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METHOD AND SYSTEM FOR MULTILAYER TRANSPARENT
ELECTRODE FOR TRANSPARENT PHOTOVOLTAIC DEVICES

CROSS-REFERENCES TO RELATED APPLICATIONS
{0001} This appleation clabms priovity o LLS. Provisions] Patent Appheation No, 62/731,600,
filed on September 14, 2018, entnled “Method and Svstem for Mudislayer Transpavent Electrode
for Transparemt Photovoliaie Devives,” the disclosure of which is hereby incorporated by

veference in s entireties for all purposes.

BACKGROUND OF THE INVENTION
{00021 Thers has been a prowing intersst in transparent photovoltaic devices that can be
nitegrated wte architectural glass m homes and skvscrapess, automotive glass, as well ax display
sereens wied 1 a desktop monitor, laptop or notebook computer, tabilet conmynder, mobile phone,
g-readers and the like, Transparent photovoltaie devices may include active materials that
transmit visible wavelengths and may selectively absorb light in the ultraviolet {(UIV) and near
infraved (NIR) wavelengths, For architectural glass applications, there is a need for improved
transparent photovoltaie devices that exhibit high ratios of average visible ransmussion (AVT)
over fraction of solar transnission {Tsol), high selectivity {defined as the ratio of AVT over solar

heat pain coefficient (SHGU Y, and fow emissivity values.

SUMMARY OF THE INVENTION
[6803]  According to some gmbodiments of the present invention, & nwltilayer top electrode.
which may include one or more discrete metal layers, s utilized i bansparent photovoltaie
devices to improve NIR reflection in the device, which reduces the Tsol, SHGC, and the device

emissivity.
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{0004] Accordmg to an embodiment of the present invention, a ransparent phiotovoltaic device
1s provided, The transparent photovoltaic device includes a transparent substrate and a
transparent bottom slectrode coupled to the ranspavent substrate. Thetransparent photovoltae
device also wcludes an sctive laver coupled to the transparent bottom elecivode and a transparent
multilayer top electrode that includes a seed laver coupled to the active layer and a metal layer
coupled to the seed laver. The transparent photovoltaie device s characterized by an averags
visible transmssion {AVT) greater than 23%, and a top electrode shestrasistance that is less than
100 Ohw'sg. In a particular embodiment, the ratio of AVT 1o fraction of transmitted solar

radiation {AV T/ Tsol) Is greater than 1.3 and less thaw or squal to 2.5.

[0003]  According to another embodiment of the present invention, a transparent photovoltaie
device s provided. The tranisparent photovoliair device mcludes a transparent substrate and &
rasparent bottom electrode coupled to the rauspavent substeate, The wansparent photovoltaie
device also wrludes an active laver coupled to the transparent bottom electrode and a transparent
mudtifaver top slectrede. The wansparent multdayer top electrode includses a seed laver deposited
on the active layer, a first metal layer deposited on the seed layer, an interconnect layver deposited
on the first metal laver, and a second metal layver deposited on the interconnect layer. The
transparent photovoltate device is characterized by an average visible transmussion (AVT)
greater than 25%, and a top electrode sheet resistange that is less than 100 Oluw/sq. In aspecific
embodiment, the ratio of the AVT o fracuon of tansmitted solar radiation {AVT/Tsol} is gpreater

thawe 1.7 and less thawvor equal fo 2.5,

{0006]  According to a particular embodiment of the present invention, an insulated glass unit
(FGU including o transparent photovoltaie device s provided. The IGU ticludes & first glazing
and & second glazing opposing the first glazing, The transgparent photovoltaic device s disposed
berween the first plazing and the second plazing and includes a wransparent substrate, a
transparent botiom electrode coupled to the transparent substrate, an active laver coupled to the
transparent bottom glectrade, and a wansparent nudiilaver top electrode, The tiansparent
vdtilaver top electrode inchudes a chavge selective seed laver coupled to the active layerand a
metal layver coupled to the charge selective seed laver. The insulated glass wnit is characterized

by an average visible transmission {AVT) greater than 25%. In some ewbodiments, the IGU &
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characterized by a selectivity greater than 1.3 and less than or aqual to 2.5, although this s not

reguired by the present mvention

071 According to somme embodiments, a photovoltaie device includes a ransparent
substrate, a transparent bottom electrode coupled to the transparent substrate, an active layer,
which can include a tandem or multi-juniction cell, coupled to the transparent botiom electrode,
and a transparent top electrode. The transparest bottom electrode can inglude a first transparent
conducting oxide laver, & second medal layver, and a second transparent conducting oxide layer,
The active layer is transparent in the visible wavelength range by soue smbodiments and the
active layer can include an organic small molecule semiconductor with selective abserption in
the NIR.

{0008]  The transparent 1op electrods includes a seed laver, which can be a charge selective
seed layer, coupled to the active layer, and a metal laver coupled 1o the seed laver. The seed
laver can include one of HAT-UN, TPBLC60, mdium tin oxide (ITOY, 200, Sa(q, antimony
doped tin oxade {ATQO), alusinuni-doped zinc-oxide (AZO), indimm-doped cadnuum~oxide,
fluorine doped tin oxide (FTO), or a combination thereof and can have a seed layer thickness
vanging fom 0.1 nmto 100 any. The metal layer can include at least one of Ap, Au, Al Sp, or
Cu. In some embodiments, the metal laver includes an alloyof Ag, Au, Sn AL Cu, e
combinations thersof, for example, Al doped Ap or Su doped Ag. Themetal layver can have a
thickness ranging from 3 nan 1o 3 nm. The transparent top electrode can also include an anti-

reflection laver coupled to the metal fayer.

{0009  The photovoltaic devige 1s charactevized by an AVT value that 1s preater than 25%, and
# top electrode sheet vesistance that is less than 100 Ohnvsq. The AVT can be greater 33%,

greater than 45%, or greater than 60%.

[6010]  According to sone other emnbodiments, a transparent photovoltaic device inchudes a
transparvent substrate, a fransparent bottom elecivode coupled 1o the travsparent substrate, an
active laver coupled to the transparent bottom elecirode, and a transpavent top electrode. The
transparent top electrode includes a seed layer coupled w the active laver, o first metal layer
couphed 1o the seed laver, an intercomnect laver {e.g, ¢ transparent conducting oxide) conpled fo

the fiest metal layer, and 2 second metal layet coupled to the mterconnect laver. The
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photovoltate device is.charactenized by an AVT that is greater than 25%, and a top electrode

sheet resistance that is less than 100 Obmisg.

{011} The active layer can include s transparent organic or inorganic material. The
mterconnect layer can have a thickness ranging from § om o 120 mm. Each of the first metal
faverand the second metal layer can bave a thickaess fangag fom 3 fim 1o 30 wis. The seed
faver can be charge selective. As an example, the seed laver can include one of HAT-CN,
TPB:CE0, mdivm tin oxide (1TOY, Zn0, Sn(:, antimony doped tin oxide (ATO), sluminum-
doped zinc-oxide {AZQ)), indhwn-doped cadmium-oxide, fuorine doped tin oxade (FTO), or a
combinatinn thersof. The top electrode can also fnclude an anti-reflection laver voupled (o the
second metal fayer. The transparent bottom electrode can include a transparent conducting
oxide. Inother embodiments, the transparent botton electrode sncludes & first transpareat sead
faver (e.n., & tansparent conducting oxide or g wansparent oxide), 3 thivd metal layer, and a

charge selective laver (2.2, 8 transparent conducting oxide or 8 ansparent oxide).

00121 According to some further evnbodiments, a photovioltaic device includes a transparent
substrate, a transparent bottom electrode coupled to the transparent substrate, active layer(s)
comprising g-Single junction or multiple junctions connected through charge recombination
zoues coupled to the transparent bottonyelectrode, and a multilayer top electrode. The mudtilayer
top electrode meludes a charge selective seed layver coupled 1o the active layer(s). and a metal
layer coupled 1o the charge selective seed layer. The photovoltaie device is characterized by an
AVT that is greater than about 25%, and a top electrode sheet vesistance that is lessthan abogt

100 ohinfsg:

f0013] The active region can include a single junction or multiple junctions connected through
charge recombination zones. In one embodiment, the active region includes an orgamc small
molecule senticonductor with selective absorption i the NIR. The transpavent multilaver top
slectrode can inchisde an interconnect Tayer coupled 1o the metal laver and 8 second metal layer
coupled 1o the interconnect layer, The transparent nultilayer top electrode can also include an
anti~reflection layer conpled 1o the secontd metal layer. In an embodiment, the transparent
mulitlaver top electrode inclades one or more additional interconnect layers and one or more
addiional roetal lavers, each of the ome 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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multilayer top electrode can melude an anti-reflection layer coupled to the {op-most metal layer

of the one or more additional metal lavers.

{014]  The charge selective seed lavarcan tnclude HAT-CN, TEBHC60, indiwn tin oxide
{FTO), Zu0, $a0:, antimony doped tin oxide (ATO), alununurn-doped zing-oxide {(AZO);
mdinm-doped cadminm-oxide, fluoring doped tn oxide {FTOY, or a combination thereof. The
charge selective seed laver can have & tluckness rangmng from €.1 am to 100 nm. The metal layer
caiy mclude Ag, A, AL Snoor Co. The metal laver can inchude an allov of Ag. A, S Al or Cu
oy combinations thereof, for example Aldoped Agan can have a thickness ranging from 3 nm to
30 nin.. The interconinect layer, which can be a transparent conducting oxide ora wansparent
oxide, can have a thickness ranging from § am to 120.0m. The transparent bottom electrode can

nclude a transparent conducting oxide.

