layer combinatioss, as discussed n relation to FIOS, 10A - 100,

9
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114 - 11CL 1RA - 120, and 15A-D, when integrated mto an insulated glass unit according to
FEG. 194, according to various embodiments of the present mvention, For SHGC and
selectivity, the JGU valaes were calculated from the simualated spectra as described above. For
simulated device structures emploving an ITO fop elsctrode (stacks 1, 6, and 8}, a single Ag
layer-containing top electrode {stacks 2 and 4), and a double Ag layer-containing top electrode

{stacks 3, 5, 7,9, and 10). enuissivity values of 0.2, 0.1, and 0.05 were asstmed, respectively.

{126]  As shown m FIG. 198, the introduction of metal layers m the {op electrode reduces the
SHGC while maintaiming a high AVT leading o improved selectivity values. For some
embodiments, SHGC values less than 45% can be achigved while maintaining AVT=>60%

atlowing selectivity values greater than 1.4

{6127 Note that, for a fixed photovoltaic cell selectivity, higher AVT values may be expected
m intrinsically “selective™ active lavers {Le., preferentially UV/NIR absorbing materialsy, This
may be dus to the fact that visible light shsorption is minimized 1 these materials, while they
absorb stronaly i the UV and NIR wavelengths where the multilaver top electrodes have the

highest reflection.

J128]  FIG 19C is a table that sumanarizes the measured optical and electrical performance
{e.g, AVT, SHGC and selectivity values) of transparent OPFVs comprising a vanety of electrode
contbinations as discussed in FIGE. 10, 13, 14A-C and 15A-D, i they wee to be integrated into
an insulated glass unit as 1 FIG. 19A, according to some embodiments of the present invention,
SHGC and selectivity values for the IGU were valoulated from the experimental spactra as

described above.

1291 As shown in FIG. 19C, the measured AV, SHGC, and selectivity values of Stacks #1 -
#3 closely match the stimulated valoes as shown in FIG, 198, Through the use of a multilayer
top electrode with two Ag layers in Stacks 3 and 10, SHGC can be lowered while maintaining a

high AVT of the photovoltaic device, achieving selectivity valueg as lugh as 2.0

j0130]  Although the disclosure has been described with respect to specific smbodiments, it
will be apprectated that the disclosare is mtended to cover all modifications and equivalents

within the scope of the following claims.
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{131]  Acrecitation of “a”, “an” or “the™ is ndtended t0 mean “one or more” uiless specifically
indicated to the contrary. The use of “or™ 13 intended fo mean an “inchasive or,” and not an
“exclusive or” wnless specifically indicated o the contrary. Reference to a “first™ elament does
not necessarily require that a second element be provided. Moreover refergnce to a “first” or a
“second”™ element does not limit the referenced element to a particular location unless expresaly

stated,

{132} Although some embodiments bave been discussed in terms of a layer, the term layer
should be understood such that a layer can inclugds a number of sub-lavers that are buili up io
form the layer of interest. Thus, the term lgver 1s net imtended 1o denote a single Tayer consisting
of a single material, but to enconypass one of wiore matenials lavered i a compostie manner to
form the desired structure. One of ordinary skall in the ant would recognize many variations,

maodifications, and glternatives,

{01331 1tis also undsrstood that the examples and embodiments described herein are for
lustrative purposes only and that various modifications or changes i highy theveof wilt be
suggested 1o persons skilled in the art and are to be {ncloded within the spirit and purview of this

application and scope of the appended claims.

(5]
o
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Last of abbreviations:
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®

TPHy: 2.2'2%(1.3, 5 -Benzmetriyltris{ I-phenvl-1-H-benzinndazole)

HATON: Dipyrazino] 2,.3-1 2°.3%h Jquinoxaline-2.3,6,7.10,1 | -hexacarboniirile
TAPC: 4.4Cyelohexylidenehis] N N-bis(d-methyiphenylibenzengniine]

BCP: Bathocuproine

BPhen: Bathophenanthroline

Smro-ORde TAD: N2 N2 NZ N NTNT NF N -octakis{d-methoxyphenyl}-9, 9
spirobi{ SH-Ouorere]-2, 27,7, T “telramine

MEYCDAL 1 4.5 8-Naphthalenetetracarboxyvlic dianhyduide

NTCDE Napthaleneteracarboxyvhic ditnude

PTCRL Bisbenzimidazo] 2, 1-a :1'.2-0 Janthra[2,1.9-def 10,5, 10-d'e'f 1ditsoguinoline-
16,21 -dione

NPBE: NN -Bigtnaphthalen~1-yI}-NN' -bis(phenyl)-benzidine

NPD: DN -Bis(naphthalen-1-pD-N N -bis{phenyh)-2,2-dimethylbenzidine
TPTPA! Tos{4-{S-phenvithiophen-2-viphenyliaming

