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[0001] This application claims priority to copending U.S. provisional application
entitled “ELECTRONIC GATE ENHANCEMENT OF SCHOTTKY JUNCTION SOLAR
CELLS” having serial no. 61/328,417, filed April 27, 2010, the entirety of which is

hereby incorporated by reference.

STATEMENT AS TO FEDERALLY SPONSORED RESEARCH
[0002] The invention was made with government support under agreement
ECCS-0824157 awarded by the National Science Foundation. The U.S. government

has certain rights in the invention.

BRIEF DESCRIPTION OF THE DRAWINGS
[0003] Many aspects of the present disclosure can be better understood with
reference to the following drawings. The components in the drawings are not
necessarily to scale, emphasis instead being placed upon clearly illustrating the
principles of the present disclosure. Moreover, in the drawings, like reference
numerals designate corresponding parts throughout the several views.
[0004] FIG. 1 is a graphical representation of an example of a solar cell in
accordance with various embodiments of the present disclosure.
[0005] FIGS. 2A and 2B are examples of energy band diagrams illustrating the
energy levels of the metal and the semiconductor included in the solar cell of FIG. 1

in accordance with various embodiments of the present disclosure.



reference to the follow ng draw ngs. The conponents in the draw ngs are not
necessarily to scal e, enphasis instead being placed upon clearly

i1l ustratwogotingosai nci pl es of the present disclosure. Porase@n/34in7t he
drawi ngs, |ike reference nuneral s designate correspondi ng parts throughout

the Severatoobb ws.F1G09R4 d(_ﬂa;gﬁ oflnieRarfpl8 bARRiIERY chigdt asmiry ags@n of an exanpl e
of a sol ar ceI I n accordance with various enbodi nents of the present

di scl osur eyol{290 QB FneScte?dtica st a3 BnidbeimenieoTeaslan teltaf@i@yl iband di agr ans
illustrating the energy levels of the metal and the sem conductor included
i n the sol aécoaznte ofth WriGus émbodiraed® oidbe present tisclosuré.ous enbodi ments of the
present disclosure. WD 2011/139754PCT/ US2011/ 034107 [O0006]FIG 3 is a
graph of afP08Xanp| WGEf 4 sndrdiprgtasephe of Arosampiarf iVt ChAEaciaisipaNqaayed (J- v)
characteristics for an enbodi ment of the solar cell of FIG 1 in accordance
with vari oG@a@ﬁWB@‘i"WéWtoé”@fSO{aﬁée"mf E G ritwhie dEMmBetRddn aG9E79VES. 4 and 5 are
graphs of an exa ?‘? of J(/\% char ({ﬁ?fl stics neasured on an enbodi nent of
the sol ar ¥@ious gMPeyiments ofhe PSP RF°i4fed i n accordance with vari ous

embodi ment foo%] t heFle.rglsseanéraa%iéa(f lre%?e"érer%ation of another example of a solar cell in

accordance with various embodiments of the present disclosure.

[0009] FIG. 7A is a graphical representation of another example of a solar cell in
accordance with various embodiments of the present disclosure.

[0010] FIG. 7B is a picture of a grid layer of the solar cell of FIG. 7A in
accordance with various embodiments of the present disclosure.

[0011] FIG. 8 is a graph of an example of J-V characteristics while dark and
illuminated for an embodiment of the solar cell of FIG. 1 without an ionic conductor
layer and an embodiment of the solar cell of FIG. 7A without an ionic conductor layer
in accordance with various embodiments of the present disclosure.

[0012] FIG. 9 is a graph of an example of J-V characteristics an embodiment of
the solar cell of FIG. 7A without and with an ionic conductor layer in accordance with
various embodiments of the present disclosure.

[0013] FIG. 10A is a graph of an example of experimental J-V characteristics an
embodiment of the solar cell of FIG. 7A in accordance with various embodiments of
the present disclosure.

[0014] FIG. 10B is a graphical representation of the simulation parameters and
geometry of the solar cell of FIG. 7A in accordance with various embodiments of the
present disclosure.

[0015] FIGS. 10C-10H are graphical representations illustrating examples of the
electric field developed in the depletion layer of the solar cell of FIG. 7A in

accordance with various embodiments of the present disclosure.



[O008]FIG 6 is a graphical representation of another exanple of a solar

cell in accordance with various enbodinents of the present disclosure.
[ 0009] FI Gvoa1/s9ms4gr aphi cal representation of another exargsk@1084187 sol ar
cell in accordance with various enbodi nents of the present disclosure.

[0010]FIG 7B is a picture of a grid layer of the solar cell of FIG 7A in
accordance with various enbodi nents of the present disclosure. [0011]FIG 8

is a graph of an exanple of J- Vogiwr,_ggtmgg@ﬂpﬂ@wml | e dark and illum nated
for an enbodi nent of the solar cell of FIG 1 wthout an ionic conductor

| ayer and 167D O A 1Bkl PAre LBEUITR RBRVeFRIgl sulighttihfo. enéfyyWThéiprgkeran i oni ¢
conductor [ayer in accordance with various enbodinents of the present

di scl osur e §iski8QkR h&dcibesSoias callsdrioyaimgef naantuex dmpdeeniaindletdf jatttioract eri sti cs an
enbodi ment of the solar cell of FIG 7A without and with an ionic conductor
| ayer in aebichdaseeuikir poterdil tbatss eetiedélyre finstiafof material eattiesdivé cl osur e.
[0013]FIG 10A is a graph of an exanple of experinental J-V characteristics
an also can be modified by electronic gating. Additionally, electronic gating can modify

the interface dipole at the junction between the nanotube film and the semiconductor,

reducing barriers to charge transport across the junction. Furthermore, the electronic

gating can contribute to the electric field across the depletion layer enhancing the

efficiency with which charges are swept out of the region further boosting the power

generation capabilities.

[0017] FIG. 1 is a perspective view of a nonlimiting embodiment, among others,

of a solar cell 100, denoted as solar cell 100a. Solar cell 100a is helpful for

demonstrating the functionality of the various embodiments described herein.

Embodiments of solar cells 100 more useful in commercial applications are described

in detail below. The solar cell 100a includes a back contact layer 101 and a

semiconductor layer 102. The solar cell 100a further includes an insulating layer 103

on the semiconductor layer 102. A portion of the insulating layer 103 is etched to

expose the semiconductor layer 102, which is surrounded by a first metallization

layer 104a. A first mesh layer 108ais placed onthe etched portion such that the first

mesh layer 106a contacts the semiconductor layer 102 and the first metallization

layer 104a. The first mesh layer 106a is an electrically conducting, porous mesh

layer transparent to an appreciable fraction of the solar radiance spectrum.

[0018] The solar cell 100a further includes a second metallization layer 104b on

the insulating layer 103. A second mesh layer 106b contacts the second

metallization layer 104b. However, in other embodiments of a solar cell 100, no



enbodi nent of the solar cell of FIG 7A in accordance with various
enbodi nents of the present disclosure. [0014]FIG 10B is a graphical
repr esentwoizon/eh7sthe si nul ati on paraneters and geonet r ycofuseda/osabar cel |
of FIG 7A in accordance with various enbodi nents of the present
di scl osur ey, LQW%@ n%Qgcér@%@él@agarﬂe\;urqum SRRTEReFhéNaydr| | ustrating
exanpl es o the electric field devel oped in the depletion |ayer of the
sol ar cell 16ép Elfeudéd i n accordance with various enbodi nents of the present
di scl osure. DETAI LED DESCRI PTI ON [ 0016] Sol ar cells are useful for
converting[eue] i ghthe mésh |ayees tB6a ahde0gir s elrtrrichlly (dotdad feondeanbratizes sol ar
cells including a nanotube filmsem conductor junction, which has a
bui | t-i n pdhefitst metatiredion iayentdardermelaycontattierdes tat ragshriaites 1988 apd operti es but
al so can be nodified by electronic gating. Additionally, electronic gating
can nodi f y thetreconstraetpltization layel ©4formpa cprutﬂ@tfqré'?ﬁ spepRdpsh IR i8Rt ube fil m
and the sem conductor, reducing barriers to char e tr ort across the

& &srbP e

junction. Piset the firsbmesh law 18P cqast the %fF'F?ﬂf“Et% €85t§ the electric
ELSLSeicéfééngBmesﬁfﬁv ol g SRR GG 8 pSer gonerati on
capabilitig msula ma;qgﬂr '1:&)? Th’le St rﬁesﬂ%aép?&'%la\ﬁ?é%i r%\(%{aﬁgatﬂan%g lI(mat' ng

enbodi nent , a sol not e solar cell 100a.

Sol ar cell c&%gﬁ’ve'l or}ﬂ‘?é ﬂ%&‘on e@HctrQW|§ﬁér@tttheéoh@nfe‘slﬁ‘%@érol@%b'ahd’th@f t he
various enbodiments descri bed herein. Enbodiments of Solar cells 100 nore

useful in %%B?ﬁah@t@tza@&ﬂbyéiabwmm@waydﬁr&(‘argal&eaedtmd.et ail below. The sol ar
cell 100a includes a back contact |ayer 101 and a sem conductor |ayer 102.

The sol ar ¢eg2o0] 100@a thesdidreel 00z degdetedanFicns thatrstrgesheyer 10§Bararthe he

sem conductor |ayer 102. A portion of the insulating layer 103 is etched to
expose t he ssemidoest layeotOtbayeappt@dnatel thersaime szgrandheretatey a fir st

nmetal lization layer 104a. A first mesh layer 106a is placed on the etched
portion suechmpiigble sHéackiaress. H@é’ﬁvqrayéﬂ“e&%%?d@@ﬁﬁsagﬁ"%tﬁ@sﬁéﬁ?‘?bonduct or
llayer 102 and the first nmetallization 4a. The first nmesh | ayer 106a

i s an el ectiPfand e servadaeshigyen 1(9§Bﬂ?yﬁﬁgﬁfefe§§/ﬂ}ap?§ BiHERY ERlat o an

appr eci abl %urffarcee‘%trelaa%nA?% |tn %?nb%glln%kts o?a SO QPC%II%B&WEere no second mesh layer

106b is included, the junction electrode and the remote gate electrode have
approximately the same surface areas.

[0021] An ionic conductor layer 108 covers at least a portion of each of the
following layers: the first mesh layer 106a, the second mesh layer 106b, the first
metallization layer 104a, the second metallization layer 104b, and the insulating layer
103. The ionic conductor layer 108 also seeps down through the first mesh layer
106a and also directly contacts the semiconductor layer 102. The first metallization
layer 104a and the second metallization layer 104b are biased by a voltage source
120 at a gate voltage V.

[0022] In operation, a solar cell 100 is a source of power. The solar cell 100a
ilustrated in FIG. 1 generates power when the surface of the semiconductor layer
102 is illuminated by solar radiation. Specifically, solar radiation (hv) passing through

the ionic conductor layer 108 and through the first mesh layer 104a causes an



[ 0018] The solar cell 100a further includes a second netallization |ayer
104b on the insulating |ayer 103. A second nesh |ayer 106b contacts the
second newelbiiziabisen | ayer 104b. However, in other enboacwarstei1oB41a7 sol ar
cell 100, no insulating |ayer 103, no second netallization |ayer 104b and

no second BESHUIAYEEE hBRR dnShd 16l HElBatibORI&] 108 aRERB obgosE shat§ba and 106b

are electrically isolated fromeach other. The first netallization | ayer
104a f or s oA ekt ESntddraybh@1f UhSér ilRsHatiba e potéfial diffenehdelbetveeaond
metal | ization | ayer 104b forns a contact for the second nesh | ayer 106b.

Al so, the thHerfiedt metsiizatiayleyer 106marcidhe badksottae layeni lomtknctaoesistager 102

wher eas the second nesh | ayer 106b is isolated fromthe sem conductor |ayer
102 by t heldadéagleatiqaty tanpested @3he fralenétalizatiomayer 1045 apd the backsgeataet r st
metal | ization | ayer 104a collectively forma junction electrode. Simlarly,
t he second layesP1iagded teawennrutne!tageédond netal i zati on | ayer 104b

|1 ively f l. . he. sol . : '
G 1 el T B s op RBiin ey o o URGORELR SBYETY 1060 ar o
t t ' : f .
ovcver 1 EobEkeR EARTAT HERIENtribR Fose DR BN BB NG T 0T C20 e

mesh | ayer ﬁ@gegﬁwm%w%?g%ﬁ@g[oggt @Pf%%n%%s%gﬁgrﬁhmohaghﬁggtﬁ@&e ar eas.