[0015]  According to an alternative embodiment of the present tnvention, & photoveltsic device
is provided. The photovoltaic device mcludes a transparent substrate, a transparent bottom
electrode coupled to the transparent substrate, an active laver coupled to the transparent bottom
electrode, and a transparent top electrode. The transparent top electrode includes a charge
selective seed laver coupled to the aotive layer and & fivst metal layer coupled to the charge
selective seed layer. The photovoltaic device is characterized by a peak in absorption ata
wavelength sbove 630 nm or below 450 nm, an average visible transmission greater than 23%,
and & selectivity greater than 130 In an embodiment, the photovohate device also includes an
mierconnect fayer coupled to the first wetal layverand a second metal laver coupled to the
mterconnect faver. The second metal laver is electrically coupled tothe first metal faver through
the interconnect layer. In an embodiment, the selettivity is greater than 1.4, for example,

between § 4and 2,19, alihough this is not required by the present invention.

BRIEF DESCRIPTION OF THE DRAWINGS
[0016] FIG. 1 showsa schematic cross-sectional view of a ransparent photovoltaie device that

includes a multilayer top electrode according 1o some embodiments of the present fnvention.
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{0017]  FIG. 2A shows a schematic cross-sectional view of a photovoltaie devics that includes
a mudtilayer top elecirode with a single metal laver according to some embodiments of the

present myvention.

[0018] FIG. 2B shows a schematic cross-sectional view of a photovoltaic device that weludes
a minllaver bottom glecirode with a single metal laver paired withia multilayer top electrode

with a single metal laver according to some emboduments of the present nvention,

{019]  FIG. 3A shows a schemalic cross-sectional view of a photovoltaic device that includes
amuittlayver top electrode with bwo metal lavers according 1o some embodiments of the present

mvention.

0020] FIG 3B shows a schematic cross-sectional view of a photovoliaic device that includes
a muttilaver bottom slectrode with a single metal layer paired with & multilayer top electrode

with two metal layers according to some embodiments of the present invention,

{8021] FIG. 4 shows 2 schematic energy level diapran whereby the charge selective seed layer
functions as.an glectron transpost layer within a transparent photoveltaic device according fo

soime embodiments of the present invention.

J0022]  FlG. 3 chows a schematic engrgy lovel diagrany whereby the charge selective sesd layer

functions as'a hole transport laver within g transparent photovoltaic device accordmg to some

embodiments of the present invention.

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

glectrode configurations according to some embodiments of the present invention.

[B024]  FIG. 7A shows sinudated transnussion curves va, wavelength for a commercial {ITO
electrode (solid Hine), a mulitlaver electrode with a single Ag layver {dashed line), and a
multilaver electrode with two Ag layers (dotted hine) according to some embodiments of the

present nvertion.

[0025]  FIG. 7B shows simulated reflection curves vs. wavelength for the commercial IT0O
electrode (sobid Ling), the multilaver slectrode with a single Ag laver {dashed line), and the
malilaver electvode with two Ag layers (dotted ling), according to some embodiments of the

present invention.
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{0026]  FIG & fhustrates schematically a reflection curve vs, wavelengtls (solid hne) of a
nultdaver top clectrode, a representative absorption curve for a non-selective active laver
absorber (dashed ling), and the corresponding enhanced absorption curve (dotted ine) when
patied with the pultilaver top slettiode, agcording to soms eiibodiments of the presem

HIvention.

00271 FIG. 9 shows exsmplary spectra of absorption coefficienss for D100, C60, and a

00060 blend, respectively: sccording to some embadiments of the present tnvention,

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

configurations for OPVY according 10 soine smbodiments of the present invention.

[0029] FI(: 10B shows simulated reflection curves vs. wavelength of various elecirode

configurations:for the QOPV devices according to some embodiments of the present invention.

J0038] FIG 10C shows strudated active laver absorption curves vs. wavelength of various
elecirode confimerations for the OPV devicey according to some embodiments of the present

mvention,

0031 FIG 11A shows simulated transmission curyes vs, wavelength for two electrode
configurations used in morgame photovoltaic devices that include CulnoeeGa 0nSe (CIG8Y

the active layer according to somé embodiments of the present mvention.

JO032]  FIG. 118 shows sunulated veflection curves vs. wavelength for the two slectrode
configurations-used in the morganic photovoltme devices that includes CHGS in the active layer

according o some embodiments of the present invention.

{0331 FIG 110 shows simudated active layer sbsoptioncarves vs. wavelength for the two
electrode configarations used in the inorganic photovoltaic devices that include CIGS in the

active layer accordmg to some embodiments of the present wrvention.
[034]  FIG. 12A shows sindlated transoxission curves vs. wavelength for the two elscirode
configurations used in photovoltaic devices that include methylamamonium lead todide (MAPHE)

perovskite i the active laver according {o some embodiments of the present invention.
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{0035]  FIG. 12B shows simulated reflection curves vs. wavelength for the two electrods
configurations used in the photovoltaic devices that include MAPbIy perovskite in the active

laver aceordimg to some enbodiments of the present invention.

[0036]  FIG. 12C shows stmudated active laver absorption curves vs. wavelength for the two
electrode configurations used in the photovoltaic devices that include MAPDBL: perovskite in the

active laver according to some smbodiments of the present invention,

{B037]  FIG 1335 a table that sununarizes the strectures and propertiss of transparent
photovoltaic devices with a varely of electrode and active laver combinations, as discussed in
velation to FIGE, 104~ 1K, 11A - 110, and 12A - 120, according to vanious embodiments of

the present mvention.

{8038  FIG. 144 shows experimental current density-voltage cirves of OPVy with a vartety of
electrode and active layer combinations tested under a solar simulator calibrated to AM13G

dhumination sccording 1o some ambodiments of the present invention,

[0039]  FIG. 148 shows the comresponding external quantumi effciency (EQE) curves vs.

wavelength for these OPVs socording to some embodiments of the present invention.

{0040] FIG. 14C shows the corresponding transmission curves vs. wavelength of the various
{PVs obtained from experiment according to-some embodiments of the present fnvention.
8041]  FIG. 13A shows exemplary spectia of shsorpticn coefhciants for orgamic active laver
materials, saccording o some smbodiments of the present Invention.

{08421 FIG. 138 shows an experimental current density-voltage cosve of an OPV tested wider
a solay simulator ealibrated o AMI.5G slhanination according to some embodiments of the

present imvention.

{043]  FIG. 150 shows the corresponding EQE curve vs. wavelength for the OPV of FIG. 158

according to some smbadiments of the prasent invention.

B044]  FIG. 15D shows the cofresponding fransmission curve ve. wavelength of the OPV of

Fi(G. 138 obtatned from experiment aceordmg to some enshodunents of the present invention.
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{0045]  FIG. 16 18 3 table that stoamarizes the measured optical and electrical performance of a
variety of electrode combinations as discussed in FIGS. 10A-C, 14A-C, and 19B-C according to

some smbodiments of the present invention.

[0046]  FIG. 17 15 atable that summarizes the measured optical and electrical performance of
transparent OPVs comprising a variety of electrode combinations as discussed in FIGS. 10A-C,

14A-C, 13A-Dand 198-C according to some embodiments of the present invention.

{0471 FIG, 1835 5 table showing the experimental emissivity values of various organic
photovoltaic devices (OPVs) with different electrode configurations according to various

ebodiments of the present nvention.

[0648] FiG. 19A shows a schematic of an example msulated glass wit (JGU) construction that

was used to calealate theromal properties of photovoliaie devices i the present inventivn.

f0049] FIG 198 i a table that summarizes the structores and properties of transparent
photovoltaie devices with g vatiety of elecirode and active layer combinations. as discussed
velation o FIGS. 10A - 10C, 11TA - YIC 12A < 120, and 13A-D, when mtegrated into an
msulated glass unit according to FIG. 19A, according to various embodiments of the present

nvention

{050]  FIG. 190 15 a table that sununarizes the measured optical and electrical performance of
tracsparent OP Vs coraprising a variety of slectrode combinations as discussed i FIGS, 10, 13,
14A-C, and 15A-D, if they were to be integrated into an insulated glass unit as in FIG. 194,

according to some embodiments of the present invention.

DETAILED DESCRIPTION OF SPECIFIC EMBODIMENTS
[0051]  Average Visible Transmission {AVT) is defined as the weighted average of the

fransniission spectram against the photapic response of the human eve.
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where & 15 the wavelength, 7 is the transmission, F s the photopic response, and S is the solar
photon flux (AM1.5G) for window applications, or 1 for other applications. AVT is also referred
o as Tvisdn thewindow mdustry. For the parpose of this invention, the word “ransparent” means

AVT gregter than zero.