PEL polvethvleniming

PEIE: polyethylenimine ethoxylated

PEDOTPSS: poly(3 d-ethylenedioxythiophene) polystyrene sulfonate

AZOr Alaioum-doped zing oxide

170 Indivm-doped zivic oxide

ITO: Indivm-doped iy oxnide

1Z0: Indhumedoped zine oxide

FIO: fuorine-doped tin oxide



CLAIMS

1. A transparent photovoltaic device comprising:

a transparent substrate;

a transparent bottom electrode coupled to the transparent substrate;

an active layer coupled to the transparent bottom electrode; and

a transparent multilayer top electrode comprising:

a seed layer coupled to the active layer; and

a metal layer coupled to the seed layer;

wherein the transparent photovoltaic device is characterized by an average visible
transmission (AVT) greater than 25% and a top electrode sheet resistance that is less than 100
Ohm/sq, and a ratio of the AVT to fraction of transmitted solar radiation (AVT/Tsol) is greater than

1.3 and less than or equal to 2.5.

2. The transparent photovoltaic device of claim 1 wherein:
the seed layer is deposited on the active layer; and

the metal layer is deposited on the seed layer.

3. The transparent photovoltaic device of claim 1 wherein the transparent

photovoltaic device is characterized by an emissivity less than 0.2.

4. The transparent photovoltaic device of claim 1 wherein the seed layer is

charge selective.

5. The transparent photovoltaic device of claim 1 wherein the seed layer

comprises TPBi:C60, ZnO, or some combination thereof.
6. The transparent photovoltaic device of claim 1 wherein the seed layer has

a thickness ranging from 0.1 nm to 100 nm and the metal layer has a thickness ranging from 3

nm to 30 nm.
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7. The transparent photovoltaic device of claim 1 wherein the transparent

multilayer top electrode further comprises an anti-reflection layer deposited on the metal layer.

8. The transparent photovoltaic device of claim 1 wherein the active layer

comprises a tandem cell connected through one or more charge recombination zones.

0. The transparent photovoltaic device of claim 1 wherein the active layer is
transparent in a visible wavelength range and exhibits selective absorption at ultraviolet (UV) or

near infrared (NIR) wavelengths.

10.  The transparent photovoltaic device of claim 1 wherein the transparent
bottom electrode comprises:

a first transparent seed layer;

a second metal layer deposited on the first transparent seed layer; and

a second transparent charge selective layer deposited on the second metal layer.

11. A transparent photovoltaic device comprising:

a transparent substrate;

a transparent bottom electrode coupled to the transparent substrate;

an active layer coupled to the transparent bottom electrode; and

a transparent multilayer top electrode comprising:

a seed layer deposited on the active layer;

a first metal layer deposited on the seed layer;

an interconnect layer deposited on the first metal layer; and

a second metal layer deposited on the interconnect layer.

wherein the transparent photovoltaic device is characterized by an average visible
transmission (AVT) greater than 25%, and a top electrode sheet resistance that is less than 100

Ohm/sq.

12. The transparent photovoltaic device of claim 11 wherein the interconnect

layer comprises a conductive transparent oxide.
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13. The transparent photovoltaic device of claim 11 wherein a ratio of the
AVT to fraction of transmitted solar radiation (AVT/Tsol) is greater than 1.7 and less than or

equal to 2.5 and the transparent photovoltaic device is characterized by an emissivity less than 0.2.

14. The transparent photovoltaic device of claim 11 further comprising an

anti-reflection layer deposited on the second metal layer.

15. The transparent photovoltaic device of claim 11 wherein the transparent
bottom electrode comprises:

a first transparent seed layer;

a third metal layer deposited on the first transparent seed layer; and

a second transparent charge selective layer deposited on the third metal layer.

16.  An insulated glass unit including a transparent photovoltaic device, the
insulated glass unit comprising:
a first glazing; and
a second glazing opposing the first glazing;
wherein the transparent photovoltaic device i1s disposed between the first glazing
and the second glazing and comprises:
a transparent substrate;
a transparent bottom electrode coupled to the transparent substrate;
an active layer coupled to the transparent bottom electrode; and
a transparent multilayer top electrode comprising:
a charge selective seed layer coupled to the active layer; and
a metal layer coupled to the charge selective seed layer;
wherein the insulated glass unit is characterized by an average visible
transmission (AVT) greater than 25% and a ratio of the AVT to fraction of transmitted solar

radiation (AVT/Tsol) is greater than 1.3 and less than or equal to 2.5.
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17. The insulated glass unit of claim 16 wherein the insulated glass unit is
characterized by a ratio of the AVT over a solar heat gain coefficient (SHGC) greater than 1.3 and

less than or equal to 2.5.

18. The insulated glass unit of claim 16 wherein the transparent multilayer top
electrode further comprises one or more interconnect layers and one or more additional metal
layers, each of the one or more interconnect layers being coupled to an adjacent metal layer of

the one or more additional metal layers.
19. The insulated glass unit of claim 18 wherein the insulated glass unit is
characterized by a ratio of the AVT over a solar heat gain coefficient (SHGC) greater than 1.7 and

less than or equal to 2.5.

20. The insulated glass unit of claim 16 wherein the transparent photovoltaic

device further comprises an anti-reflection layer deposited on the metal layer.
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