Al'so, in e Iments o 100 where no secon | ayer 106b is
i ncl uded, bBgeby iHetit® helIRGHidOSR 204k 4rladhd BIRENEAIF LI @GLIN 0de have

approximately the same surface areas. [0021] An ionic conductor |ayer 108

covers at lijg@sisea TROPEJdAE Pthe@Bdyeticrdsithe load and the current flowing through
the load is the power dissipated by the load and is also the power being generated by
the solar cell 100a. For fixed illumination of the solar cell 1003, a plot of the current
through the load versus the voltage across the load, as the load resistance changes
permits extraction of the figures of merit that characterize the performance of the
solar cell 100a. Alternatively, a sourcemeter can apply bias voltages between the
first metallization layer 104a and the back contact layer 101, while measuring the
current. A plot of this current versus the applied bias voltage also pemits extraction
of the figures of merit that characterize the performance of the solar cell 100a.
[0024] Having described the structure and power generaing capabilties of the
solar cell 100a in the embodiment in FIG. 1, various materials that may be included in
the layers of the solar cell 100a will be described. The semiconductor layer 102
includes one or more of the following semiconductor materials: Si, Ge, and/or GaAs,
CdS, ZnO, CdSe, TiO,. The semiconductor material is doped, and in some
embodiments the semiconductor material is n-type Si.
[0025] The back contact layer 101 includes one or more metals and/or an alloy
thereof that forms a low resistance Ohmic contact with the semiconductor layer 102.
When the semiconductor layer 102 includes lightly doped n-Si, the back contact layer

101 may include, for example, titanium, aluminum, and/or indium gallium eutectic.



following layers: the first nmesh |ayer 106a, the second nesh |ayer 106D,
the first netallization |wer 104a, the second netallization |ayer 104b, and
t he i nsulwoi2ng/i3agser 103. The ionic conductor |ayer 108palras26i@apa0tiown
through the first nmesh | ayer 106a and al so directly contacts the

sem conduch@smhi@gg! thd Back sldeeof g senidvatiadidriiaat 1627 é.aresidé0fmeand t he second
netallization |ayer 104b are biased by a voltage source 120 at a gate

vol t age VGserhio@rR2itoniapgeioathiabbontactsstbé dackaehlactl@y@r i1 81)anaerneevigf power. The

solar cell 100a illustrated in FIG 1 generates power when the surface of
t he sem corokest iprwhichyese most meals Wlijaimsuitelle oy repbtancerceataatsi on.
Specifically, solar radiatio rgé ﬁzé' passi ng through the ionic conductor

| ayer 108 6} hrd[]Qf’i‘bﬁ’ﬁ@ei‘"isrt HEl W@?t'@d@&r X186 agrihe gRl¥unul ati on of

char ge ontheflrst t t|on ite charge on the

gack cont ﬁé?” Wodprigl '”(j}:lﬁ:id%rt ?'PFldﬂHnﬁif{YPbﬁ)% T%ggﬂ%‘?eg?f? ng?ﬁ'ﬂgffertance

101
when no T PP Geh g g cos BRI A M B et F SRR P ot 21T 28t on
| ayer 104a %B%@%@T%%.ﬁ&me%tméu@@ |a%%110%s called the open circuit

vol t age Voc en a resistive i s capabl e of consum ng power
I's electrigmbly Comﬁ&rtyeﬂetﬂ%t&Qﬁall&étroﬁtlay@pmdaldnaméééeorkoms@tau.iéﬁéﬁ and the
back contact |ayer 1, a current wil | ow t hrough the | oad. Once current
flows througbr tdae ohﬂ@@olatd‘hﬁi 1904 ﬂl@@ﬁté@l@rﬁ maen mdyendiideshe BRinald df at i on | ayer
104a and the back contact layer 101 will decrease. The product of the

vol t age acratissing henduot@ naatetialh ehromiume(@r), 610 phu) goallbdion ¢fd)t dvel ihddad | s t he
power dissipated by the load and is also the power being generated by the
sol ar cel | tii06Qde (IFOx Hawewer, a4 Wil e distissad ffuthes defell bglowslome100a, a pl ot of
the current through the |oad versus the voltage across the |oad, as the

| oad resi s?@!h@@m@Néﬁb%%O'@fequ@%d%mtﬂfﬁ&diem@tadﬂzafﬂ%éaﬁfg%ﬁ% merit that
characterize the perfornance of e solar cell 100a. Alternatively, a

sour cenet ef0028h apliefirgimesh\ryet %Péééa'}?ét‘%\é%’ﬁ“? Resh 'iaY%’t ORRtal 1 zation I ayer
104 d the bac th t. A plot of
t hi 2 23rreﬁ$‘b9/ ’F‘Ei‘f@ﬁlﬁ g%#gﬁ@nérgghge}ﬁ@g@eaﬁ g?ﬂf’t%g'%g";h%gcu onpm? tge
figures Of IBihh ot SRERGALLAE hibR gfo%w@%rfc%oﬁ AgorBbar cell 100a.

[ 0024] Havi ng quetur e povver generaling capabilities of
the solar egil wélHQ:Q?’oohrﬁaﬁ&@b@s”@@ﬁ!’l%r@erﬂl&n&lﬁﬁn ﬁano‘ﬁi’r@é Mtalf@t €rial s that may
be included In the layers of the solar cell 100a will be described. The

sem conduchgiowirdy & mdiaific biCortRmicnudihg §fd. ER&Yfardidts of Bk Initdriag tieem conduct or
materials: Si, Ge, and/or GaAs, CdS, znO, CdSe, Ti Q2. The seni conduct or

mat eri al 1 grstlopstdayeandea, Mhsaomnemedlmmm{&Mkmmmmmdmm material is
n-type Si. [0025] The back contact |ayer 101 includes one or nore netals
and/ or an alffiogntly trensafent todbe $darradiationdvat thesnajordractonCithecradietidract with t he
sem conductor | ayer 102. \Wen the sem conductor |ayer 102 includes lightly
doped n- Si reaches thaewiaceat thie semiggrauctooiayerdP2i hetheqaorettbe firskmagl e, titani um

al um num and/ or indium ﬁal | iumeutectic.
layer 106a is electrically conducting with a sheet resistance of about 300 Ohms/sq or

less. Additionally, the first mesh layer 106a is sufficiently porous to permit access of
the ionic conductor layer 108 to both the surface of the semiconductor layer 102 and
the portions of the first mesh layer 106a that contact the surface of the
semiconductor layer 102.

[0029] For example, in the embodiment of a solar cell 100a illustrated in FIG. 1,
the first mesh layer 106a and the second mesh layer 106b each include a network of

nanotubes. Because the first mesh layer 106a and the second mesh layer 106b



WO 2011/ 139754PCT/ US2011/ 034107 Alternatively, the back side of the

sem conductor |ayer 102 (i.e., the side of the sem conductor |ayer 102 that
cont act s wbeohzish7saont act | ayer 101) may be heavily dopedy/useonosahn’ case
nost netals will formsuitable | ow resistance contacts. [0026]1n

enbodi ment g cf,hak nkfehUd BaRslubdaSHL aitst MEsH 1BYE M 08D3nd thelSéons bR g ar cel |
100a depicted in FIG 1, the insulating |layer 103 may i nclude an insul ating
mat eri al sugdb @8 psiolis sRtratispareste NaBbtdRgs. hahes advt denbiey afisetesssed high f urt her

detail, sonme enbodi ments do not include an insulating |ayer 103.
[ 0027] Si m karduytjvity. hEnef Famst leved bihdnolubes o dlsoheradildidd baddpingesisgaond
netallization | ayer 104b of the solar cell 100a illustrated in FIG 1 may

i ncl ude onelegtronraseenterforgheletthon dRehdt ceormgirpeioetcatintexerbliedor cakedi um (Cr),
gold (Au), palladium (Pd), and indiumtin oxide ﬁl TO . However, as will be
di scussed Penatean HEFroASr aFePhal Yertros dhieme A BAICHERY AP0 NFMEel | 100 do

t include metallizatjon | 4a, 104b. [0028] The first mesh |

106 (and FRESUBEBRANHESITSY/are 10RA T SSaT RIS DAl THEPUde a sbcond
h | 106h)... i nel of 1 owi ng. ials: singl

i | cat boforanbt et isaREr e Bl Bl PGB AR LM, P00 ©

nanot ubes, tr;ggﬁs’g?%gﬁlsagé%g H&'/U%E@Qco!ﬂg%‘lgﬁ fa?émo%l?r%b:cbb%dbﬂ@%%ihfs, a

metallic gr m conducting grid. Regardless of the material, the
first meshpjegyiRrand @RaFembRingivd BirisrEdraGingl Bubwiihgogmydrconduct or | ayer

102, is sufficiently transparent to the solar radiation that the major
fracti on oberhienduathgalahotobése aeh @scdntecopdiidtize encnifh toe enidereddsict or | ayer
102. Furthernore, the first mesh | ayer 106a is electrically conducting with
a sheet r esffatiesical métalibout 300 Chnns/sq or less. Additionally, the first
mesh | ayer 106a is sufficiently porous to permt access of the ionic
conduct or [W9g6) 10Bretionipenriductprdaysn P&ivelugds anenicadiytensiygiingtreaterniahyer 102 and
the portions of the first mesh |ayer 106a that contact the surface of the
seni conduct B iqnipaly congycting orgsipRassesRehp Nigh ions CORBCEHYGAR Fent of a sol ar
cell 100a illustrated in F_|C?. 1, the first nesh | ayer 106a and the second
mesh | ayer tri@%’ﬁreé‘h@ﬁniaﬁerleﬁ'a@egaﬁt@f‘\ﬁgWQ sgier Wgﬁ'ai‘?ﬁ?@é?"%éca%%aff‘?{% first mesh

| ayer 106athaer}gni<§al gcgne ugt?n% mnaﬁgngl #n%}llgé a%%ﬁg liquid, an electrolyte solution, ora

solid state electrolyte. In some embodiments, the ionic liquid is 1-Ethyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide (EMI-BTI). The voltage applied
by the gate voltage 120 remains below the reduction-oxidation (redox) potental of
the ionically conducting material to avoid electro-chemical alteration of the properties
of the ionically conducting material.

[0031] Referring to the solar cell 100a illustrated in FIG. 1, at steady state, the
voltage applied by the gate voltage 120 to the metallization layers 104a, 104b will
inject charge of opposite sign onto the mesh layers 106a and 106b. For example, if
0.5 Vis applied between the first mesh layer 106a and the second mesh layer 106b
while the second mesh layer 106b is made negative, then electrons will be with
drawn from the nanotubes in the first mesh layer 106a (leaving the first mesh layer
106a positively charged) while the second mesh layer 106b will have electrons

injected, making it negatively charged. In the absence of the ionic conductor layer



WO 2011/ 139754PCT/ US2011/ 034107 i nclude a network of nanotubes, the first

mesh | ayer 106a and the second nesh | ayer 106b are porous and transparent.
Nanot ubeswbavea/a91sew density of states but a hi gh conduetciraistyri/oIdier Fer m

| evel of nanotubes can al so be adjusted by doping using an el ectron

acceptor Oﬁos?fheecla?%itéﬁ’&dWrﬁQérran‘gEm@ﬁms ReeLHRSI0RY thadlot Mufresrargddae for carbon
to donate an el ectron or accept an electron to forman ionic bond.

Accor di ngl Ye rdnidvS@HiEm EEIREtintasAtHer 106a ahd pettontoethé séayd metb Ggeratddbor t he
second nmesh | ayer 106b is p-doped using el ectron acceptors such broni ne,
t hi onyl chloos2ide, Toe Guiutoribe aticaction &ithe prsitive chargé indgtedmmdte firstyegsh106a and/ or
the second nesh | ayer 106b may be roughly a third netallic and the
remai ni ng tawer t0Ba fad thesemainia diastrprren theifirsinesh lashil R ivtcosdAPEBhduct i ng
nanot ubes, they becone conductive enough to be considered as effectively
al | metal | mere §lenya0g tprke rEBAYRd RYSRRIBRVIES PURPIKAL thig KBiage ¢ ha%@eé‘ﬁ"ci oni cal |y
conducting material. This ionj gal I\y %)nduct.{' ng naterial Cr$)8§see Ses a hi gh
i oni ¢ condGRIGUGPEBYeIAES ISPreseRh SpYTERt G BPAH aa%pt?e&??qg%[n@ FECLTON of the
sol ar irragi ance spectrum Fpr ex (Welpll ing materi al
ﬂ@ﬁﬁ“&‘ﬁl r?*ugrﬁic ?rgg ﬁa%B% Eetmo%rrgtrgm tgﬁr}ﬁ%t.rr%gh ?égg YOG%&B?)%%L{

may be an rofyte solution, or as state

el ectrol yt g, k. s%@%‘rfdsrﬁ%‘éﬁ\ﬂ%i(efﬁﬁébgat i Sarh \mltﬁg%iﬁﬁg &hclis phekilsBYr - 3-

met hyl i m dazol'ium uoromet hyl'sul fonyl)imde (EM-BTI). The voltage

appl i ed by JHe 038 fe\ilid BEGtvE 2Rkl 1B JAShBLHesh&yef @08 hégaivedshelat | on
(redox) potential of the ionically conducting material to avoid

el ect r o- chgpinG iodik E&iREIoPRY&T108 Rtgrateapdetsutsesbf thheanaumesallThgseconduct i ng
material. [0031]Referring to the solar cell 100a illustrated in FIG 1, at

st eady st ahegativdieny cdrh@geata Cadoniyc sthactigabEthe pbditvgeshaiae od thet he

nmetal lization | ayers 104a, 104b will inject charge of opposite sign onto

t he mesh | ayeatsbet@Bdts sarahinioBelectrans abovdngihe power sgpmly t¢ Withdeggpmne'eéd bet ween t he
first mesh |ayer 106a and the second nesh | ayer 106b while the second nesh
| ayer 106b elestronadrenyibe ftst wesh laysd 083 @chis s38e Ygltepe pRosiive ird eHRAer om t he

nanotubes in the first nmesh |ayer 106 | eaving .the first nesh |ayer 106a
posi ti vel yt&hargeaiye aparoecr e s %‘E‘Sﬂ?fsﬁ?&ﬁr 1ao§bé&'lfg%ﬂfo\vﬂmslnfanﬂg]\?ée el ectrons

L1 coted. RN ) o DSARL B e BB M BF PRYERBRGRB 0 Lonie |
oo, 0o " B R SR kg s estplaver, 00, e
pos ::E 'r ‘éﬁscggﬁ@ﬁgh P?ﬂrﬁg?gr&gg%éspﬁthfeirﬁéh 14yBRN 0bAY6db. HRBAudQ chbh® T emai ni ng
yer 106a is too strong for

transfer dopant similarly changes the electronic population of a nanotube this can be

considered an electronic doping of the nanotubes. The change in their electronic

populations causes the Fermi level of the mesh layers 106a, 106b to change. The

charges on the nanotubes do not come from the ionic conductor layer 108, but rather

from the power supply 120, however the ionic conductor layer 108 allows the charges

to accumulate on the mesh layers 106a, 106b. Therefore, the embodiment of a solar

cell 100a illustrated in FIG. 1 is a device that enables changing the Fermi level of a

nanotube layer electronically.