{00521 Tsolbis the fraction of solar radiation admitied througly 4 medinm and can be referred t©
as the fraction of transieitted solar radiation. Whena transparent photoveltaic device 1s used for
architectuval glass applications, it may be desired that the transparent photovoliaie device is
selective in that it rejects as much of the solar specinem as possible 1o achieve low values of Tsol
while still allowing a significant fraction of visible light to be ransmitted. This can be guantified
matntaining high AVT while rejecting as-nwuch non-visthle light as possible, a tratsparent
photovoltaie device can be enginegred withoa high (AVT/ Tsoly. A relatively high reflection m

the NIR and IR wavelengths may decrease the Tsol:

053] According to some simbodiments of the pressnt invention, transparent photovohais
devices may utihize a muditlayer top glectrode that includes one ormore discrate metal layers o
achieve high AVT, enhanced active laver absorption in the NIR and IR wavelangths {thus larger
short cireuit current density Jse, high AVT/Tsel, low emissivity (fow-e}, as well as low sheet
resistance of the electrode. I some smbodiments, & multilayer bottom slectrode that meludes

ome or mwore discrete metal lavers may alsoe be utilized.

jB054]  FIG. | shows a schematic cross-sectibnal view of a transparent photovoltaic device 100
according o some embodiments of the present myvention. The transparent photovoltaie device
100 rmay nchude a transparent substrate 110, a1 transparent bottoin electrode 120, ant active layer
130, and 2 wuhilayertop electrode 140, The substeate 110 may inchude glass, guartz, or polymer

materials.

[00S5]  The bottom electrode 120 may niclade transparent oxides, sach as indivn tin oxade
{ITO), Zn0, Sa0:, antimony doped tin oxide (ATO), slominunu-doped zinc-oxide (AZO),
mdivm-doped cadnuam-oxide, floorine doped nin oxide (FTO), iIndiwn zine oxade {12043, carbon

wmanotubes; graphene, sibver nanowires, ot corabingtions thercofl In some embodiments, the

10
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bottony electrode 120 may also include one o1 more discrete metal layers, similar to the

nudtdaver top electrode 14

{0056]  The active laver 130 may include a single layver or multiple layers. The active layer
may inclade organic semiconducting materials sach as small molecules or polymers or other
molevular excitonic materials. The active laver may also include norganic materials, such as
CulnGasSe (CHGE), amorphous 81, methylammonium lead todide (MAPDL) perovskug,
guantum dots; carbon nanolubes, and the like. Some common erganie small molecules may
mctude phihalocyanines, porphyrins, naphthalocynanines, squaraines, boron-dipyrromethenes,
fulleranes, naphthalenes.and pervienes. Some examples inchude chloroakuminum phthalocvanine
{CIAIPc) or tin phthalocyanine {SaPc) as an electron donor, and fullerene (Cso) acting as an
electron acceptor, Additional deseriptions of possible matenials for the active layer are provided
i LS. Patent Apphication Publication Nos. Z012/0186623 and 2018/0108846, U8, Patent
Application Serial Nos. 16/010.374, 16/010,364, 16/010.365, 16/010.371, and 16/01036%, and
PCT Application Serigl No. POT/USZ018/037923, the contents of which are incorporated by

reference in ther entirety for all purposes.

[8037]  The multilayertop electrode 140 may imchude a charge selective seed layer 130, a metal
layer | 160g, and an anti-reflection laver 190, The anti-reflection layer 190 is optional. The
multilayver top glectrode 140 wayv further include ong or more addisional diserete metal layers
1604 throngh 160 and one or more intgrconnect fayers 170a through 1 70n, where gach
respective mnterconnect layer 17018 disposed between each pair of adiscent metal lgvers 160,
Each of the charge selective seed layer 150, the metal tayer 1 100a, the interconnect layer 1 1703,
and the antiwreflection laver 190 may wiclude o single laver or multiple lavers. Thus, although
metal layers 160 may be referred to using a common reference munber, it shoudd be appreciated
that the metal materials present in each of metal layers 160 can be different metals, Asan
example, a first metal (or metal allov) conld be utilized for metal layer 1 160a and a different
metal {or metal alloy) could be utitized for metal layer 2 160b. Similarly, although interconnset
lavers 170 may be referred to using a commuon reference mumber; it should be appreciated that
the matesials present in each of interconnect lavers 170 can be different metals. One of oedinary

skill i the art would recognize many vanations, modifications, and alternatives:

11
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{0058]  Thecharge selective sead laver 130 may include oxides, organic materials; refractory
metals, or combinations thereof. The charge selective seed laver 130 may serve as a.charge
carrier transport laver (e.g., eleetvon transport faver or hole transport laver). The charge selective
seed laver 130 may exhibit electrical conductivity and electronic propertiss that prombte
conformal growth of the overlying metal layer 1 160a. 1o various embodiments, the seed layer
cans have g thickuess that rangss from 4.1 amto 100 nm. For example, the thickness of the seed
layer can be less than 1 nm, less than 5 nm, less than 10 nm, less than 20 om, less than 30 nm,

fess than 40 nm. less than 530 nm. or less than 100 nm.

{0059] Each metal laver 160 may include & pure metal such as Ag. Au, AL, or Cu, or doped
metals such as AlAg, or Ag layered with ultra-thin refeactory metals such as Cr. The metal
fayer 1 1600 maay have the lowest resistance among thevarious lavets and may previde the
dominant path for lateral charge conduction in the muliilaver wop elecrode 140, In various
embodiments, the metal laver can have a thickness rangiong from 3 nm to 30 am, for example,
from'3 nm to 10 nm, from 10 nm to 15 nm, from 15 nm to 20 nm, from 20 nm to 25 nm, or from

25 nm to 30 nm.

[0060] Each interconnect laver 170 may include oxides, organic materials, refractory metals,
or combinations thereof. The interconnect layer 1 170z may function as an optical spacer while
provicding an eleetrical connection between two neighboring metal layers. so that the overall
sheet resistance of the compogite elecirade 140 18 reduced from that of a multilayver electrode
with asingle mets! layer, In various embodirsents, the interconngct layer can have a thickness
ranging from 1 mato 120 am. For example, the thickness can be less than 5 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.

{0661] The anti~reflection layer 190 may be an optically enpincered layer that reduces
veflection at visible wavelenpths while improving the AVT of the averall photovoltaie device
100, Theantiweflection laver 190 need not be electrically conducting and may include oxides,

carbides, nitrides, sulfides or orgamc materials.
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{0062]  FIG. 2A shows a schematic cross-sectional view of a photovoltaie device 200 that
cledes a muditlaver top electrode 2440 with & single metad layer 260 according to some
embodiments of the present nvention.. The mudtifayer top elecirode 240 mayv tclade a-charge
selective seed laver 230, gmstal laver 260, and an anti-reflection layer 290, Each of the charge
selective seed layer 250, the metal layer 260, and the anti-reflection layer 290 may include a
single laver or multiple lavers (Le., sublavers). Thus, the term "layver™ as utihzed 1o the
spacification does not necessarily connote a single unit of consistent material, but can include
multiple sublavers to form 8 laver. As an example, an anti-reflection costing may consist of a
single layer of material or multiple layers of different materials that form the coating.
Accordingly, this coating, or other lavers described herein may be referred to as g layer although
the layer would include muluple sublavers. The multilaver top electrode 240 may allow
simultaneous opisnization of electrical conductance and optical transmitiance of the photovelaic
device 200, leading to improved AVT and sheet resistance values compared to other transparent

electrodes, such as TTO, FTO, AZO or other transparent conductive oxides.

{0063} FIG. 2B shows g schematic cross-sectional view of a photovoltaic device 202 that
nclhudes a multilaver bottom electrode 220 paived with the mudtilayer top electrode 240
according o some embodiments of the present ivention. The multilayer botton electrode 220
may include a seed laver 222, g metal laver 224, gnd a charge selective layer 226, Each of the
seed laver 222, the metal layer 224, and the charpe selective laver 226 may include g single laver
ot mutltiple lavers. The optional seed tayer 222 may meclude oxtdes, sulftdes, orgavie naterials,
refraciory metals, ot combinations thereof, that may promote conformal growth of the overlving
thin metal layer. These seed layer 222 need not be conductive. However, using conductive
layers may be beneficial in reducmng the overall sheet resistance of the nuditlayer bottom
electrode 220. The optional charge selective laver 226 nay imclude oxides, sulfides, floorides,
metals andfor organic materials, such that the metal laver 224 18 elecirically-connected to the

active faver 130 1 the photovoltaic device 200,

f0064]  According to some embodiments of the present invention, transparent photovoltaic
devices may uiitize a top electrode with meluple discrete metal layers spaced apart by

mtercomnect lavers to simudtaneously optimize AVTTsol, emissivity and device performance.
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{0065]  FIG. 3A shows a schematic cross-sectional view of a photovoltaie device 300 that
mcledes a muditlaver top electrode 340 with two metal lavers 360 and 380 according {0 some
embodiments of the present nvention.. The mudtifayer top elecirode 340 mayv mclade a-charge
selective seed laver 330, a first metal laver 360, an mterconnect layer 370, a second metal layer
380, and an anti-reflection layer 390, The anti-reflection layer 390 is optional. Each of the
charge selective seed laver 358, the first metal laver 360, the intercannect laver 370, the second
metal fayer 380, and the anti-reflection layver 390 may include a single layer or multiple layers.
The second metal layer can be similar to the fivst metal laver as desoribed hersin. Asan
example, the second metal Jayer can have a thickuess ranping from 3 mmte 10 am, 10 nmto 15

oo, T3 te 20 nm, 20 novto 25 am, or 25 am to 30 mm.