[0033] As mentioned above, the voltage applied by the gate voltage 120

remains below the reduction-oxidation (redox) potential of the ionically conducting

material of the ionic conductor layer 108, and therefore, no current flows at steady



nore electrons to be renoved by the power supply at this voltage. \Wen the
i oni c conductor |ayer 108 is present, however, the capacitance becones nuch
| ar ger sowohati/wersh nore charge can be renoved from t hePCirrustommoes410t ayer
106a, to be put onto the second nesh | ayer 106b at this sanme voltage. This

occurs bec hik dheRROBS Barlitibl Rad daitfebif| THROREArs \Ieat Ghddr@mabief t on the first
nmesh | ayerg%%ggb&neggi ves? cl)nsl fr%m t heIai oni ¢ conductor |ayer 108 mgrate

to the SUfB?&S@on?ﬂ‘hetabﬁﬁela@a@tmh@@ene’&ha&ﬁnﬁmmbw@pbmowenpenmate t he

Coul onbic attraction of the positive charge on the nanotubes for its

remai ni Nng @bert sitdepodlel Bwhag td the ppovetiof swrEpk gndwoltege. Hereawnmppewerel ect r ons
fromthe first nmesh |ayer 106a at this sane voltage. Positive ions

attract ed tievwntrecasgaiare & notramree flowinghEhesenkasdiment ehe sAdgree! 1¥8b similarly

al lows many nore electrons to be injected onto the nanotubes in that |ayer.
The pr esendlsttedinE|G.Jriasal Roerepeision fECBEEH PRPUL Alls permits appreci abl e

h [ h I [ | at ] f b [ h |
T06a, 106b. [BEhus v arounsPpRITFHact Br sdaisil L TRLP RSy L lnfe The  °

| ect iC. | at i f . t.ub hi ' | ect [
Gopi ng of _IRUPRARAA Besem SaRCRRUHTon o @b g FRERIE B, 06 O7C e

the Ferm Leygl s%%ic%ﬂc%c?%%ﬂ?h@é%% A8 1o KBRRohQuctR {MGfon. HGs chaar ges on the

nanot ubes §8° NGt - ComMe ionic conductor layer 108, but rather from
t he power el rah3&hbWiRE theEPBRY fdvBls of R eretdi@8d Blel ows t he
char ges to%IaIII:)gEI‘?IJI at égyIcIIr%IIteﬁgbrresh Iaygrs 10%3, 106b. Therefore, the
enbodi nent ¢gficBndiRrliorbe6® (FIGLORRaN dftestR@tam) tHeméthi@nd einkoadudevbee t hat
enabl es changing the Ferm |evel of a nanotube |ayer electronically.

[ 0033] As mppick®mectoatiow &GS hen arel 2Bgre sambliedguctivgs thatiggere éfovibet age 120
remai ns bel ow t he reduction-oxidation (redox) potential of the ionically
conduct i ng nomteat)isaifacefstatéseexisting or iodured @t tbe surfage of the 8emigariucter Bfeor e, no
current flows at steady state (once charge reorgani zati on has sethed).
Thi s means Femaitieveisdethednasaldpd spreicendustar charstesigs el @veyageidist 458 nei t her
consunmes nor supplies power. In other words, since power is equal to the
product of e@ﬁfr?@%?”%%t%ﬂnéﬁéﬁ“of‘-here is no power drawn because there is no

t flowing. Th di t of | [l 100a ill ust dinFIG 1

SRRy DI TN AR A N RO

f th I I . 100, Ji.ncludi I | | Q i ncl tal t
O e ! ke Bae BSAI8 78 Aoty P tand SR RgEE 2L 0,
M S ol R B Lo FI BRI L ageighg, P 28
th i ductor. b FI 2 ft . t al d
e S OB R LR el e 0 BeEh G Bl PSR 2

i ct t hat .i ' . i ! i nd d at
P25 0 Rl A (BB 4 865, BB, S ShA B | nduced o

sem CO”d“C.ts‘BIalrg HIO%QIMF%%%% iIAIi*‘ftE.H Whahafst RLGhsR): 16dd thrfy Bkeat bpnkc ener gy

states in i so i on. wor kf unction (1) corresponds to the energy
required t g diakfd Ve tREESRBoiduaER e 168 Bludésavel to vacuum far fromthe
material. The case shown is the one where the workfunction of the netal
possesses gouws] K ungieh @ nahdiubes dfehetirbtneeshdayehtDbaank thereSi ave plated he

sem conductor for which 1(1:1M> I(l)sl. This is relevant to the junction
bet ween t hentbicosthctntesimddgnesric ¢Q6idraina causes theirewridryetsde aligay dhisi2 of the
solar cell 100a illustrated in FIG 1 with the first nmesh |ayer 106a taking
the rol e ofactéreplishechby ainahsith of eeqtigas Eemitheghdide therfirstayesh 12yen148ac| udes n- Si .

[ 0036] When t he nanotubes of the first nesh layer 106a and thF n-Si are
pl aced The result of this equilibration is shown in FIG. 2B. The electrons transferred from

the n-Si conduction band result in a region of effectively intrinsic Si at the junction,

which possesses no free carriers (i.e., no free electrons in the conduction band or



into contact, thernodynam c equilibration causes their Ferm-levels to
align. This is acconplished by a transfer of electrons fromthe n-Si to the
first neswolayenyBdba. The result of this equilibrati onPCs/tshawmosins FI G

2B. The electrons transferred fromthe n-Si conduction band result in a
regi on of ﬁBIE@?atb!sé/r%leﬁbfé|@$tfdn§)3h%e5}aleﬂt:e b&IR).| tHiCEHRvelytifdlc RRRRGSSES no free
carriers (i.e., no free electrons in the conduction band or holes (absence
of el ect r opgjeditie ddpRtivialgnpeatiagdhardhiestiefchgtichleltye depiationsidh.r egi on i s
called the depletion region having a characteristic length called the

depl eti on Wheltvhith dfttiee dpdkttibn cdgiantepemds|ieparton the dowmg desiynefdhe n part on the
dopi ng density of the sem conductor material in the sem conductor |ayer

102. [ 0037kdheorstidior ingtesipl iptresamicandusinetaygr W2 an el ectron in the regi on of
this depletion layer is reflected in the band bending in the n-Si near the
i nterface. [83&} getT*@aﬁdldSP'O”%'H@tef‘tl*%én%yb‘%ftaf‘@t?é’"?'h'”t”l‘?ereﬂ'ﬁf‘I@fB\S the n-Si occupy

a narrow stri ust above the conducti.on b ter the contact of
the two mafj%ﬁ"g 1”§3We§'sﬁ%flf§tepHethﬁg’ﬁt‘éjl?:%\qﬁgé't %ﬁ%tr{u%'” 19&8°h-Si reflects an

energy barcier that . el ectron gqu Si (gray
region to ENE9FS 'Cﬁﬁ\f s frete elecbrgnstm tﬁe%ﬁ’s'ﬁcg L1fgiloo\%er orre"t?)(oNstgt; t romthe n- Si

to the fi r%hod@ﬁ@cclnﬂﬁ&fon%gﬁ@mm]_ Lﬁnaﬂ R TRkt S terLatH %n@@é rier is

called the built-1n-potential the magni t ude o

potenti al (Helbehh@ona@&eﬁ%snc%uwéﬁ@@eoeat@e}gylbanmmaﬂeléafrovblntﬁe0 1) S4m  The
barrier for electrons going fromthe nanotubes to the n-Si is called the

Schot t ky basrduetionaddfld bSthapisi fhymRydh Yo thbeigttiof fheemaanbgtmeen t he ori gi nal
conduction band mninumin the n-Si and the Ferm |evel of the nanotubes.
The junct i onerodmé toeyet fnam treetreBi taltre first meah lager HW68c Mot appyoyimatethieight. [ 0038] As
stated above, in the enbodinent illustrated in FIG 1, the first nmesh | ayer
106a cont aof bistbasies sreatestibie buibin-paigrial Viod tveagnitide pfdhe Biiltinhe first mesh
| ayer 106a with the sem conductor |ayer 102 forms a Schottky junction 200
(i.e., a npolehiatemihecherncesf syriane staish)is aemsy VoRdahd 7B bafie h ener gy band
diagramillustrating energy |levels of the Schottky junction 200 in the
absence of ets:ctmsm@sframotheé@%@be@%thgat%'wllqdégesiwky baigAMHen a phot on
is incident onto a sem conductor, the hot on. ener exceed t he bandgap
energy of PRCYBAIEYIRuHEEGRCe tt‘-ﬂ‘@eeﬂﬁ % 87p! ﬁO"SBCtQBQBP‘g%'H“th'H ¢he energy

going into_he ctr nfrf)nofevalence banlgf t he

semi conductsb?ndttg P?rén' ee{ﬁ'a‘ﬁ@t an??rqo FEav's HVREECTREI 85" he val ence

band). In of ot her phenorrena the electron will ultimtely decay
back to t hresgﬁ?)%p@g%%?BQ?MPCT/ UsS2011/ 034107

[0038] As stated above, in the embodiment illustrated in FIG. 1, the first mesh
layer 106a contacts the semiconductor layer 102. The junction of the first mesh layer
106a with the semiconductor layer 102 forms a Schottky junction 200 (i.e., a metal-
semiconductor junction). FIGS. 2A and 2B are an energy band diagram illustrating
energy levels of the Schottky junction 200 in the absence of a voltage applied by the
gate voltage 120.

[0039] When a photon is incident onto a semiconductor, if the photon energy
exceeds the bandgap energy of the semiconductor, the photon can be absorbed,
with the energy going into the promotion of an electron from the valence band of the
semiconductor to its conduction band (leaving behind a hole in the valence band). In

the absence of other phenomena the electron will ultimately decay back to the

10



val ence band, the electron reconbining with a hole, and the energy

di ssipated as radiation or lattice vibrations (heat). If, however the

phot on i swahksorizers4wi t hi n t he depl eti on regi on of a naneCwhmsio188418Tthot t ky
junction 200, or if the electron-hole pair generated by the photon outside
the depl et iyQBndc@@h8hE aBctnf b stm@ininyg Wit Athale, hAGtHBnefd)@3sibhed Band bendi ng
provi des an el ectronotive force that sweeps el ectrons away fromthe

Schott ky | wddtion br 12i0e vib@aisdhedte ) biblever 1Bk phothh isscabdsabeswithin thhe val ence
band are swept towards the nanotube side of the junction. In this manner
the bui | t - ideplptsheedioradf areatubengi Schotky juection 260, e fitherjeqonbple paie devi ce to
create a solar cell 100. The resulting device is a nanotube/n-Si Schottky
junction 2@enssatedpy thelphotpp@uisifléher dapistieri@aiop wan differpiele Shivfegent i ci ency from
such solar cells 100 is about 7% [0040]Wien the solar cell 100a

i || ust rat edenihehand bengiag propigesen ¢iectiomghte Tisg fhah swesps\ie clreeWsot ons ar e
transmtte abs&rbed wi thin the

under | yi ng?ra@ghee%l&t?ﬁﬁwat'(gﬂim ?%aédﬁ‘g?ﬁ%@d‘%%ﬁ@?'&?‘%le&y”é eYE5 e absor pt i on
generat es % %{ 943w%%s?he?ﬁd ﬁg%@@j%oﬁtﬂggj%do\ﬂerhth Q}ﬁ\%fsﬁm%ﬁuﬂ'r{ec“ ons by the

built-in po es are ract Irst nmesh | ayer

106a, and hgt%n IPe%hl'fn?dqﬁorﬁ'ﬂfe%E%@ﬁ&l%dﬁé@th@d&%@t@@%%Qﬂarc@l}’er 102.

[0041] In t sence of m nat i on .e., In the dark), when a voltage is
appl i ed to1phernacsiifidgtelidastd rﬁﬁho@x@@/néibéhﬁﬁﬂ&h&ﬂ@ﬁ JouB6lbi @ 1800 behaves as
a diode. For exanple, when the Schottky junction 200 is forward-biased
(i.e., a pasétdporedpaveyeonrsigppdfioieohcy orh bechfsoras tellsei®h id abper79406a and a
negative charge is applied to the sem conductor |ayer 102), the negative
char ge appl0od€] t o \When hemsploceliuddaillustenesiin KGR 1fis exposdrtto figvdéhv) esippl y r ai ses
and unbends the initially bent bands. As the bands approach the flat band
condi ti on, shewn, Bgrahiptons At tranamiied rougd thesfstimrsh Sykot f%ﬁnf‘@h%qrb%h 200
decreases and forward current can begin to flow, grow . ng exponentially with
further i neftaigdesindarivingedeniition Fgiopi %e\%m'tc%@ﬂé’doﬂ\i@é‘?f 110§vgf“§e bi as vol tage is

lied t he Schott k t t lied t
?Eg :c ier st © ﬁptpﬁysperi%%g’énﬁ@l réolepe)zgrstt}ga\}gre cﬁg{?r@g "i%goslé‘\ﬁlﬂlr?g'angw 4}8 applied to

sem COI’]dUCl‘bOI t-|r{ X Inrtlal:l\gbz)The %leséf’et %&g{act@j %%é f?rjgtsmgw %g!a faﬁé)met he depl etion

regi on serv ncr e€ase t ron reg

2011/ 1397S%Pg[érh@%g;,&/agéé%ptﬂe%,qgcgmdwgg L§&58s the amobunt of band bending
and increases t

arrier to transport so that only very small currents can
flow in theygsayer s il sehdedt ilubibe] TheinfthsdrRSwhén a%diiabe fsQippieasol ar cel |
100 can be extracted fromthe current density - voltage plots of a solar
cell 100 exdmssdhdtRy funetichaloarths Beldtiky iinétion 208 bétitdas as & biouai Fat i on
intensity. FIG 3 is a graph 300 of a sinulated current density versus
vol t age (Je¥ampé, othehdire Sehottkybjortition A0 ieforaarddiamed el, la pbBifive echalgeds ng a
Schottky junction 200. The voltage represented on the x-axis is the bias
vol tage VBaopisHitetiefict meen layéniPbaandanegstive chaedd s aodedkithe the current
density is the resulting current divided by the area of the illum nated
junction ofersigprduciolayer1§8). thredpive B/ IRBRIIEA &F the RRMERRIUERE 'Rinsi t y- vol t age

I f I | 100 | ud h F
ypi cal Ty 407 EPTats Rpues suprb Rise mstropes & Bl Healladne bt PERENE of  ect. on
the J-V ch t wh t h f d
ef fects. Feebosn g (el GuliRa 1S oA iy Taldht Soite tﬁsﬁ%{%@% fhves havi ng
di fferent n%sé bgc%ersgésbr% %Rﬁaﬁgcur%t% OrﬁgfougL&V%{oﬁg € r;la%ge 91”2 and Rs =

40 ohns-c as a ase yi el di ng
Maxi MM poWRiher lmgés‘aesm'p%rfor(vbrd%las \Png\é) vien! ré\%‘ré‘eaélféi\/dﬂygélggpﬁlég% of the
boxes in the fourth quadrant |G 3. The relative areas of the
boxes assogieadditjlrttibheoaki éf @h@gﬁtw@wa\@ss appiies ta tak erst Mestaleet eri ous
effect of series resistance on the performance of a solar cell 100.
[ 0043] For aoGndraira meltive thHige I8 abpleddathe semicenduatontayer WRedE fgthecur r ent
becones

electrons withdrawn from the depletion region serves to increase the depletion region
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appreci abl e when the applied forward bias voltage counteracts the built-in
potential Vbi. Referring to FIG 2, under these conditions, the energy
bands i n wbeosersbsanduct or | ayer 102 are rai sed and fl arCensdoigzosfinti ently
to permt forward tunneling and thermonic currents, referred to as a

f orwar d- el @fdth, ereaiés @B tamoWen badtEbending bnc€idtleaddd@nhé Bariidrtoivhnzpbied, the J-V
curve additionally includes a counter-propagating photo-electron current.
Ref erri ng sothat @ly &ry sthell aolebagen dtw intthefevérhe dinestiomurrent i s zero
corresponds to the applied bias voltage at which the forward di ode current
equal s t helq9M&l ocuFhediguresiobmerigor asaaeclbifoan be ediractastfiiognthe Sied t he
forward current requires a flattening of the bands, while the el ectronotive
force for PeRstty= Vo'me?@isl?fm*%&?‘@ﬁp@%fﬂ%@ﬂf@'?r%R?PWF%F“%epar ation is

ded by th t h t |
e Ehe Spude fgioebon BEpslye F Sacs 2 BupalEld g BRe SHTE BB cond t onj

provi des asenS| |ve e of th i| 044 FIG 4 is a
graph 400 O?rs%suvrore (J:}}g zolfforaogrpéu%msré{lo{gsélarc?eﬂb?&mciadm? %hotlkyh

emhod! Ment 1 budh%oB ThEqiabe fbordsbhish bAIRA AL ElSiict Bhadk: Aifedib ases. f of

t he gate vbul tage VG r ce 100 1s 1 he vari ous
bi ases for {{NRinGtd sricB8B PooMimiRkIR édﬂr@h@o%hﬁ@ @metr&%nhg@breema.s@bd 410 in FIG

4. The voltage represented on the x-axis is the solar cell 100 bias voltage
V8. As canbpeseeiofitie ifurfinatdd junttdn of Sarcell t Gy eThapintethoby of fAe gat e vol t age
VG is positive, the performance of the solar cell 100 is degraded and an

i ncr ease | nurpmodenséyredtagé radatiok farlke"solaecedr 9P irghyde$ eaieniaed sll®0 occurs when t he
solar cell bias voltage Vg is close to or about 0 V (i.e., the open circuit
vol t age, Veasjstances. dontypiesty, atiaimgd valves, thelshartessisipnseines avgglighe ftecte vol t age

VG enhance the performance of the solar cell 100 and reduce the prom nence
of the "Ki ﬁk*he4J3‘OChEIWC@”SSCW@eraaigthaﬁﬁr'%ﬁe%%ﬁ@céd’?sr)é‘ﬁ? pepkyaf effedler sus vol t age
(J-V) presented in except . ov nar r ower 3 e of solar cell bias

vol t ages Vﬁ'%@d'&'ﬁﬂ?tﬁﬁm J- \#?réra ristécsé’gg'é‘?ﬂ queyes\auing dIRERS $HSYi ew of the open

| vac il |G 4. [0045] Tab| Law d b
var i ous sol Rt Aot cfer edebi gcgmapé%f-b%mepﬁeﬂe Mourves

i1lustrate dw@cr‘hhﬁa%é‘%ﬁ h"fQP Sln nﬁésﬁ@lﬁe ¥.@1@ﬂg a%nM&ov&Qr%‘F‘e?@“t gate

vol tages. Since the or muf $o7" ca ese various figures of merit

are known hba,nef e'SQﬂSrV)'ﬁngkQQd ip tHe e biline @d&e@?ﬁ%@f&ﬁhh Qlﬁbo‘?JnItFIUPéfe formil as

is omtted here for purposes of brevity. Table 1. Sol ar
characteri sid.gs Théee,rrattvbere&abfeMeim)‘«éscadf,de%emlthﬁh&ﬁfferénm%e@+||u§aét@ Bias (V) -

075 the deleterious effect of series resistance on the performance of a solar cell 100.
[0043] For a solar cell 100 in the dark, the forward-electron current becomes
appreciable when the applied forward bias voltage counteracts the built-in potential
Vyi. Referring to FIG. 2, under these conditions, the energy bands in the
semiconductor layer 102 are raised and flattened sufficiently to permit forward
tunneling and thermionic currents, referred to as a forward-electron current. When
the solar cell 100 is illuminated, the J-V curve additionally includes a counter-
propagating photo-electron cumrent. Referring to FIG. 3, the voltage at which the net
current is zero comesponds to the applied bias voltage at which the forward diode

current equals the photocurrent flowing in the opposite direction. Since the forward

current requires a flattening of the bands, while the electromotive force for photo-
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- 0.45 - 0.15 0.0 + 0.15 + 0.45 + 0.75 Voc(V) 0.55 0.53 0.51 0.49

WO 2011/139754 PCT/US2011/034107

carrier separation is provided by the bent bands, the voltage at which these currents
are equal, i.e., the open circuit voltage, Voc, (approaching the flat band condition)
provides a sensitive measure of the built-in potential.

[0044] FIG. 4 is a graph 400 of current density versus voltage (J-V) measured
on the embodiment of solar cell 100 illustrated in FIG. 1 at various biases for the gate
voltage V while the solar cell 100 is illuminated. The various biases for the gate
voltage Vg are indicated by the table inset 410 in FIG. 4. The voltage represented on
the x-axis is the solar cell 100 bias voltage Vs. As can be seen in FIG. 4, when the
voltage applied by the gate voltage V; is positive, the performance of the solar cell
100 is degraded and an increase in prominence of a “kink” (energy gap feature) 430
occurs when the solar cell bias voltage Vg is close to or about 0 V (i.e., the open
circuit voltage, Voc). In confrast, negative voltages applied by the gate voltage Vg
enhance the performance of the solar cell 100 and reduce the prominence of the
“kink” 430. FIG. 5 is a graph of the current density versus voltage (J-V) presented in
FIG. 4, except over a narrower range of solar cell bias voltages Vs Accordingly, FIG.
5 is essentially a magnified view of the open circuit voltages V¢ illustrated in FIG. 4.
[0045] Tabte 1 below describes various solar cell 100a characteristics extracted
from the J-V curves illustrated in the graphs 400 of FIGS. 4 and 5 at the different gate
voltages. Since the formulas for calculating these various figures of merit are known
to persons skilled in the art, an explanation of those formulas is omitted here for

purposes of brevity.

Table 1. Solar cell characteristics from the gated J-V curves of FIGS. 4 and 5.

Gate Bias (V) | -0.75 |-0.45{-0.15| 0.0 |+ 0.15|+ 0.45|+ 0.75
Voc(V) 055 | 053 | 0.51 | 049 | 047 | 041 | 0.33
Jsc(mA/cm?) 250 | 253 | 252 | 250 | 25.0 | 249 | 248
FF 079 | 077 | 071 | 068 | 062 | 0.54 | 0.44
PCE(%) 109 | 105 | 92 | 84 | 74 | 55 | 36
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0.47 0.41 0.33 Jsc(m¥cm 25.0 25.3 25.2 25.0 25.0 24.9 24.8

WO 2011/139754 PCT/US2011/034107

[0046] The changes in open circuit voltage Voc illustrated in FIGS. 4 and § are
consistent with a change in built-in potential V,; indicated in the band diagram inset
420in FIG. 4. As illustrated in the band diagram inset 420, negative gate voltages
withdraw electrons from the first mesh layer 106a, causing the Fermi level of the first
mesh layer 106a to shift further from the vacuum level relative to the semiconductor
layer 102. The Fermi level equilibration results in a greater built-in voltage Vy,,
reflected in a correspondingly greater open circuit voltage Vgc.

[0047] In addition to the changes in the built-in voitage Vy, as the gate voltage Vg
changes, the series resistance Rg changes as well. Specifically, as depicted in FIG.
4, the series resistance Rg increases as the gate voltage Vg increases, which is
indicated by the more shallow siopes of the various curves at higher currents. This
change in series resistance occurs due to electrolyte-induced changes in the first
mesh layer 106a caused by the ionic conductor layer 108. The embodiment of the
solar cell 100a measured includes afirst mesh layer 106a that is one third metallic
nanotubes and the remaining two thirds semiconducting nanotubes. Accordingly, the
changes in series resistance occur as the Fermi levels of the nanotubes in the first
mesh layer 106a are pushed by the gate voltage Vg into (or out of) the band gap of
the nanotubes, effectively switching off (or on) the conductance in the
semiconducting nanotubes, which changes the resistivity of the first mesh layer 106a
thus explaining the modified slopes in the “linear” regions of the various curves with
the changing gate voltage Ve.

[0048] Neither a shift in built-in voltage Vy,; or a modified series resistance Rs
can explain the low current “kink” 430 in FIG. 4 near V¢ and its increasing
prominence with increasing gate voltage Vg. However, this “kink” 430 can be
explained interms of the behavior of the first mesh layer 106a and the semiconductor
layer 102 at their respective surfaces where each layer contacts the other. Schottky

barrier models of a metal-semiconductor junction, which will be discussed in the
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FF 0.79 0.77 0.71 0.68 0.62 0.54 0.44 PCE(/0) 10.9 10.5

WO 2011/139754

PCT/US2011/034107

following paragraphs, are useful for providing a foundational understanding of this

“kink” 430.

[0049] According to the Schottky-Mott model of a Schottky junction 200

(discussed above), the built-in potential Vi, depends only on the difference in the pre-

contact Fermi-levels of the metal and the semiconductor according to the expression:

Vi = ds-dm. This model is only applicable to cases in which surface states can be

ignored. According to the Bardeen model of a Schottky junction 200, at metal-

semiconductor junctions, the termination of a bulk semiconductor material at its

surface leads to surface states. Treated as a continuum, these states have their own

energy dependent density of states, and the energy distribution of that density

depends on the particular crystal face involved, surface atomic reconstruction,

defects, and impurities. Because the bulk of a semiconductor material

thermodynamic equilibrium with its own surface, the spatial distribution

must be in

of charge

between the surface and the bulk can itself lead to an intrinsic band bending and

associated depletion layer even before a metal is brought into contact with the

semiconductor surface.