{0066]  FIG. 3B shows a schematic cross-sectional view of a phatovoltaic device 302 that
includes g naltilaver boitom electrode 320 paired with the muultilayer top electrode 340
accorcing to some embodiments of the present mvention. The mudttlayer bottom glectrode 320

may include a sped laver 322, a metal layer 324, and a charge selective layer 326,

{0067 The properties and fumetions of the vantous layers in a multdayer slectrode are

discussed in morg detatl below,

{0068] The charge selective seed laver may melude asingle laver or multiple layers. The
charge selective seed laver is preferably conductive and has elecironic properties suitable as a
charge carrier ransport layer. When serving as an electron transport layver, the layer within the
charge selective seed laver adjacent 1o the active layer may have an electron affinity (EA)
aligned with the active layer EA and a high electron mobility. These charactenstics mpy allow
electrems to flow through the layer, while holes are “blocked” and cannot go through. Such
slectron selective lavers may comprise TP, Fullerenes, €60, €70, TPBLCod, BCP, BPheu,
PEL BEIE NTCDY, NTCDA, PTCBI, fluorides suchas LiF, Zn, Ti0s, and combinations and
derivatives thercof. When serving as a hole transport layver, the layver within the charge sefetthve
seed layer adjacent to the gctive laver niay have an tonization potential {(IP) aligned with the
active layer IP and a high hole mobilitv. A hole transport laver may allow holes to flow through
the laver whils electrons are “blocked.” Such hole selective lavers may comprise HAT-ON,
TAPC, Spro-OMeTAD, NPR, WPD, TPTPA, MoO:, WO;, ViOs and combinations and
derivatives thereof.
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{0069]  FIG. 4 shows a schematic enerpy level diagram whereby the charge selective seed layer
functions as an electron transport layver within a transparent photovoltaie device according to
some grmbodimants of the presentinvention. Work function of the cathode and anode ate Iabeled
as dro and ¢, respectively. The EA of the chavge selective sied laver is aligned with that of
the active layer torallow electrons 1o flow through the laver. The 1P of the chargs selective sesd
laveris larger than that of the active laver such that holegs are “blocked” from reaching the metal

fayer acting as a cathode,

[8070] FIG 5 shows g schematic energy level diagram wheveby the charge selective sesd layer
functions as a hole tansport layer within a transparent photovoltaic device according 1o some
embodiments of the present tnvention. The IP of the charge selective seed layer s aligned with
that-of the active layer to allow holes to How through the faver, The EA of the charge selective
seed layer is smaller than that of the active laver such thas electrons ave “blocked™ from reaching

the metal layer acting as an anode.

071]  The top surface of the charge selective seed laver may be characterized by a relatively
low interfacial energy with the overlying metal laver. Lowering the freg energy of the charge
selective seed-metal interfice promotes conformal prowth of the overlying metal laver (as
opposed to island formation or three-dimensional growth). In some embodiments, the properties
of the charge selective seed layer may lead to a surface roughuess of the overlying metal layer
that iy less than about $0% of its thickness.  Such top surface lavers tagy comprise nQ, AZG,
ITO, SnO:, sulfides such as Znl, refractory metal layer {e.g., 1-2 o) such as Ti, Cr, Ny, and
Ni:COr, and organic sexiconductons such gs those Listed above. Muttilayer charge selective seeds
may include combinations of layers, such as TPB1:C60/Zn0, TPBi:C60/ITO, TPBi:C60/AZO,
TPBLCeSnO:, HATCNMoO:, ZnO/Cr, TIOWNLCr ate., as discussed ghove.

j0072]  In some embodunents, the charge selective seed layer may be chargoterized by g
telatively low apticsl extinetion cocfficient (k) such that parasing shsorption i nunimized. The
charge selective seed laver may be configured to fmprove the AVT of the entive photovoltaic
device by tuning the optics! field profile wathin the active-lavers. For example, the index {or
ndices} of refraction of the constituents of the charge selective seed layer and their thicknesses

iy be tailoved to achieve this effect. In cases where k of the seed s not maninnzed, 118
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absorption features may be tuned to-achieve a dexived color for the photovoltae device stack,

The charge selective seed layer may have a thickness ranging from abowt 1 nm toabout 100 nm.

{0073]  The charge selective sead laver may be deposited by vacuum thermal evaporation
{VTE}, organic vapor phase depostiion {OVPD), electron beam physical vapor deposition
(EBPYD), sputtering, atomic layer deposition {ALD), chamical vapor deposition (OVD), or

sofution processing.

{0074]  Fachmetal layer may include & single layver or multiple lavers. Each mstal laver may
motude a puresmetal such as Mg, Au, AL or Cu, or doped metals suchas Al Ag and SwAg, or
combinations theveof. Insome embodinents, the doping concentration may be less thaw about
10%. Ag may be advantageously used, as Ag provides less parasitic absorption and higher
visible fransmission as compared to other metals. Bach metal layer may be deposited by

sputtering, VTE, EBRPVD, CVD, or solution processing.

{075 Themetal layers may have the highest condactivity-among the vavious layers of the
ultilaver top glecirode. Thus, the metal layvers may provide the dominant paths for lateral
charge conduction in the multtlayer top electrode. Each metal laver may be chavacterized by a
relatively low sheet vesistance. For example, the sheet resistance of each metal laver may be less
than about 100 Ohav'sq.. The sheet resistance of the metal layers can be less than 50 Ohmdsg,
less than 30 Ohmsq, less than 20 Ohmisg, less than 10 Ohmy'sg, or less than 3 Ohmsq. Ina
particular embodiment, the sheet resistance of the metal lavers ranges from 1 Olun/sq o 10

QOlunisq.

[0076] The use of metals in the multilayer top electrades may provide relatively high reflection
i the NIR and IR wavelength range, so that NIRAR Hght may be reflected back into theactive
layerfor a second pass, theveby increasing total absorption of the NIRAR light by the active
laver; as discussed below with respect to FIGS. 7TA - TBand 8. Asaresult, the Jso mmay be

selectively enhanced iy this wavelength vange.

{6077 Theuse ofmetal lavers mav redice the emissivity {e.g., below sbout 0.2) and ingrease
the AVT/Tsol {e.g., greater than 1.4} of the photovoltaic device. The hugh IR reflectivity of the

metal layers leads to 4 Tow thermal ve-radiation efficiency, and hence low emisstvity values, The
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high NIR reflectivity veduces the Tsol while maintaining a high AVT. This results in a high

vatios of AVTTsol of the photovoltaic device.

{0078]  Each metal laver mgy have a thickness ranging from about 3 nm to abowt 30 am. In
general, increasing thickness may result in decreased AVT and decreased emissivity, while
reducing the sheet resistance of the multilayer top electrode. Therefore, for a ttansparens
photovoltaic device, there may be a tradeoft between AVT and Ru/Tsollenmissivity. By

exploiting the optical properties of the smultilayver top slectrode, this tradeoff mav be mitigated.

[0079] Each misrconsect layer may function as an optical spacer betwegn iwo neighboring
raetal layvers, and may belp create resonant mode(s) withe mudtilayer top slectrode so that it
preferentially fransmits vistbie light while rejfecting UV and NIR/R wavelengths. As soch, the
mterconnect layers may help increase the ratio of AVTTsol of the muliilayer top electrode. The
interconnect layers may be characterized by relatively low k values in the visible wavelength
range {e.g., from about 400 wa to about 700 num}, such that parasitic sbsorption is muinimized.
Multiple layers may be used i corobingtion to tatlor the transniited and reflected color, the

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

HI080]  EBach mderconnect laver may nclude a single layer or multiple layers and may have g
thickness ranging from abont 5 nm fo about 100 nn. Each interconnect layer may nclude
conductive oxides {a.g., ITO, £n(3, AZO, 120, Ti0x, WO;, MoOs, Vi, RO and 85a802),
sutfides such as ZnS or organic materigls such as PEDOQT PSS, HAT-CON, TAPC, NTCDY,

NTCDA, and TFBL. or combinations and degivatives thersof. Each usterconnect layer may be

deposited by sputtering, VTE, EBPVDL ALD, CVD, or sclution processing.

[BO81]  Similar to the charge selective seed laver, the top surface of the mitsrcomnect layer may
be characterized by relatively low mterfacial energy with the overlving metal layer so as to
promote conformat growth of the ovarlying metal laver. Each interconnect laver may include a
thin metal layer {e.g.. 1-2nmy), sachas T, Cr, Wi, or NiCr, to promote adhesion of the adjacent

metal laver to the imterconnect layer.

{6682} The intevconmect layers may have some electrical conductivity to provide a vertical
charge conduction path between two neighboring metal layers. Assuch, the oversll sheet
resistance of the multilaver toprelectrode with nuultiple metal lavers may be reduced below that
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of a mudtilayer top slectrode with only the:first metal layer. The reduced sheet resistance may
result i lower emissivity valves. Becagse each inferconnect layer is relatively thin {e.g., 5- 100
i thack), the resistance of the nteyconnect layer- tnvthe vertical divection, may still be
reashnably low o result i a relativaly low overall shest resistance of the multslayer top

elecirode,

[0083] The anti-reflection laver may molude a single laver or multiple lavers. In some
embodiments of the present invention, the anti-reflection laver may include oxides such ax 510,
ITQ, Za0, AZC, 120, Ti0:, WO, Mo, Va(s 8n(h, N0, ALQs, WhaOs and HiO:, organics
such as HAT-ON, TAPC, BCP, BPhen, TPBIL, NTCDI, and NTCDA and combinations and
derivatives thereof, sulfides such as Za8 or anrides such ss $i:Ns and AIN, The anti-reflection

layer may be deposited by sputtering, VTE, EBPVD, ALD, CVD, orsolution processing.

j0084] The anti-reflection laver may also function as a protection layer for improving the
hifetisne of the photoveltaic cell, Thus, the anti-reflection layer may have desired barrier
properties ggainst oxygen and moisture mgress o the underbyving layers, The anti-reflection
layer may also sgrve as a cap layer for improving the mechanical durabibity of the photovoltaic

device.