[0050] If the surface states have a band of high density around the highest

occupied surface state, then thermodynamic equilibration with the Fermi level of the

contacting metal in the metal-semiconductor junction occurs via electrons exchanged

with this high density band of surface states. Accordingly, there is relatively little

change in the band bending upon making the metal-semiconductor contact, and the

Schottky barrier is independent of the work function of the metal in the metal-

semiconductor junction, effectively “pinning” the Schottky barrier height and the built-

in potential Vy;, independent of the metat contacted to the semiconductor.

[0051] The Schottky-Mott and Bardeen models comprise the opposite extremes

of what occurs at Schottky junctions 200. To allow for a degree of dependence on

the metal workfunction, modern Schottky barrier models incorporate the idea of

surface states at the semiconductor surface and an additional interface dipole that
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9.2 8.4 7.4 5.5 3.6 W 2011/139754PCT/ US2011/ 034107 [0046] The changes in
open circuit voltage Voc illustrated in FIGS. 4 and 5 are consistent with a
change i wbunitw3pts4pot ential Vb, indicated in the band #cagrsammiosset 420 in
FIG 4. As illustrated in the band diagraminset 420, negative gate

vol t ages Wit el SvEdraRt MBS ahd SHErddRinbfefred infdRBdbel salfade stilaupdmausi ng the
Ferm |evel of the first nmesh |ayer 106a to shift further fromthe vacuum

| evel rel atbmectihg tHehentntwtiduaé Dierfacey ipold My bd hesdertetiwithevoad
equilibration results in a greater built-in voltage Vbi, reflected in a
cor r espondipbiglizatign aabssrthepleamical bendstbetralen dgpanafaland iE0seft]idondaddeli ti on to t he
changes in the built-in voltage Vbi as the gate voltage VG changes, the
seri es resipd/artbe clRsoe ensipsed By engspy equilibestiph betwperysuriase glafssdtted in FI G 4,
the series resistance Rs increases as the gate voltage VG increases, which
i s i ndi cat eemisgndusier At the g1etall HhiF Biesiger dipele siassymed 19k titAPddnet hi gher
currents. This cha in ser resista

el ectrol yt 8@#&%@%%‘?&%@%@3“}@E?rﬁ‘érVmofg?’g%égﬁgﬁa%ﬁggﬁ%%%og%%aé@erby t he
o oML R TRk MO 1008 ot

i ncludes a I'ayer i ¢ nanot ubes and

the T emal niyobih dr i Bl PEleR R ditalatddty RARGL URSAngd LM 00 fes [ e changes

in series resistance occur as t erm levels o nanot ubes in the

first mesh Layaed Hitbah fleFalGPaEthaYcdniidulatcthy Sbhdle bMied Hbight. (or out of )
t he band gap of the nanotubes, effectively switching off (or on) the

conduct ancogs2] t her&eriing aga &t FIGG. Mamds, e gink \MB0cksuth aog@yatdie resistivity
of the first mesh layer 106a thus explaining the nodified slopes in the
“l'i near" r egidobtd@hhirvemeatrandgspressiopsf thietifierfare diplokeregihegunptioreoftog t age VG

first mesh layer 106a and the semiconductor layer 102, which in turn feeds back to

the band bending and built in voltage V,,; at the junction. Because the electrolyte

coupled to the gate voltage Vg has direct access to the surfaces of the first mesh

layer 106a and the semiconductor layer 102 due to the porosity of the first mesh

layer 1063, the effect of the gate voltage Vs on the interface dipole can be dramatic.

At more positive gate voltage Vg biases, the interface dipole is enhanced and

contributes to the Schottky barrier height manifesting itself as a reduced forward

current in the first quadrant (I). In the fourth quadrant (1V), the additional tunneling

barrier due to this enhanced interface dipole increases recombination losses,

manifesting itself as the reduced current “kink” 430. Further contributing to this

barrier is an electric field induced across the depletion layer due to the positive

charges accumulated in the ionic liquid in direct contact with the Si surface, between

nanotubes (generatng an electric field in a direction opposing the field associated

with the built-in potential). Switching to negative gate voltage Vg biases reverses

these trends.

[0053] As shown in FIGS. 4 and 5, the open circuit voltage Vo saturates at

0.55V with negative gate voltage V. This saturation may be due to a region of high
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[ 0048] Nei ther a shift in built-in voltage Vbi or a nodified series

resi stance Rs can explain the | ow current "kink"™ 430 in FIG 4 near Voc and
its increaei2nn/PBemai nence With increasing gate vol tage YGI/usesewa+197t hi s
"Kki nk" 430 can be explained in terns of the behavior of the first nesh

| ayer 106a.gade khe &&Rine MM deObadnaY PrevihR fithet ftinge naRPBGLInVe surfaces
where each layer contacts the other. Schottky barrier nodels of a

met al - sem ge@AEYQr junction, which will be discussed in the follow ng
par agr aphs, are useful for providing a foundational understanding of this
"Kki nk" 430[0058D49]AGCO®Ist peyseotivielviewSef lagtotkayitimdoérhbadinakeit obf sadarSethot t ky
junction 200 (discussed above), the built-in potential Vbi depends only on
the diff er 4@ eTheremtidimanéofrosmaicel Ff&lﬂﬁsirﬁ@dé! 3Gof. dﬁh@e%’e glarg/l t he

sem conductor according to the expression: Ovi . This nodel is
only appl i d8® eay §e spseysely fapspamesia F%Q{'éat@f‘%ihég ”Le b&@"‘?eﬁhor ed. According

to the Bardeen nodel of a Schott u rret al - conductor
juncti ons, THREAEHP Gk P?ﬂ?t#asfo%[“% Q)@ﬁ] @8’?1%@%?% Rav'ar (feﬁ "its surface
| eads to s ce state e have their
own ener gygk\%%éﬁagﬂ?rtagw so[arc IE%O?%F%IHCD%%%U%%WM G/ §r% tg g%r%%l%utl on of that
density de atom c
Fecanst r uceaatsfieetBa BBl M Btoctt t%‘ﬁ%"*‘@i?%ﬁé’ggk‘%w%@ il

sem conduct,gr, fRugs. @l nmust be in thernodynanic equili br| um W t h its own
surface, the spatial distribution of charge between the surface and the

bul k can i teusbf | erwk dorradl 10UblricnBiesa banidonuriodi lagerand fassge at ed depl etion
| ayer even before a netal is brought into contact with the sem conduct or
surface. [ Gobdky funttive 200mitace eettitaly cheduetira, betivdllygfankpaybntdemstist y ar ound t he
hi ghest occupi ed surface state, then thernodynam c equilibration with the
Fermi | evelmesh layére! 06a imtchucingmgnotetes! ThﬁSthiéOf‘rﬁblt?fat |33§Qfﬁ9%bﬁ$i@lb@%r junction
occurs via electrons exchanged with this hig d of surface

stat es. Ace€omratiryey107 whigk beeomes tha nagative tﬁr‘m"ta' ef ttmacﬂaéel' Floqbr1e°‘tﬁl§nd bendi ng
upon maki n?athe met al - sem_conduct or cont act ottk barr| er is

i ndependentacsf thasoRpF! 110991'9tt?eo%p8?edtt?1§°'ﬂ‘é?$?h°i” aE"ﬁbmﬁt@F%ﬂt'og ‘conduct or

bui 11" pacanerisrsio o b AnenRar TRk, 47 i Reg R et "
sem conduct, troclegqgg)\-%ﬁg@lécagétﬁéé}fyMrg%:nﬁ'a pESLUREASITRAR! S PR | se L he

opposite exirenss o occurs at hott ky junctions 2 o allow for a
degree of gapend ntREEeE @bctWREK 0406 deREmidBads i RERBRKE Ky barrier
nodel s i ncor por ate t |dea of surface states at the sem conductor surface

and an add'béh\@@ﬁ‘khe'défe@frﬂcoaé? emeli et IRyht thattadditional such finger electrodes 104a
block from the semiconductor surface, and the increase in the cell series resistance
that result as fewer such finger electrodes 104a are used.
[0056] The finger electrodes 104a are in turn coupled by thicker, but more
widely spaced, perpendicular metal bus bars 130 that couple all the finger electrodes
104a electrically. The spacing of the bus bars 130 is again determined by the trade-
off between the deleterious amount of light that more such bus bars 130 would block
from the surface of the semiconductor layer 102 and the increase in the solar cell
100b series resistance that results as fewer such bﬁs bars 130 are used. Any one or
more of the metal bus bars 130 becomes the positive terminal of the solar cell 100b.

Rather than overlie the first mesh layer 106a the metal finger electrodes 104a and

17



WO 2011/ 139754PCT/ US2011/ 034107 occurs between the netal and charge
transferred into these surface states upon contacting the sem conductor.
The i nt erwacelidizpsie nay be associated with bond pol ari ratriuseoiams48s t he
chem cal bonds between the netal and the sem conductor and/or the charge
transferreghyetanes gé!rsagy'n{alyl%@érhé)tﬂe hat wesagdir beL anhe fidtabfinden t he

sem conductor and the netal. This interface dipole is assuned to be thin,
and the di @@bt@ocfe@ﬁ&déﬁdﬁm@&a& 130 ARG Istickobetar to ittar abfaseofetid ect is fol ded into
the Schottky barrier height. The nodern view of netal -sem conduct or
junctions sétisoraluttonmyérai2 fadub &tn oridelfyer tat imay Linderlie theotetat finger nedi at ed by
charge exchange with surface states, conbined with an interface dipole that
cont ri but esleticodes d043canstus patsaidPioaly) than @WHY do [OGDQ’)QTFRéfb@F IRieviRgBen to FI GS.
4 and 5, the "kink" 430 results froma g nodul at ed enhancenment and
suppr essi othSF'tVtQﬁé‘eiﬁqiaéﬁ?'bto@bdlfﬁﬂ?té’aéq th?l‘@t ]“GHUFY‘HHO@? WEL PP st mesh | ayer
106a and the sem conduct %r k to the band

bendi ng and®tRifty of tF‘?‘l”?ﬂﬂt”t 5@«3"’%‘?”@'{” ({OWE 4 ﬁﬁ&’" OI% %&sgmécgnqbuﬁ el ectrol yte
led to,th t f th
1(‘:i0lrjgt erres(f)llﬁ Se %fg)é‘\é Tﬁ’%? %(&%tﬁ&@és 1% %ﬁl{ foﬁ‘rcf §€h% ntaﬂ%tglgs@sérld&fn%ﬁ Sr © e

Senm cond due to t € porosity

of the fi rgfn Shh él%ﬁéaséq%otJbQ?urﬂefr 8P$vepﬂchetf|f?§ergfét:ﬁodé9|1b@é9§nd\4§lson the

interface e can ramati c nore positive gate voltage VG bi ases,

the int erf%s«% 19bRRE BorbSs AENAEREs eANebaG9 BAthiakud e thelsQriddat Behot t ky barri er
hei ght manifesting itself as a reduced forward current in the first

quadr ant ( kgmicbituttaelal,eumivitdaadptaatlly ttdngpareiithieniaslficohduetihg hatanalof ng barri er
due to this enhanced i nterface dipole increases reconbination | osses,

mani f esti ngheiibetdndastot lagerneégluced current "kink" 430. Further contributing
to this barrier is an electric field induced across the depletion |ayer due
to the posiQO5VE chRogeetedeo thernghucoadudter |€!Yhé1020hl|1t¢101 PaguUPYiNg any@f itect cont act
with the Si surface, between nanot ubes enerathg an electric field in a

di rection &pfRssiieg! astaie } 5 @1cgn 434 withimwaigh aﬁ%h'%w@e? preaielpchpiehiGi al ) .

Switching to ne at te olta VG bi ases re ses .t hese trends.
[\6“053]:%95% %?S:QFL@&?W'&&%B apic ﬁyn ”Sblﬁ'ﬁg E\aFeé'ﬁ'io‘t%\?d?'i' SN sat urates at

0 oh o RO She AR SR e oad o Bl bl AR aiFals |0 2 Teg! o

of high i S|t once’rea urt her change

in the buil i, ngog&ta%atc'aﬂ}fon\é?'a 5SL9&a44{|nsa e@ctmeaﬂn@me%géa %e view of a

nonI|mt|nge Iment o
supercapacitors such as, for example, manganese oxide or vanadium oxide or

mixtures of these and/or other such materials possessing a high half cell
capacitance.