{0085]  The anti-reflection layer may be characterized by n > 1.0 fromm about 400 1un 1o about
F00 nm with a higher index of refraction in the visible wavelength range leading to wmproved
AVT and reduced reflection of the photovollaie device. The anti-veflection laver may have
velatively low k values in the visible wavelength range from about 400 nm to about 700 ww such
that parasitic abserption s minimized.  But this isnot reguived. The anti-reflection layer may
also be used o tune the transmitted or reflected colors of the photovoltaic devite. For example,

the anti-reflection laver may be wsed a5 a color neutralizing layer.

[6086]  Multilayer top electrodes that include a single metal laver (e, the mulitlavet top
slectrode 240 of the photovoliaic device 200 ag tHlustrated in FIG. 2A) or with multiple metal
layers (e.g., the multtlayer top electrode 340 of the photoveltaic device 300 as illustrated in FIG.
3A) may allow stmultaneous optimization of electrical conductance and opuical ransnutance of
a photovoltaie device, feading to tmproved AVT and sheet resistance values compared o other

transparvent electrades, such as ITO, FTO, AZO or other transparent conductive oxides.
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{00871 FIG. 6 shows experumental values for AVT vs. sheet resistance for various types of top
electrodes configurations according o some embodiments,  As tHustrated, multilayer top
electrodes with a single Ag Taver (represented by square symbols in FIG. 6y or with two Ag
layers {represented by a triangle symbol in FIG. 6} can exhibit improved sheet resistance
compared to those of ITO electiodes {represented by the citcle symbolyin FIG. 6), while
mamtatnng eh AVT, The low sheat resistance of the multilayer top electrode 15 enabled by
the high intrinsic conductivity of Ag compared to ITO.. The high AVT of the multilayer top
electrode is achieved by engineering the optical properties and thichknesses of the lavers
comprising the multilaver top electrade. By using multiphes metal laveis spaced apast by
interconneet layers, optical intarference may be exploited to produce higher AVT values than
what's possible i a multilaver slectvode with & single metal laver and having the combined
thickness of the multiple metal layers. By using slectrically conducting interconnect layers, the
overall sheet resistance can be reduced below that of a multtlayer top elecirode emploving a
single metal laver extubiting the same AVT, The multilayer electrode with multiple metal layers
nay efficienty transnut visible Hght while reflecting near<infrared (NIR) wavelengths {e.g.,
enhanced in transparent photovoltaic devices.. Increased reflectivity in NIR wavelenpths may
decrease the eperating temperature of the photovoRaie device by reducing parasitic absorption in
the electrodes. As tlhustrated in FIG. 6, the top clectrode cheet resistance can be less than 50
Olodsg, Tess than 20 Obmdsg, less than 10 Ohimisq, or less than § Ohe'sg. Ina particalar

embodiment; the top slectrode sheot resistance vanges fron ranges from 1 Chmdsg to 10 Olen/sg.

[0088] FIG. 7A shows stimulated transmission curves vs, wavelength for ¢ commercial ITO
slectrode {solid hine 710}, a sultilayer electrode with a stagle Ay layer {(dashed hine 720}, and a
multilayer electrode with two Ag layers {dotted line 730}, according to some embodiments of the
present ivention. As itlusivated, the trassmussion values in the NIR and IR wavelength range
{e.g., frony about 7Y ni to about 3500 nm) of the muplnlayer electrode with 4 single Ag laver
{dushed Hne 720} are decreased stgnificantly as compared fo those of the ITO electrode (sohd
fine 7103, The NIR/R transnussion 1s further reduced 1y the multilayer electrade with two Ag

fayers {(dotted line 730). The tansmussion windows of the multtlayer electrode with a single Ag
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faver and the mukltidlaver electrode with two Ag layers overlap wall with the photopic response

curve of the hsnan eve with a peak at about $50 um.

{89 FIG. 7B shows simulated maffection curves v, wavelength for the commercial ITO
electrode (solid line 712}, the mudtilayer electrode with a single Ag layer {dashed line 722), and
the muoltilaver elecivode with two Ag layers (dotted hine 732}, accordmg to some embodiments of
the present invention. As tHusirated, the reflection values 1 the NIR and IR wavelength range of
the multilaver slectrode with a single Ag layer (dashed line 722} are mcreased significantly as
compared 1o those of the ITO electrods (solid Hng 712). The NIRAR reflection iz furthey
icreased in the mudtilaver slectrode with two Ag lavers {dotted line 732). The micrsased
reflection in the NIR and IR wavelengths may lead to enhanced absorption within the underlying
active layers.as hight in thoss wavelengths may be reflected back toward the active layver fora
second pass. Therefore, the Isc of the photovoltaic devics may be preferentially incregsed a
these wavelengths, The mncreased reflection my the MIR/AR wavelengths may also lead to
decreased operating teraperature of the photovoliaic device by reducing parasitic shsorption in
the electrode. This is imponant for minimizing thermal radiated power from the photovoltaie

cell, which scales with the fourth power of the operating temperature.

{0099]  The nterconnect laver sandwiched between the two metal layers may form an optical
cavity and stipport a Fabry-Perot resonance. The resonance wavelength of the cavity mayv be
tuned to coincide with the photopic résponse of the lnunan eve i the visible spectrunt. Due to
the thinness of the metal layers (tyvpically less than about 30 am), the quahty tactor (the full-
width-halfmaximum) of the nansmitted mode supported by the cavity may be relatively broad.
The quality factor may be adjusted such that the tansmitted mode spans the visbla spectrum,
resulting i a high AVT of the stack, By tuning the thickvesses and the refractive indices of the
interconnect layer within the cavity and the anti-veflection layers, the color and shape of the

outside of the resonance condition {e.g., UV and NIR Light}.

{0091]  Insome embodiments, more than two metal lavers and more than one intercomnect
layers may be used in a top electrode. Introducing additional interconnect/metal lavers may

allow further nming of the color of the stack by witrodacie addisional resonant modes for
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transentssion. Rajected wavelengths may then be reflected back through the active layer, with

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

{0921 FIG. 8 Hlusteates schematically a reflection spectrum 810 vs. wavelength {solid line
810) of & multilaver top electrode. As Hlustrated, the reflection spectrum §10 may be tuned o
exhibit mintmal reflection i the visible wavelength rangs, while exhibiting high reflection
values outside the visible wavelength range. The dashed hine 820 llustrates a “flat” and broad
absorption profile of a nonsseleptive active laver, extending from the vhiraviolet (U} into the
NIR. Bevanse the multilayer top elecirode preferentially reflects UV and WIR light back o the
active layer for @ second pass, the absorption by the active layer ity the UV wurd NIR wavelengihs
may be selectively enhanced, as illustrated schematically by the dotted line 830, Thus, the
phetocurrent gensgrated by the photovoltaie device at wavelengthy outside the visible spectrum
wmay be enhanced. The same concepr may be applied 1o an acuve laver with inherently selective
absorption iy the UV and NIR to further enhance the absorption strength of such layers in the

UV and NIR while maintaming high AVT,

093] FIG. 9 shows exemplary spectra @10, 920, and 930 of absorption coefficients for OPY
active lavers thatcomprise DIOD, €60, and & DI06:CH0 blend, respectively, according to some
embodiments of the present imvention. D100 {san organic semiconducting slectron donor
material with pesk sbsomption nthe NIR. (060 1s an electron acepptor material. Theseactive
layer materials include “selective” orgaiwe materials whaose eximction coefficionts ave peaked
ougside of the visible wavelength range. Asan example, OPV devices with the following
structure are considered: glassibottonm electrode] DI0G:CED {(20:80) (60 nmjiC60 (10 nmitop
electrode, with a variety of botiom electrode and top electrode configurations.