[0058] The ionic conductor layer 108 that saturates the first mesh layer 106a is
ionically coupled to the ionically conducting material in the can 134 that saturates the
high surface area electrode 136 via an ionically conducting bridge 132. A power
supply 120 provides the small gate voltage of about 0.75 V between the metal bus
bar 130 and the high surface area electrode 136 in a direction (the high surface area
electrode made negative) that enhances the power conversion efficiency of the solar
cell 100b. The power supply 120 that provides the gate voltage can itself be a small

solar cell.
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100. The enbodi nent of a solar cell 100 illustrated in FIG 6, denoted as
sol ar cell 100b, may be nore useful for commercial applications than the
enbodi mrenwoiblumsprsated in FIG 1, denoted as sol ar cel | pe@as201Nosadhel ess,
the solar cell 100b in FIG 6 is simlar to the solar cell 100a as wll be
di scussed 501V, AR il alBsdt HeSordBbIRG tiBEUBsiEn, IS ISrE Ssht ¥&ion th respect to
the sol ar (t:bg Ig]W100a may al so be iﬂr?g%u%ed in sol ar?r cel Ia@fOOb. [ 0055] The

sol ar cel | ddQabed vagibudasboinsend fandise talr100apeng 20ailtiropaienigl \a, teethot t ky
junction 200 with an electrically conducting, optically transparent, porous
mesh | ayer cd06aadjustddini edertrnain ghtingese., chaegisgapate mdtage &) IAdgiionalD2 has a back
contact |ayer 101, which becones the negative termnal of the solar cell
100b. At t e dlestreniobatingeas glodify e interfagedirle ablbe éngitase Betwger biedifst r adi at i on,

a first netallization |ayer 104a (Patterned in the formof nmetal finger

el ect r odes Mmesh yerdOfa eadhrep@icANStor jaxgfel02 by eatiAlYREPHIBIRF SEEAFSI es
electrically to the nanotubes of the first nesh | 106a. The spaci ng

bet ween théeéquﬁﬁgp‘eéqbééqcf%lé‘g \}%O‘ﬁﬂc enhgacesthy %Oéﬂcgi%%éer&%%?off bet ween

t he del et eri,qus unt of |1 Ry . i | ectrodes 104a
bl ock fr omAfjﬁgons?ﬁ”%cedEr)ﬂgg?tW%F %sgg;és &grﬂéd%'g@%#eﬁ'gt{égg&&%ﬁ%ﬂ%l\%gI | series

resistance thatehe uEtogﬂJrfagwaorﬁﬁH:&oBér%%ﬁrofﬁ'ﬁE%‘a\fi gog%%?/l%ﬂ Barfir € used.

[ 0056] The fi nger el ectrodes 104a are 1 n turn couple thi cker, but nore
wi del y spaggshibREoRSNEEAHE fdid SRR thdds) B3R Raydr3R aldhédtios HaPbhadtds t he finger
el ectrodes 104a electrically. The spacing of the bus bars 130 is again

det er m nediyratehewhichdendd isBatpernoftthedsmdtion eyéahaeanahahciod thei ght t hat
nore such bus bars 130 would bl ock fromthe surface of the sem conduct or

| ayer 102 aoldr dehiperforceease in the solar cell 100b series resistance that
results as fewer such bus bars 130 are used. Any one or nore of the netal
bus bars 15W6BEconfes semigopdisiors that pogsess anlintrsicallydhighgiugacesifte 100b.  Rat her
than overlie the first mesh |ayer 106a the nmetal finger electrodes 104a and
the metal HBeRsithyitin 1@@ewnﬁmrb|an@apweeme§§e%¥hthgyetfe volasg (ofThe et al
finger electrodes 104a and bus bars 130 ma ck better to.the surface of

G

the sem coHRRPPEPIRIGFIOR) cARSalmte pRcedng ﬁﬁ‘%{g%gf?‘@:? SPRRS SRR e underlie the
tal fi | 1 b b 130 th do to th

nanot ubes TGS MERLEN A Bgtrese Sind fateehid S ' CORe! M¥eRE: ' case e

first mesh ahé’rXr?ef c%@a@:@witrﬂgg rﬁe@? H}Ere f d6‘?§(fngbé Ecziafrjwym(ggify FH@E‘SUHQ&O&&QGS: wi |l

conformdown to the surface o sem conduct or "l ayer 102 around the
finger el egbfRgaRuibOba t8bbdit th@erirR@atdian D2 MR URR wREGCGWRICt Or j uncti on.
In either case (nanotubes under or over the finger electrodes 104a and bus
bars 130) &pgopitesign)iith Sbnddftant shyi@icerRREf the soRF bslajeddmtance hsudur f ace of
the sem conductor |layer 102 with an optically transparent, ionically
conduct i ng ndffieatioakcaobe indecedamichardicaiighuecd. avy dbeasem, di@gicd P 7] Proxi mate to

t he sem conductor |ayer 102, but not occupying any of its surface "real
estate, " i sleatrechemit3ly wiattachmenihpifhndtioea) gewuhs ighhe sanfieandueipieurfeteect r ode 136
that is also saturated with the ionically conducting material of the ionic
conduct or Pekthe dempsitign af spiegips entp thecwirfagedy Ve seldoNEP@sean be any number
of materials to include activated carbon, or a pseudocapacitive el ectrode
of the typ&eRRSEN; i (R pRSECAYRROT PhfAss dspesionsd Piaga bafianent Makhf&nese oxi de
or vanadi um qﬁl de or m xtures of these and/or other such materials
possessi ng"a&Mi gh hal f cel| capacitance. [0058] The ionic conductor |ayer

108 that Sf&o%qft esRéer?’mé hg)ﬁgo ﬁE.S}?A,lsﬁX\ﬁﬁ is]aOpGei?srje%vé view of another

nonlimiting embodiment, among others, of a solar cell 100, denoted as solar cell
100c. The solar cell 100c includes a back contact layer 101 and a semiconductor
layer 102. The solar cell 100c further includes an insulating layer 103 on the

semiconductor layer 102. A portion of the insulating layer 103 is etched to expose
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ionically coupled to the ionically conducting material in the can 134 that
saturates the high surface area electrode 136 via an ionically conducting
bri dge 1380 21pewEss supply 120 provides the small gate wolrtisge10841about
0.75 V between the netal bus bar 130 and the high surface area el ectrode
136 in a dije8ehicBRductoraybi 42, ShiEh AGArrEIrAAd BY S6if RERIIIPREAR Iyegaisave) t hat
enhances the power conveérsion efficiency of the solar cell 100b. The power
suppl y 120Rbfastthin 9¥isti@ssH iager gab£ad/idistrage irCRIG. i t5g@ldflajee 706sisml | sol ar cel | .
WO 2011/ 139754PCT/ US2011/ 034107 [0059]In view of at |east the foregoing

di scussi onplatdueorphestendd @pidn scalh thahthe gsd laydr§96% egntantssthenbodi nent s of a
solar cell 100 having a built-in potential Vbi that can be adjusted by

el ect r oni cseyaicondgeted lager 102 Rechie fitpt metgdizatiop davertfdayEpe ongigyveri’halsl y, t he

el ectronic gating can nodify the interface dipole at the interface between
the first %@'ﬁth'%N‘éPO@GBtﬁ‘ga&ﬁ'ﬁ thah eoveEsrAnbohiRftips P! thespicatsiuctelayr tial | y

t th f t b h h th
colal ool | MRs eI AL AT SRl PPORA %(%ilegg'ﬁ@gstb%gréd @M@a MRuces |ons of
the ionic nater ¥t5bﬁe°§érgetanxﬁgsedg rq;C% YR &e”b‘i ﬁgor surface. For

the proper “¥€HA°d ese 1 ons can ¢on o the electric

field acrog%og&esqumnﬁhétma#egxg? ot Bodut 95,8 b%Qpc;sQ Eerﬁ‘@&ﬂﬂgﬁﬁla%?e rate at
g e

whi ch char I's swept out o depletion layer t ereby enhanci ng t he

sol ar cel | 4perfONaRCRdekB08 Qe fradiBNhl CONGSgd RiyBod tedd BSRISe an
intrinsically high surface state density within the sem conductor bandgap,

t he i ncr eag@Bodifent®bf MGt TA padteatasal reaggu(=vfgritl hgerandpa ajivar gbeéméttign) can
saturate once the energy of high surface state density is reached.

Modi f i cat i gidsofiaytdeautizedfsaoan 0é ubdeestsain conduct or | ayer 102 either before or
after the contact with the nesh |ayer 106 is nade can nodify the surface
state dens[00g2ldi stThelgutilayar TaSag@ndihe mesr laesr1 OBbiontugee oné or e o wi th gat e
vol tage of the appropriate sign) with concom tant enhancenent of the solar
cel | perfoﬂ“ﬁé@i@é"”QS‘Lﬁiﬁ'%éfr@i%"lCGFPOBéJﬁ”?iébqsrﬂﬂk‘é@d"’%éWQHP%’él“!%‘?s e.g., by
abrasion, chemcally or electrochem call attachrrente(sﬁf functi onal

groups to MyE-wal$PLBAARIGESSURPNEDE, SeBYco \é?/” H%”?:I@ﬁ%@?ﬁ I%f species onto
th f b t t th f

phase. deposrute atresflie i & eEeBnaRir G E Bicusllin prine BGTRREREr (1 ng nex:
to FIG 7 PndSIQgWOE%V&cﬂ%ﬁ%ﬁﬁ%é&ﬁthgﬁenot@%nam%n er %’f a';ﬂf%' ng embodi ment,

anong ot he ol ar cel as solar ce The sol ar

cel I 100c Mﬁ Q?eqaktoqmcﬁ&trad.ﬁwﬁrfhal%mf@ctﬁmf%ngaagﬁow | ayer 102.
The sol ar ce urther i ncl udes an i nsul atl ng |l ayer 103 on the

sem COndUCE)&HSlan@ugh]tQ@grleAlaFQWbB@fba@l’ﬁes&lh@sdrf@&@bf&hé séitendattodiGykri s etched to
expose the sem conductor |ayer 102, which is surrounded by a first

metal | i zat t@n Theyead |al;6n47506aﬁ2amheérrnbl‘weleca|cfallwaindu:ma@ AdgiomalhyQ be gaig
illustrated in FIG 1, a grid layer 706a is placed on the etched portion
such that taher 796a chay ay@ufﬁdaﬁh pois dcpesmit Becess of the ionic conductor layer

108 to both the surface of the semiconductor layer 102 and the portions of the grid

layer 706a that contact the surface of the semiconductor layer 102.

[0063] The solar cell 100a further includes a second metallization layer 104b on

the insulating layer 103. A mesh layer 106b contacts the second metallization layer

104b. The grid layer 706a and mesh layer 106b are electrically isolated from each

other. The first metallization layer 104a forms a contact for the grid layer 706a, and

the second metallization layer 104b forms a contact for the mesh layer 106b. Also,

the grid layer 706a contacts the semiconductor layer 102 whereas the mesh layer
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sem conductor |ayer 102 and the first netallization |ayer 104a. The grid

| ayer 706a is an electrically conducting grid that covers only a fraction
of the sewDcondsetsar | ayer 102 accessi bl e through the etchmas2@ansiion. For
exanple, the grid layer 706a may cover, about 50% of the exposed

sem conduci®ip, ik RYafed k8 the BaHtomiddoPhydrn e By pesRdlasfagandactiey | ayer 102,
or about 25% of the exposed sem conductor |ayer 102. As can be understood,
ot her fracgidBgr 706y &iERS naatiZaeoruibydri1aedcolMivele fdrie jemtiodi ments of FIG 7A
illustrates a rectangular grid |ayer 706a, other geonetric grids may be
utilized aslectaraeb8imiladg tist roesh. lajed 066 arlddhegysacdnd mplatizato6ayeaittbt he nesh

| ayer 106b) includes one or nore of the followng materials: single wall
car bon nanotliettively fatouhgate algbtrodgar bon nanot ubes, nulti-wall carbon

nanot ubes, %raphene sem conduct i nfg nanow res, netallic nanowires, a

|
metal |ic gfob84or &'GefR i8MIRiEEI’AYOTAN FaMREGER it B¥erd068 HacshenaN al , t he
id | 706a, whi IS | t ith th 1 t | 102,
Do suf £ of erpRparIant Pevdsiatog BHa e sl Mo aidie” PHEH SRe il or fracti on
f th di at. i h ri.d | 0 f f
The sent coiEThraPaRLTed ShFHEaS AEHpkbn BEPI0RORE; LERRREE bige surface o

el oct 1 al |y CORgUCol G A9 4 bARAkdhoylaind ek AXRErsTARMRY e

sufficientl'y porous to permt access of the i1onic conductor layer 108 to
both the syrdachelyel 118 cha oNA10D. TRYSHId HBRIIAsEnIdYer foaatwaens of the
grid layer 706a that contact the surface of the sem conductor |ayer 102.

[ 0063] The gddads a@ehdh MéRao Eugh tHaaxideMauladespslager 908 aititin et vdhddwzddwnon | ayer
104b on the insulating layer 103. A nesh |layer 106b contacts the second

met al | i zat todthe barg &i 1a§@4102 slitfaceg ni 45 dnathiok, &0 6 anralectargiterlaggadhin 106b ar e
electrically isolated fromeach other. The first netallization | ayer 104a
forns a coptragt sifigie wahearlgr rianptape (S BHIIM aad ramdersrsasings Mendavwzat i on | ayer
104b forms a contact for the mesh |ayer 106b. Also, the grid |ayer 706a
contacts t pentasiing tesaldand formingdhe HDZionMiEp Mg xperediedigemichriucioipep | s

gr 1 | ayer TUELaADSAYILL I 1o S5 sTeoa oD e B T orma
' ti lectrode. Sinmlarly. . th 0 d
hetal || 2at PORST Byare Fodbs e bRl YRS gk P SRR 0060 Fi . 78

Is a pict “fa§ rZ?Ql%aQIeI SRLETRTR @id@&v&tga%dtgmﬁ Eﬁé%ba&%‘s@et\%&%ceﬂ an et ched

portion of I'nsul at1 ng l'ayer such that the grid | ayer 706a contacts

the sem copiiCihQiechYgid hOdIizdEn i)6r 104bhd BRVAIT més lbRst 1beyREre104a. For
exanpl e, a gold contact layer 104a with a 2 x 4 nmmR rectangul ar wi ndow was

evapor at ed 4§ssReonlin® BxiidinsHathgi1gler t eardar he Juretoramhit-riéshviafeen 06k02. The gol d
netallization | ayer 104a was used as an etch nask to etch the oxide

i nsul at i ngah@ybnd M3taviizdtiohmayeh €0abicotkatvatiofam the dateesldrroee Giceltlyyer 102
surface. A 45 nmthick, 6 x 8 mmR rectangul ar area thin, porous single wall
car bon naneleotoyt¢ SddEJdedi | m was transferred across the w ndow contacting
the gold and formng the junction with the exposed n-Si sem conductor |ayer
102. This OR8] f i |Refewsg WG ehown srd 8P pHEIM saikogeHSRYSHMNd et ching in
oxygen plasma to create thee‘grid pattern ﬂihown in FLG i nes of the

1n, T
grid | ayer Vereeavoipee Eno ghareeerisimninedantar “%ﬂféﬁlt‘m@@@)o’b(ﬁngﬁﬁﬁ% bet ween
dj t i .2 A . | d talljzati | 104h SVWNT h
Tayver 1060 IEFE) RIS REe R 85 rhEMH S ¢ B fecar ¢ he:
i ti . Thi h_ | - } i | 04b
Lot ecet vty RetiRlerBYE A e 8f Bl ROEE N6 BE st SARropnlAPT0c 180 |

[ 0065] Ref eglflé.nﬂ a%fbsﬂh@e(@r:e\\/l)ﬁnmsjeéc&véél 80B) #R0né sd Al ERhl BFa&REd current

density versus 'vol tage characteristic 1n the dark and under

i1 Tum nati gRiuaAM sBRT H0ayaWWeasFId. on) inindths Bi sivbragevite@e i n the absence
of electrolyte (i.e., without ionic conductor |ayer 108). A first solar
cel | devi caanbtiddiinestoabbitraat, S\Wwineehalayee cl6a8¢d)) Ge Adnottieoss t he
entire wi ndow (see curves 803) and the second solar cell device includes a
SWNT grid Fileyesi cobtat folrhsGa “comentional’ tmetd-seineoSBiuctoo @ehaile junttion sblae nanot ube
lines to about 27% of the w ndow area (see curves 806). The nanot ube
filmn-Si contact fornms a "conventional" netal-sem conductor Schottky
junction solar 21



cell. Ferm level equilibration of the n-Si with the nanotubes, transfers
electrons fromthe n-Si to the SWNTs generating a depletion |ayer and band
bendi ng iwotzhe/18p758en conduct or | ayer 102, in the viciniPCy/uskottilogsinanot ubes
in the grid | ayer 706a. Photons absorbed in the Si generate el ectron-hole
pai rs that ;af ¢eafileVeiffliRYioh BENOHIS With the PAAGIds otk an¥iers Si8a@dhs figm pover
generation fromthe solar cell device. For our doping density of about 1015
donor s/ cnBthetrh$igo BeBVertiTOgeneRYig a expiedesayér and tind behdindgSh tieesii conduct or

| ayer 102 fromthe contact with the nanotubes. Gven the relatively small
extent of sémisordiaptoetayerriORay g, vidritg of thel nemdubjeaicthe gnd @yera064. the grid | ayer
706a yields a reduced short circuit photocurrent. This reduction in the
phot ocur r eRhotdeseabsabed sxthe i ganedity eleeroprhefsaets that are seprsated Buited j unct i on
area because high quality single crystal siljcon has |ong diffusion

| engt hs, abyithii W%H'dfbo@’éﬁbﬂ'i‘@?%”%@ﬁ%ﬁraaitoétﬁrofnéhe Py et H%‘”T%rﬁf’f PYn to diffuse

there and contrl bute to the, photocugrent t he tocurrent in

h
the devi cedPRied gRNSHY® taH8Uth| d’of‘%@/é?" f'ﬁi%ﬂeﬁl%t'of‘gﬁt C’g‘aee“%% ri’ﬁ%”?c}qgﬁ a factor
ft t hat of t | the fi
SI el \é\?ngvgrsb%ﬁ’&%(é%%ﬁ gl g@cf‘gﬁ?g‘ioﬁ ‘r@‘“ftﬁ?eﬁ‘aﬂﬂﬁ{“ﬁa%\q&’e%{?’é a%% tnﬁg'l zed power

Tyl - o- REeh O eSS oo RRBRA T 86 et B8 ars led95? em - mm
I oni ¢ 'iquygmégl@dﬁhegﬁaﬂ. ¥G|?pl%?ochngnt' @mgs:edfaamwhe pnb@Yifeni@fds the sol ar

cell behavior chanws significant is a graph 900 that conpares the
i 11 um nat edotkcMe GHiN@BprEporfons® iRy re@@deh M@ﬁﬁn@eé%édabs"e‘ High GualifyisthgBVINT | ayer
706a (FIG 7A) before and after addition of the IL electrolyte as the ionic
conduct or kg¥rsilktds haybhddifiigorgsigh< brmingsietoeheieisigenadated férlifeat i ng. Al so
shown in FIG 9 is the case with -0.75 V applied to the gate el ectrode

rel ative t ¢hetjlreti@ViNTiffuse thereiaret ¢onhiibete ée the ptetoculteet. Navptteelesddihei on of the I L
el ectrolyte (gate floating or not) nore than recovers the short circuit

phot ocur r epbotbagentio thetievice b dingdreesiddayeer tges Huadddym@E they at he nanot ubes
inthe grid |ayer 706a. The electrolyte induces its own depletion (or

i nver si on) fackpy et twiopveriaataf t@@ﬁ'é%ﬁﬂﬂé't’ép“elf'ﬁ?é}es*l@iera@%syée'@?ﬂaaI arge gaps

bet ween t he nanotube |ines. of fuﬂ | ayer 08 8[006 7].The

nanot ube- eF¥ESPBIYREIGEERe U O‘Nf(ﬁ?c qroalized PPNEACBKRRIOT r om

phot oel ectrﬁgchem cal cells in that there is no redox couple and the EM - BTI
eIectront8 selected for the ionic conductor |ayer 108 because of its

very broadp‘iigﬁg " e Cabind BRM-ERDPARBRBk R Y Lo t2. 0 V (vs. FelFe+

cente atlve to e vacuum | evel ). Thus, the EM - BTI

el ectr ol yt %.s@lﬁrﬁr%rdﬁ%tmwa&ﬁy%p@é ENLBTH G CRBIGR) LEARHAOES the it ead,

phot ogener ated hol es 'that "make It to the el ectrol yte induced inversion

| ayer in tRendoctoPRPEIOBAHS blEr deYBliavidd 2haiges sigrafaetl. IRIGtdie seJrgetric fiel d
within the inversion layer and diffuse along it until they encounter a

nanot ube @00 thkat cvenpateartiee ltreiyated d-\calneaof edolaBet dagee uitizgnghgodric fiel d,
whi ch accunul ates holes at the surface, also repels electrons, deleterious
surface reSuviti lapdri7o6a (G %) dpefoye andoiftdeatidition of the IL electrolyte as the ionic

conductor layer 108, with the gate electrode electrically floating. Also shown inFIG.

9 is the case with -0.75 V applied to the gate electrode relative to the SWNT-grid

junction electrode. The simple addition of the IL electrolyte (gate floating or not)

more than recovers the short circuit photocurrent lost to the reduced area coverage

of the n-Si by the nanotubes in the grid layer 706a. The electrolyte induces its own

depletion (or inversion) layer in the Si semiconductor layer 102 across the large gaps

between the nanotube lines of the grid layer 706a.
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[ 0068] The situation is rem niscent of so called "grating” netal -insul ator-
sem conductor (MS) cells, where narrow netal |ines (Al or My) on the front
surface olopetiyperssi |l i con coll ected el ectrons trapped bycaruscowmsHiDNn | ayer
formed at the p-Si surface in the regions between the wi dely spaced netal
l'ines. The[doag}er ST HaA¥Bbe-tiBctINRSR SHeNAresis10uass distthgaieskedmonposi ti ve char ge
trapped in a SIOlayer grown on the Si layer. In the present case, the gate
vol t age i sprasdi@irathenteadiisen bt therdiciargdohmuple agdtheeiMIEBT  si gn dependi ng
on the polarity of the gate) adjacent to the surface of the n-Si but

i nt er est i ngleytrdiftewhs steddrbiot theiianindondietar fayar 108\Bcause-of s ¥gy Beah in the grid
| ayer of FIG 9 occurs immediately on introduction of the ionic liquid (IL)
el ect r ol yt elegisochemicalayvingowrgnging Fef -2-8Ytor+ 2108 (VSTRG/ECH B PeEed AP Thegat i ve

ions accunul ate at the n-Si surface upon _sinple introduction of the IL

el ect r ol yt ¥.relpiygdoireyagatienshe Nup. tg‘ilgw'@ﬂaﬁj QOQ{? Fﬁf‘&@ﬁ“@ﬁ’ﬁ%ﬁé expl ai ned
by the ngtiveFeIec!trostai s, the syste :% d IF% i ad)(;\p/)icle

si nul at i ont'ﬁé@ﬁ@ﬁ@?”%ﬁob’?&?&Bho%@igf@gﬁbw%sr ﬁ‘rsng (?'gtioﬁf% %?Cet}oﬂﬁee effect of
the electrolyte,. th rogr. cabi] I J i zoatin wa
using as plmgégle 'B\ferstﬁ:%r‘gla&qé%%f %#dnkxﬁ%’@?%t@%%Egrggﬂﬁdn%ﬁ&é/aggﬁg(gd :NI tg ?1 ch
very largefigh%tﬁﬁttﬁeiiﬁve‘?ﬁ&ﬁ%%gtquﬁiffﬁse%m@ituritil fey &t@uABDA héholubee ions of the

el ectrolyte are repl ace ielectric" layer having a bound WO

2011/ 1397 54RGHMARPL e P 3410 et ERCaRe HSLS St Mol whikh BEdBnukMsar i zabl ity
(the free charge of electrolytes precludes definition of a real DC

di el ectri cnelessttaaturfaoe, didvaspaoelebiains tdeetediGusiseface tacbmbipativtiant s avai | abl e
inthe literature are not relevant). The value of E = 5000 conmes fromthe
rati o of alahesy aoidedi stic dielectric |layer length (about 100 m relative to
that of the characteristic Debye layer dinension in the el ectrolyte (<20
nm . The si0AsBht i ofhecsinstionieminisceni pacalsa ‘Getingnmetarepypieh | ayer
generating an electric field upon addition o el ect FIG 10A

f th |yt e.
shows a gr apRicABOobMIBheslExpae RyFanetgLiges kY 9 9*%}”‘? fﬁgr_‘téljiﬁ%fel ayer sol ar
The i1 woHIDRS aleer CoppabeTpatans Lomedis A MRS eIy ST De et or s and
t t | f S - tl i id
Prneof *100eeh BEred el Ehe 2 e PacE Sk RBlel ek e PLeER 2 &' The

SWNT |ine i r " t ty 1:1)cNT =
"0 0 oV (comer P TER R B o o R T D T T e gt ¢

el ectrode igea Igmeg)r deRecds8Ane §ate5olﬂagé\9_ce&bﬁ1ly%bﬁﬁb|@6fin’r’du%‘gn@lafhér_bbCk Si 02
dielectric (E=3.9). Belowthe SWNT grid line lies the junction with the

N-Si (0s, Fofefthét sRM dependinieonlind pdiaritg oh ke pitositaentys théapifag dersi-ty) , which
adj acent to the SWNT |line is in direct contact with the "electrolyte"
(di el ect ri i pitimerestnglyARONigh bladrt drosit curiehigVen Ei0r\d ssem indheigret layEnef Neunmann
boundary conditions used place mrror planes at the left and right sides of
t he fi gure F@KI ovgursliremgdipiglycpatirtraghetion obie ianicdiguidi(lhbelaeiioMe a3t8er ef | ection on
the left side, 100 pmw de (equal area to the SWNT grid |ine) and the
spaci ng t o iarfirecaneyator SWRIT 19§ i iy impkies that FpgRtive ipne REFUTBIARE SR Sbn the ri ght
side, 300 pm _ , ,

surface upon simple introduction of the IL electrolyte.