{0094] FIG. 10A shows transmission curves vs. wavelength of various OPVs obtained from
various OPVs obtained from simulations.. FIG, 10C shows the active layer absorption vs,

wavelength of the various OPVs obtatned from shnulation,

{6095]  Referring to FIG. 104, the curve 1010 15 the trausnussion curve for a photovohaie
device that includes gn ITO bottom electrode and an ITO top electrode without any metal laver

{Stack #1}. The curve 1020 is the transmission curve for a photoveltaie devies that includes an
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1T0O bottom electrode and a multilaver top electrode with a single Ag laver (Stack #2). The
curve 1030 is the transmission curve for a photovoltaie device that includes an ITO bottom
electrode and & multilayer top electrode with two Ay lavers (Stack #3). As tllustatad, the
wramsntission n the NIR wavelengihs is sipntficamly réduced in the photovoltaic device that
meludes & multilayer top electrode with a single Ag layer {cuvve 1020) as compared to the
photovoltaic device that includes a ITO top electrode (curve HIOY and iz fother reduced v the

photovoltaic devies that includes a multilaver top electrode with two Ag lavers (curve 1030),

[0098]  As dlastrated in FIG. 108, the reflection m the NIR wavelengths i increased n the
photoveltaic devies that includss a muoltilaver top electrode with a single Ag layer (curve 1022)
as compared to photovoltaie device that includes a 1TO top (curve 1012), and is further mcreased
m the photoveltaie device that inchudes a multilayer top electrode with twe Ag lavers (curve
1032),

{00971 Asillustrated in FIG. 10C, as aresult of the imcreased reflection from the multslayer top
eléctrodes, the absorption by the active layer is incregsed in the photovoltaic device that inclades
amultilayer electrode with asingle Ap layer (curve 1024) as comparad 1o the photovoltaic
device that includes gn ITO rop elecitode (turve 1014}, and is further increased i the

photovoltaic device that includes a multilayver electrode with two Ag layers {curve 1034),

{6098] The multilayer top glectrode may be paired with various types of bottom glectrodes
according o various embodiments. For example, the bottom electrode may include a transparent
conducting oxide, a multilayer stack with a single metal layver, or an aliemnative twansparent

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

{8099 As ilugtrated in FIGS, 28 and 38, multilayer bottom slecirodes 220 or 320 that mclude
one or more metal lavers may also be nsed i photovoltaic devices. There mav be numerous
advantages of using a mulitlaver boattom electrode when patved with a multilayer top electrode.
For example, the optical electric field within the active layer may be enhanced as compared to
alternative bottom slectrode structres, resulting in improved active laver sbsorption and
photocurrent genevation. Tt may also be possible to achieve simuoltanecus optinuzation of
elecirical conductance and optical transnutiance, leading o optimal AVT and sheet resistance

values as compared to other ransparent bottom electrodes. In addition, reflection in the NIR
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wavelengths of the transparent phetovoltate device may beincreased, so that the integrated solar
absorpiion may be reduced at wavelengths outside the active layer absorption spectram. This
may leadto reduced operating fevaperature of the transparent photovoltaic device under solar
iumination. As building-ntegrated photovoltaic devices, lower operating temperatures may
reduce the re-radiated power ¢blackbody emission} into the bulding, smprove thermal insudation,
andd teducs the probability of fathure of the underlying glass substrate due to shading temperature

differential across the window unit,

{0100] Referrmg agatnto FIGS. 10A - 100, FIG. 10A shows a simulated transmission curve
1040 for an OPV that includes a multilaver bottom slectrode with & single Ag layer paired with a
mnltilaver top elecirode with a single Ag laver {(curve 1040, Stack #4 shown in FIG 13}, and 2
sunulated transuission curve 1050 Tor an OBV that icindes a nwlttlaver bottony glectrode withaa
sinigle Ag¢ laver paited with a nultilayer top electtode with two Ag lavers (Stack #5 shown in
FIG 13} Axiflustrated, by pawing 3 multslayver bottom electrode with a multilaver top electrade,
the transnussion in the NIR is further reduced as compared to that of the OPV device with an

11O bottom electrode paired with the nwgltilayer top electrode,

[8101] FiG 10B shows asimulated reflection curve 1042 for the OPV that includes the
multilayer bottom slectrode with g single Ag laver paived with evther a mululayer top electrode
with @ single Ag layer {Stack #4 shown n FIG 13), and simnfated reflection curve 1052 for the
OPV that includes the multlayer boftom electiode with a single Ag laver pored with &
multilaver top electrode with two Ag layers (Stack #5 shown in FIG 13). As illusteated, by
pairing 8 multilayer top electrode with a multifaver bottom electrode, the reflection wn the NIR s
enhanced as compared to that of the OPV device with'an I'TO bottom electrode patred with the
nudtiayer top electrode.

0102] FIG. 10C shows a simudated absorption curve 1044 for the OPV that inchudes the
multilayer bottony electrode with a single Ag laver patred with g mulitlayer top electrode with
single Ag laver (Stack #4 shown in FIG 13}, and sinuglated ghsorption curve 1054 for the OPV
that includes the multilayer bottom electrode with a single &g layer paived with a muhilaver top
electrode with two Ag lavers {Stack #5 shown in FIG 13}, As illustrated, by patring a multilayer
top electrode with a multtlayer bottom ¢lectrode, the absorption 1 the NIR s enhanced sy

compared to that'of the OPV deviee swith an ITO bottom electrode. The sudtilayer botiom
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electrode with a single Ag layer may help establish a stronger optical cavity within the active

layer which can lead to improved active layer absorption.

{0103]  Multlayer top electrodes that include 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 have the following strocture are cousidered: glassiTO {70

amhCulneso(Ga 31 Se {30 nmijtop electrode.

{104]  Theactive layer includes CulnesoGa oxSe {CIGE) and has a thickness of 30 am. The
bottom electrode mncludes ITO and has a thickness of 70 am. A first photovoltaie device has a
1 pm Zn0/30 ai ITO top glectrode (Stack #6 as shown in FIG 131 Zad iy included to act ax a
charge selective transport layer. A second photovoliaic device has a 180 nm Zn(¥/14.5 nm Ag/80

sn T4 am Ag/10 am S0z top electrode (Stack §7 shown 1 FIGS. 13A-B).

j0185] FIG 11A shows simulated transmission carves 1110 and 1120 vs, wavelength for two
electrode configurations used i imorganic photovoltaie devices that inchude CIHGS i the active
laver according to sonie smbodiments of the present invention. FIG. 118 shows simulated
reflection curves 1112 and 1122 vs. wavelength for the two elecirode configurations used in the
inorganic photovoltsic devives that inchude CIGS in the setive layer aceording to some
embodiments of the present invention. FIG. 11C shows simulated active laver absorption curves
1114 and 1124 vs. wavelength for the two glectrode configurations used in the inorganic
photoveltaic devices that include CIGS i the sotive layer according to some embodiments of the

present invention.

{01086]  The CIGS sctive laver 18 mtrinsically “non-selective.” That is, the extinction
coafficient is relatively “flat” from the visible to NIR wavelengths (g.2., from about 300 mm to
about 900 nma), as lustrated o FIG. 11C (eurve 1114). When using & multilayer top glectrode
with two Ag lavers, the active layer becomes “selective™ in that the active layer absorption
exhubits a strong peak at about 800 nm in the NIR, as ilhustrated in FIG. 11O {curve 1124} Asa

vesult, the Jse of the photovoltaic cell is significantly increased while maintgining transparency,

16107]  Thus, effectively; the naultilayer top electrode with two Ag layers couses the CIGS 1o
become a “selective” absorber with absorption peaks cutside the visible specium, Thisis a
result of the preferential enhancement of absorption in the NIR and UV due to increased
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reflectivity of the mululayer top slectrode with two Ag lavers at those wavelengths {as illustrated
by the curve 1122 shown in FIG. 118}, as compared to that of the photoveltaic device that
mchudes & ZnOATO wop electrode (as Tlustrated by the curve T2 shown n FIG. LIB). As
ilustrated 1. FIG. 11A, the morsased reflectance of in the NIR wavelengths s accompanied by a
decrease of transmission in the NIR wavelengihs (as tlustrated by the curve 1120 as compared to
the curve 1110). The reduction m NIRAR travspussion signuificantly decreases the Tsol of the

phatovoltaic cell while maintaining a high AVT, leading o an merease iy the ratio of AVT Tsol

[0108] Multilayer top electrodes that nclude ong or more metal layers may also beused with
norganic active layers in photovoltaie devices to achieve similar advantages. As examples, two
morgsnic photoveltaic devices that have the following structure are considered: GlassiitQ

{70 Spirp-OMeTAD {200 MAPUE (S0nm )i Top Elevirode.

[6189] Theactive layer includes MAPHIz and has a thickness of 60 nm. Spive-OMeTAD iy
used 2% 3 hols ransporting lavey, The bottom electrode meludes ITO and has a thackness of 70
. A first photoveltaic device has a 10 am TiOWA0 nm ITO top electiode (Stack #8 as shown
i FIG 13). Ti0r s included to act as a charge selective transport laver. A second photovoltaic
device has a 10nm TIO7 145 nm Ag/80 nm ITOA4.S non A/ 10 non $#0: top elecirode {Stack
#9 shown n FIG 13).

{0118] FIG. 12A shows simulated transmission curves 1210 and 1220 vy, wavelength for two
slectrode configurations used i photovoltaic devices that include MAPDIL: perovskite in the
active layer according to some embodiments of the present invention, FIG. 128 shows sinnilated
reflection curves 1212 and 1222 vs. wavelength for the two electrode configurations nsed i the
photovoltaic devices that include MAPBI: perovskite w the active layer agcording to some
egmbodiments of the present invention. FIG. 120 shows simulated active layer absorption curves
1214 and 1224 vs, wavelength for the two electrode configurations used in the photovohaie
devices that melude MAPDL: perovekite in the active fayer according 0 some embodimentsof
the present invention. Here, again the multilayer top electiode that includes two Ag lavers result
in lower NIR transmission {the curve 1220 in FIG. 1243, higher NIR reflection {the curye 1222
wm FIGL 12B), and a more “selective™ active tayer absorption {the curve 1224 m FIG: 1203, as
compared to those of the photovelaie device with a TIOITO top electrode (the corvey 1216,
1212, and 1214 a0 FIGS. 124, 128, and 12C, respectively).
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{0111} FIG: 13 18 3 table that suvamarizes the structure and propersties of transparent
photoveltaic devices comprising 8 variety of elecirode and active laver combinations as
diseassed i relation to FIGS. 10A - 100, 1TA - 110, and 12A - 120, according to various
smbodiments of the preseat nvention. For values of AVT and Tw, the device traneniission

spectra were used. Usmg these values, the satio of AVT over Tsol was calcudated.

01121 Asshown in FIG. 13, the intreduction of metal lavers in the top electrode favorably
reduces the Tsol while maintaming a high AVT leading o improved {AVT/ Tsol) values. For
example, Tsol values can be reduced betow 30% whils (AVT/ T30} greater than 1.4 can be
achieved by switching to multilaves top electrode. Yo wddition, there 15 a conconutant
enhancement in the Jsc of photovoltaic devices. Improvement in {AVT/ Tsol) is important for
architectural glass applications while highst Jsc is desired for improved photovoltaic device
performance. The use of multilayer top electrodes simultanecusly iimproves both of these
metrics. This approach s generally applicable o any transparent photovoltale device as
highlighted by the comparisons between organic, CIGS and perovskite active layers shown in

this work.

[8113]  Insome embodiments, it may be advaniagsous to ingorporate’a multilayver battom
elecirode in place of ITO with a multilayer top electrode. This may lead to improvements in the
Isc of photovoltaic device as a result of optical cavily effects within the active layer. In some

embodiments, this may also resulf in an improvenient in AV T/ Tsoly.

B114]  FIG. 14A shows experimental current density-voltage curves 1410, 1420, and 1430 of
varwous OPVs tested under a solar straulator calibrated to AMISG ilwmnination. The OPVs hiad
device structores as defined by Stacks #1 - #3 m FIG. 13A. FIG. 148 shows the comvesponding

external guantim efficiency (EQE) curves 1412, 1422, and 1432 va. wavelength for Stacks #1~
#3 ohtained from experiment. FIG. 14C shows the corresponding transmission curves 1414,

1424 and 1434 s, wavelength of the vartous OPVs dbiained from experunent,

[8115] Referring to FIG. 14A, the photocurrent output from the OPV 15 significantly enhanced
for the photovohaie device that includes & mulhilayer top electrode with a single Ag laver {curve

1420) g8 compared to the photovoltaic device that includes & ITO top electrode {curve 1410}, and
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1s further mcreased in the photovoltaie devics that includes a multilaver top electrode with two

Ag layers {curve 1430},

{0116] Az shown in FIG. 148, dueto the increased reflection from the multilaver top
electrodes, the experimental EQE in the NIR 15 increased in the photovoliaie device that inchudes
a multitayer electrode with a single Ag layer {curve 1422) as compared to the photovoltaic
device that ingludes an ITO 1op electrode {vurve 1412), and 1s Ruther increased in the
photoveltaic device that includes a multilayer slectrode with-twoe Ag layers {carve 14325 The
mncreased EQE is a direct result of the increased active layer absorption in the photovoliaic
devices that include a multilayer top electrode, as Hustrated 1n FIG, 10C, FIG. 140 shows thay
the experimental transmission in the NIR wavelengths is significantly reduced in the
phetoveltaic device that includes a multilaver fop electrode with a single Ay laver {cirve 1424)
as compared to the photovoltaic device that includes a ITO top glectrode (ourve 1414), and s
further reduced 1n the photovoltaic device that meludes a multidayver top electrodes with two Ag
lavers {curve 1434}, The measured specira closely matches the corresponding stmulated curves

1010, 1020, and 1030, respectively, as shown in FIG 10A.

[B117] FIG. 15A shows absorption coefficient for OPV active layer corrgsponding to Stack
#10 i Fig. 13, The active layer includes 100 wm of the organic getive layver materials whase
absorption coetiicients are peaked outside of the visible wavelength range. Bottomeand top

electrode for this device ave as defined in Fig. 13,

FIG. 138 shows an experimental current density-voltage curve 1510 for the OPV tested under a
solar simudator calibrated to AMISG dlumination, FIG. 15C shows the corresponding external
guantum efficiency (EQE) curve 1512 vs, wavelength for Stacks #10 obtained from experiment.
FIG. 15D shows the corresponding transmission curve 1514 vsowavelenpth obtaned from

experimgnt.

[0118]  Asshown in FIG: 18C, a high experimental EQE 1s mamtamed inthe NIR due to the
selective NIR reflection of the multilayver slectrode with two Ag lavers {curve 1312}, The
mncreased FQE at NIR wavelengths is & durect result of the increased active layer absorption in

the photovoltaie devices that include ¢ multilayer top electrode. FIG. 15D shows that the
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experinental transmission n the NIR wavelengths 15 munimal m this device {ourve 1514) beyond

700 nm

{0119]  FIG. 10 16 a table that sunenarizes the measured optical and electrical performance of a
variety of top electrode configurations as discussed m FIGS. 10A-C, AL, and 198B-C. The
use of a mudtilayer top electrode can significantly lower the Tsol from that of ITO while
mamtaming & gh AVT, resulting w (AV T/ Tsoly values approaching 2.0, Simultansousiy, the
Raxcan be reduced by an order of magnitude and the emissivity can be lowered to below a valus

of (01, Forvalues of AVT and Te, the top electrode transmission spectra were ased.

~

{0126]  FIG. 1718 atable that sunmvarizes the measwad optical and electrical performance of
transpavent QP Vs comprising a vanety of electrode combinations as discussed m FIGS. FIGS.
H0ALC, 14A-C, 15A-D.and 19B-C. For values of AVT aind Te, the device transmission spectis

were used.

{121]  Ayxshown in FIG, 17, the measwred AVT, T and (AVT/Tsoly values of Stacke #1 - #3
closely mateh the sinulated values ag shown in FIG 13 Through the use of a multdayer top
electrode with-two Ag lavers, Tsol can be Jowered while maimtaining a high AVT of the
photovoltaie device, and {(AV T Tsol) values as hiph as 2.3 canbe experimentaily achieved,
Sumultaneously, the Jse and power conversion efficiency (PCE) are sipnificantly improved. By
extending the multilaver top electrode concept to a higher etficieney OPV active laver using

Stack #10, both a high PCE and {AV T/ Tsol} can be simultaneously achieved.

j8122] FIG. 1845 atableshowing the experimental smissivity values of various organic
phatoveltaic devices with different electrode configurations according to various embodiments,
Unlike transparent conductive oxides, musltilayer electrodes with one or more metal layers can be
engineered with near perfect IR reflection which leads to low thermal emussivity (referved to as
low-e}. Thus, a multilayer top elecirode may provide dual functionality as a low-g coating and as
a wansparent electrode for a transparent photovoltase device. When nsed for arclstecturst glass
applications, itmay be desired that the smisstvity, defined as the power re~radianted into the
building by 8 transparent photoveltaic device {85 a blackbody emiiter), is as low as possible. By

using multiple metal layers, the IR reflection of the top electrode may be reduced compared to 4
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single ITO layer slectrode or a multilaver top electrode with a stngle metal faver; and thus the

emissivity may be minimized.

{1231 Forarchitectural glass applications, a transparent photovoltaie device inay be integrated
mio a window anit known as an insulated glass antt (JGU) that may include multiple panes of
glass with a gas filled in the cavity between. The full IGU construction tmpacts heat fow
through the windew mio a bulding. Thus, for such applications 1 is desirable to calculate a Selar
Heat Gamn Coeflicient (SHGC) for the IGU, The SHGC is the fraction of meident solar radiation

admitted through a window, and can be defined by the relation
SHGC =Ty + N+ Agoy

where T and Ase are the transmitted and absorbed fractions of the incident solar radiation
through the IGU and N is the wward flowing fraction (hothy convective and radiative) of
absorbed heat through the IGU. Selectivity ts defined as the ratio of AVT of the 1GU over
SHGC {AVT/SHGO). Beoause Tsol ¢ buearly related to SHGC, high vahueg of AVTITsol
zenerally correspond to high values of selectivity. Thus by engineeving devices to have a high
reflectivity in the NIR and IR, SHGU can be reduced. By maintainiog a high AVT while
rejecting as nach non~-vasible hght as possible, 8 transparent photovoltaic device cantbe

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

[8124]  FIG. 19A s o schematic didgram of a simple tnsulated glass oot (IGU) construétion
assuied for caleplatng SHGC and selectivity values of the photovoliaic devices m the present
mvestion. We note that in practice, the IGU construction way vary to include ditferent
thicknesses of glass, &ifferent spacerdistances, and different gas composifion. For the
calculations herein, the photovoliaic coatings were applied on the second surface 1912 of glazing
1 1910, which acts as the glass substrate. In thus dwagram, hight is incident from the left. SHGC
and selectivity were caloulated using Lawrence Berkeley National Lab's WINDOW software
assuning NFRC 1002010 environmental conditions, 207 it with no deflection, and considering

center-of-glass values only {ignoring comtributions from faming)

{128]  FIG. 198 is o table that summarizes the structires and properties {e.g., AVT, Solar
Heat Gam Coefficient {SHGC) and selectivity values) of transparent photovoltaie devices with a
variety of electrode and active layer combinations, as discussed in relation 1o FIGS. 10A - 10C,

9
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1A - TG IRA- 120, and 15A-D, when integrated mto an insulated glass unit according to
FIG, 194, accordmg to various embodiments of the present invention. For SHGC and
selectivity, the JoU valuexs weve calculated from the simulated spectra as describad above. For
simulated device structures employing an ITO top electrode (stacks 1, 6, and 8), a single Ag
fayer-containing top electrode (stacks 2 and 4), and 2 double Ag layer-containing top electrode

{stacks 3, 5, 7, 9, and 10), emussivity values of 0.2, 0.1, and Q.05 were assumed, respectively.

{126]  As shown m FIG, 198, the introduction of metal layers i the top electrode reduces the
SHGC while maintaining a high AVT leading fo tmproved selectivity values. For soms
embodiments, SHGC valves less than 45% can be achigved while natntaining AVT>60%
allowing selectivity values greater than 1.4

{1271 Note that, for a fixed photovoltaie cell selectivity, higher AVT values may be expected
may be dus to the fact that visible hight absorption is minimized in these materials, while they
abisorb stronaly inthe UV and NIR wavelengths where the mulilayer top electrodes have the

highest reflection.

O128]  FIG. 19C 15 a table that summnarizes the mensured opticsl and electrical parformance
{e.z., AVT, SHGU and selectivity valugs) of transparent OFVs comprising a variety of electrode
combinations as discussed in FIGS. 10, 13, 14A-C and 15A-D, i they were to be integrated into
an insulated glass unit as i FIG. 194 according to some embodiments of the present tnvention,
SHGC and selectivity values for the IGU were caloulated from the experimental spactra as

described above.

[8129]  As shown in FIG. 190, the measured AVT, SHGC, and selectivity vatues of Stacks #1 -
#3 closely match the simulated values as shownin FIG, 19B. Through the use of a multilayer
top electrode with two Ag Tavers in Stacks 3and 10, SHGC can be lowered while maintaining a

high AVT of the photovoltaic device, achisving selectivity values as highas 2.00

[8130]  Althoush the disclosure has been described with réspect 1o specific smbodiments, it
will be appreciated that the disclosure is mtended to cover all modifications and eguivalents

within the scope of the following claims,



h

10

WO 2020/056361 PCT/US2019/051159

{0131]  Avecitation of "a”, “an” or “the™ iy nxtended o mean “one-or more” unless specifically
mdicated to the conirary, The use of “or™ is infended to mean an “inchsive or,” and not an
“exclusive or” unless specifically indicated fo the contrary,. Reference to o “first”™ element does
10t necessanty requite that asecond elemient be provided. Moreovervelference to g “fitst” ora
“second”™ element does not Hinit the refetenced element 1o a particelar location vhless expresily

stated.

{132 Although some embodiments bave been discussed in terms of a layer, the term layer
should be understood such that a layer can inchude & number of sab-{avers that ave bl up to
form the layer of tnterest. Thus, the tevm laver is not imtended o denoie a single layer conxisting
of a single material, but to encompass one or more materials lavered in a composite manner to
form the desired structure. One of ordinary skall in the art would recogizs many variations,

madifioations, and slternatives,

{0133]  1vis also understood that the examples and embodiments described herein are for
Hlustrative purposes only and that various moditications or changes in light theveof will be
stiggested to persons skilled 1n the art and are to be weluded within the spirit and purview of this

application and scope of the appended claims.
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Last of abbreviations:

¥

*

TPBi: 22'2%¢1,3,5%Benzmetrivii-tris{ bphenyl-1-H-benzimmdazole)

HATON: Dipyrazino[2.3-1:2".3%h Jquinoxaline-2,3,6.7.10,1 1 -hexagcarboniirile
TAPC: 4.4Cyelohexylidenehis] N N-bis{d-methyviphenylbenzengmine]

BCP: Bathocuproine

BPhen: Bathophenanthroling

Spiro~8de TAD NI N2 NP NY N7 NT NT N7 -octakis{4-methoxyphenyi}-9, 9
spirobi{9H-fuorene 2,277 tetramine

NTCDA T 4,5 8-Naphthalenstetracarboxylic dianhydride

NTCDT: Napthalenetetracarboxyhic divnude

PTCRIL Bisbenziroidazo] 2, 1-a 1. 2-b Tanthra{ 2, 1. 9-def 16,5, 10-d'e'f Idiisoguinoline-
16 2 1-dione

NPB: NN ~Bis(naphthalen~ 1-yI}-N N -bis(phenyl)-benzidine

NPDx: NN -Bis(naphthalen- LyD-N N ~bis(phenyl}- 2,2 dimethvetbenzidwe
TPTPA: Tris{4-{5-phenylthiophen-2-vliphenyljaming

PEL polyethyleniming

PEIE: polyethylenimine ethoxylaed

PEDOTPRS: poly(3 $-ethylenedioxythiophene) polystyrene sulfonate

AZO: Alumdnum-doped zing oxide

IZ0: Indivm-doped zine oxide

ITO: Indium-doped tin oxide

1Z0: Indiam-doped zing oxide

FTO: fuorine-doped tin oxide



P2

7%

8y

&

9
1¢

1o

Lak

b

b2

S ]

b

b

WO 2020/056361 PCT/US2019/051159

WHATIS CLAIMED IS:

i. A transparent photovoltaie device comprising:
a transparent substrate;
a transparent bottom electrode coupled to the transparent substrate;
an active laver coupled tothe transparent bottom electrode; and
a transparent multilaver top electrode comprismg:
aseed laver coupledto the active layer; and
a metal layver coapled io the seed laver;
wherein the transparent photovaltaic device 1s characterized by 8 average visible
transmission {AVT) greater than 23% and a top electrode sheet resistance that is fess than 100

Ohnvsy,

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

the metal layer 18 deposited on the seed laver.

3. The transparent photovoltaic device of claim 1 wherein a ratio of the AVT
o fractionof transmitied solar radiation (AVT Tsol) 18 greater than 1.3 and less than orequal o

2.5 and the emissivity 15 less than (L2,

4. The transparent photovoltaie device of elaim 1 wherein the sesd Javer is

charge selective.

5 The transparent photovoltaic device of clatm | whersin the seed laver

comprises TPBI:C80, Zn(, or scune combination thersof.

&é. The transparen photovoltaic device of clatm | wherein the seed laver has
a thickness ranging from 0.1 nm to 100 nm and the metal laver has a thickness ranging from 3

nnio 30 am

7. The transpavent photovoliaie device of claim 1 wherein the fransparent

multilayer top electrode further comprises an anti-reflection layer deposited on the 'metal layer.
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8. The travsparent photovoliaie device of claim 1 wherein the active layer

comprises & tandem cell comected through one or more charge recombination zones.

g, The transparent photovoltaie devics of claim | wherem the active layeris

trangparent in the visible wavelenpth vange and exhilats selectivie absorption i the UV or NIR.

10, The transparent photovoliaie device of claim 1 wherein the transparent
bottam glectrode comprises:

a first transparent seed layer;

a second metal laver deposited on the seed Tayer; and

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

i1 A ransparent photovoliaie device comprising:
a transparent substrate;
 transparent bottom electrode coupled to the wansparent substrate;
an active laver coupled to the transparent bottom electrode; and
3 transparent mudtilayer top electrode compristng:
a seed layer deposiied on the active Tayer;
a first metal Jayer deposited on the seed laver;
an inferconnect layer deposited on the first metal layer; and
a zecond metal laver deposited on the mterconnect laver.
wherein the transparent photovoltaic device is characterized by an average visible
transmission {AVT) greater than 25%, and a {fop electrode sheet resistance that is less than 100

sy,

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

layer comyprises a conductive transparent oxide.

13 The trasisparent photovoltaie device of clatm 1 wherein a vatio of the
AVT to fraction of ransmitted solat radiation {AVT/Tsol) is greater than 1.7 and less than or

gaual to 2.5 and the emussivity 1s'less than 0.2,
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14, The transparent photovoliaie device of clatm 11 forther comprising an

anti-reflection layer deposited o the second metal layver.

15 The transparent photovoliaic device of elaim 11 wherem the transparent
bottom electrode comprises:

a first transparent seed laver;

g third metal laver deposited on the first transparent seed layer; and

a second transparent charge selective laver deposticd on the third metal laver.

160 Anmsulated dlass wt inchuding s transparent photoveltaid device, the
msulated glass it comprising:
afirst glazing; and
a second glaxing opposing the first glazing;
wherein the transpavent photovoltale device is disposed between the first glaaiong
and the second glazing and comprises:
a transparent subsirate;
a transpavent bottom electrode coupled to the transparent substrate;
an active laver coupled to the wansparent bottom glecirode; and
a transparent nugdulayer wop electrade comprising:
acharge selective sexd layer toupled to theactive layer; and
a metal layer coupled to the charge selective sead laver;
wherein the insulated plass unit is characterized by anr averape visible

transmission (AVT) greater than 25%,.

17, The insulated glass unst of clamm 16 wherein the nsulgted glass unif 15

characterized by a selectivity greater than 1.3 and less than or equal to 2.5,

18 The insulated glass untt of clatin 16 wherein the trassparent multilayver top
slactrode further comprises one or more witsrconnect layvers-and one or more additiosial metal
lavers, each of the one or more interconnect lavers being coupled to an adiacent metal laver of

the one or morve additional metal lavers.
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19 The ingolated glass oot of claim 18 wherein the msulated glass unit iy

characterized by 8 selectivity greater than 1.7 and less than orequal to 2.5

20, The msolated glass pnit of claim 16 wherein the transparent photovoltaic

device farther comprises an anti~-reflection laver deposited on the wmenal layer.
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