[0069] To detemine if such charge separation can be explained by the native
electrostatics, the system was modeled using the a device simulation package:
Synopsys® TCAD Sentaurus. To simulate the effect of the electrolyte, the program’s
ability to simulate dielectric coatings was using as proxy for the electrolyte. A
dielectric coating was used with the very large dielectric constant (¢ = 5000), i.e. the

mobile free ions of the electrolyte are replaced by a “dielectric” layer having a bound
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[0071] FIGS. 10C, 10E, and 10G are graphical representations illustrating
the electric field devel oped in the depletion | ayer bel ow the SWNT/ n-Si
junction woaoiw3ptse adj acent n-Si at a bias voltage VBi ®sTASG01V/084107 gat e
vol tages: VGte= -0.75, 0, +0.75 V (1003c, 1003e, and 1003g of FIGS. 10C,
10E, and 1@%argd SssBEsing\udl exrem& b&irizab thel Odm chafgé ¢t ldctedlRegragibdesal
representations illustrating this at a forward bias voltage V,Bias = 0.3V
for the sassfingiehef &y alat BQeilectrit@0aiant 1dd @3fm scathek tHEAG Wiietectriel BBtarkOD, 10F, and
10H, respectively). These results clearly show an electric field 1003 at
the silicoavalablé adke tithwture rtegnatisleyarl). theealugwge 36006 eamgsdeimge bet ween t he
nei ghboring SWNT grid |lines. The simul ation noreover shows that this field

1003 decr etaiesf egha\@%@retlwsﬁﬁtee?w%wth G@E?léég%gm? felatve 9.8 ofthg +0. 75 v

(FIGS. 100 to 10H), consistent wt red currents at

VGat e=+0. 75\Aragiefisy P%%Ved‘\‘)’eég'm:?ﬂﬂﬁﬁ’\'” tI'r‘le@ 20 [‘@87 er§yBulai9hyl ation i s

e e SR AP %@%f%taredg%zaa@@ BREL LY, no g 21 tem
: f | t duced shift

M the S e%%‘?tw%"e"’@%m@%ﬁ'%ﬁ%’é s?%W?%Q%“q°%€&5£% e anges 1n the

SWNT film o {Lehemanlid Fa9eﬂ§a%reélﬁfenlk93©@5<tﬁ§ 7ANGNEE e PRt dehlig nodel

captures the existence of an inversion |ayer extending well beyond the

di rect deplgtdisthormyeed tothé A windowdrday of the SWNT/ n-Si contact and thus
expl ains the increased saturation currents upon addition of the IL

el ect r ol yt p0o7pP07FHIThiaB deha theosimalativniparanesdrs bad gecehefry ymd ér staEdd as

foll ows. When the nanotube grid | ayer 706a and the n-Si sem conductor |ayer
102 are fi fest cplsasedional silimthwagtea@wNTagrtd liphef 1G0aen widdy, byvingf itsddrect r ons i n
the n-Si (work function: (l)s, = -4.3 eV) is reduced by their transfer to
the car bonaxiapepaksaslar ik PRa cENEsYVNT !l')Q:'F geated aglagimplgmetahfh ¢ r ansf er

st ops when Coul onbic restoring forces due to the charge inbal ance raise the
| ocal pot neenstant werk funetion dovn= bl 6%£qoaf'5t9'ﬂ}|"3'thtt*8?tﬁf'é\/'éﬁf"dﬂoti?fteﬁer char ge
exchange, establishing equilibriu-n. In the presence of electrolyte ions,

the ions aﬁéVNTrSeeTftecﬂ gpeiiode s einerbarad 1Y) piRgIeo8a b #Hdkr ge and t hus

permt the exchan?
SiO, dielectric (s = 3.9). Below the SWNT grid line lies the junction with the n-Si (¢

=-4.3 eV for the 1x10" cm™ phosphorous doping density), which adjacent to the
SWNT line is in direct contact with the “electrolyte” (dielectric with € = 5000) that
coats the entire structure. The Neumann boundary conditions used place mirror
planes atthe left and right sides of the figure making the gold gate electrode line,
including its reflection on the left side, 100 um wide (equal areato the SWNT grid
line) and the spacing to the next SWNT grid line, including the reflection on the right
side, 300 pm.

[0071] FIGS. 10C, 10E, and 10G are graphical representations illustrating the
electric field developed in the depletion layer below the SWNT/n-Si junction and in
the adjacent n-Si at a bias voitage Vg5 = 0 V for gate voltages: Vgae= —0.75, 0, +0.75
V (1003c, 1003e, and 1003g of FIGS. 10C, 10E, and 10G, respectively). FIGS. 10D,

10F, and 10H are graphical representations illustrating this at a forward bias voltage
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substantially nore charge before the equilibriumis reached. Additional

el ectrons are transferred to the nanotubes fromthe Si regions between the
nanot ube woi2dilizemsg of the grid | ayer 706a conpensat ed IpgTAS2011i08407

el ectrolyte ions surrounding the nanotubes, while the positive charge |eft
behind in {he- ro3§IfoitﬂggarﬁégatelvawesI($oosmo@@flaﬁdw®é%?ﬁ@/sumlll 034107
conpensat ed aby negative electrolyte ions accunulated at the Si | ayer 102
surface. Ther ah@tdm ebspettiveRy.ETIRRE Y&SItdRIEAMy 8Rov bn dieesic figld a00edteret r ol ytic
capacitor to raise the capacitance of the systemwth a self potenti al

provi ded i stiemngalface that ekteedovegtheddngRe0 min dpesieg betivésethe beighlesing t he

nanot ubes and the n-Si, or externally by the gate field. These results al so
pronpt fur BWT grigrigésd eihetsinowlation nnmeovgaﬂ@éféﬂ)at fs fiek! QORcleeraasangsener gy
gap-li ke feature (observed near th 3) increasi ng gate voltage.

[ 0074] OnceVehaFegeessuely ferfases Fom—9- ﬁ5 tt‘Plé é? é(é'f'p& 9/@%"00?0 HEN$IFE oni ¢
conductor |a due to an a _ i Iet the gate
circuit drwgthﬁéanaﬁﬁme@%f&?P%fﬁ%rﬁgﬂa&%g@%ﬁ\éa ¥B'aﬁe°§{| ?sgﬁ '8 ']odﬁe Hence the
gate field @Qhancemsnt of this inversion |ayer between the nanotube grid
lines of th grid layer 706a has little energetic penaty. I|ndeed, conpared

to the fi r&;wgegh fh@%ﬁﬁul&%ﬁ% f()gds@d oﬂr}heqahce?smd I%yé?@émﬁ?t@@f)i/ fhe Photons in

transit to th sem conductor layer 102 surface that are absorbed in the
SWNT nesh le@b!tﬁ'fﬂytelQrﬁﬁndiélteﬂﬁwﬁgmtaaé{wﬁ@etmebm@r@g@ﬁéldg@mﬁaﬁﬂ on. This has
been confirned by placing a filter in the light path that only transmts

| i ght ener giagsedag et Meused. i THEB, thandgarioes fiot fdrexarapleinshes teajatd ci pated in

t he phot ogeneration, the sem conduct i ng nanot ubes w th bandgaps of about

0. 6 eV sholnddcduawit ity thel YT §emne-lgykbtNot dogssnibcudiediveereeistivity pigangasinobser ved.
Since they don't contribute to the power generated, thinner nanotube filns
woul d absothe SVENEfil, gtelevaalt theiatrgirostalies mNswirbalest, theonedeheartires et he
silicon, thereby enhancing the PCE. However, thinning the nanotube fil ns

i ncreases EXelpRceraban verston 1ayar %tﬁ&WIWQH@ﬁYO”PéW‘@ﬁt dqpl‘ﬂ“%lﬂ‘bﬂ%ﬁ"h@edet ri ment al
series resistance. The abi to use a |on nd reduce the area

of the Si §‘é‘ﬁ1%‘&fﬁ'3ﬁ1§\fv5'ﬂ-/”r%if8?%ﬁt@2df'WéteXWﬁ'E? tlf|1| ?:}urﬁ‘ ”t%reﬂténotube mesh

| ayer 106a su ted t d pattern of optl m zed spaci ng coul d
ni ni ni ze tH%O'g%@%QPP“b%@o?I '%'t | osses while ninimally increasing the

series resj ce, s out to be the
case. The rresTth% @éyg?.g&ggagggﬁlgéglyg% uﬂdébée}gof%&llo% W)ﬁé&ﬁéat a VGate =-

-0.75 V. Eaﬁd?ub%ﬁla@eg?’é% a\’m@ltﬁé’}g&’seﬁﬂ%ngﬁdtdﬂ ldyRY 8B ofOBat HaMdne the geonetry
shown in FIGS 7B attains 12% an i nprovenent of 10% over the

nmesh | ayer Q@R eratiteefréd big JﬂcffeFelcﬁansln thE QOS5I plémmRticd ol © -4 Bevpase of a

continuous film the increase olar flux arriving at the electrolyte/n-Si

junction ofs rE&l%egbweﬁ@rhhsf&heme%amlnfaﬁ&&bés éﬁ@ﬂkffurﬁﬁorﬁdal@l’:gﬁg esﬂort circuit
current density e short circuit current density for the nmesh | ayer 106a

was Jscm =g2&, andidt 6188s wiéH Ceuldria rds@fing fofceg diidltol thy EargdiBalaBse a | ar ger
Jscc = 29.8 md¥ cnR, as expected. Furthernore, if the only difference in the
short ci rctiide toellocgpoteafial @hd ewiit repordritifl \g) proreventfyaer t68rge anchaagalevi ce wit h
a nmesh layer 106a (both coated with IL electrolyte) lies in the absorptive
| osses dueestabltshiegeedilinrimelrathe@sesemee:fet&cmme lves b onsbedreeits shoul d be
possible to sem -enpirically calculate the ratio of the current densities
obt ai ned i migrate tq epnreasas tertianslened chsgeanddius refmipieexeaeoeef ati ve sol ar
power absorbed within the silicon in the two cases. The |atter can be

det er m ned Syhs&Rt ﬁ‘b‘é‘éﬁﬁ? ehaser Refere theeayilipriyra syraarbed of dLHrRLRIRLOpH¥er ef | ect ance

of a nanotube fil

he t tt t ybe fil
gl ass (ion fé”ﬁf?%?&'l gyt Sd‘éf‘%tag%}mﬂ ﬁ']‘e égeggo;\zsi @8??1@%%%\‘/(8 be[q{gqﬂgﬁ vgntI rg]nggn

current - deRE P £ %9?”S%E&%%ﬁ%”#%f*fﬁ%‘é°"s%8T?%q BT e the.
cal cul at i g, Sl b RIS ohSa SR BLUATT 1T SRIRAIGMLYER, O ad) st abl e

par aneters an errors t e expe rom neglect o second transit

t hrough t he nanotubes that appears in the refl ectance neasurenent, and

negl ect of the reflection fromthe front surface of the nanotube filnfionic
liquid occurring in the transm ttance neasurenent. Reassuringly, correction
for these effects woul d raise the cal?dul ated val ue, further inproving the
agreenent .



[ 0076] Al t hough the PCE of grating MS cells could exceed 17% it was found
that they degraded rather drastically with tinme. The degradation was traced
to el ect rwo=xotihiab7saccunul ated from the environnment at tReTRiSDi1AyED7
surface. Because this charge tended to neutralize the trapped positive
charge in tdepeRbitd BYGdgaliveeapaigtdibes d0atimgene aathe 1Sylaydrel 0 surdacei on | ayer
that permtted the w de el ectrode spaci ng) the nagnitude of the inversion

| ayer decr Eesaedstrottgicae serged echsasl ittoes &l dn elginofytic ceppacitor toThise thee  of

el ectrolytes, which are intrinsically neutral and induce the inversion

| ayer via carspiantanidbe systenapifea selpratentiplomovigagyinimnal bydbeoigna probl em As
is seen in the data of FIG 9, sinple addition of the electrolyte as the

i oni ¢ condbemblevel gifest beygen Egdian NE‘PP INeheyxBh oRPEeTAIVEN IS99 U3¢ i ng, i el ds
a short circuit photocurren hot ocurrent inplying

f ual to the saturatio o]

exi st ence ORESERRSUIHAIE? BIoBIRt “55%?008?) Gﬁatl%foéﬁ’g CﬁHsf(sdgF B9 "s applied. In
th f SWNTs, . t t.\h Lke | ectrol yt
addi t1on ¢ ExuREERe MR RERERE e ip) PR A F el Coceary To
achi eve t h@ogggl TR e GOSN An ol dicchBRYf theufdliodRRohdiker f €at ure is

not anti ci pa cdse ol conventional fretal electrodes. In that case,
a grating M.& 98Ratidan dgpsd §A81a@lsaompRld theidate dirdeit Sk hayigbler epl aced by
the ionic Iiquid electrolyte may provide the solution to the previous

degr adat i 0pyrROAHEID RViQImaN ridamdible bbeernelenced the gate fied@nbicemgnt(ofnid e gati ng
incurs little energetic penalty, it does add to the device conplexity).
Final ly, simme&rsisnlager mbhée thayaraiibe goe firefsiof thergoichlayet Eoalnes fite of t he Si

sem conductor |ayer 102 to trap nore of the light that would ot herw se be
refl ected Emegetictrenalyr fraleed, cRepemnt totha filshipesholyaidAtndies!)icaseaitp- n j uncti on
Si solar cell have been denonstrated to enhance the device performance. The
| ar ge spacharpesefitniPheteas ptangibte thendi sgmicandycips Lyer 102sertage thetiaser 706a in
the electrolyte coated sol ar ce hat substaggi al benefits

[l 10 i ndic
OF ot bt hoSrpeen G S VLD e et 1082 SR EPBANS 1 A LoV SRR A Ty b
hi d by filli th hol | .th el t ) 771.1¢. ld b
o heer gen oinhes b4 onfved BRORE S el Baral Bl onb FAEFSIGROCY, § P

| i ti | t andi f th
or i pi s e OB, SORILRI 1BAT uAfat OF b btk diRpalBhE 0 T D be ade
to the ab%ﬁaﬁ{e@gr ﬁ&%%%ﬁéﬂnﬁﬁ&i&? n¥hdilsRd itk BRRIghbaIer Bubteer i al Iy from the

spirit and pr I ples of the disclTosure. Al such nodifications and

vari ati onsggyfy hdik§RARE sbe BBotbdleleHU BSlvdVeF fine wilstobs&vddnesissealsy of this

di scl osure and the present application. [0078]1t should be noted that

rati os, coaéeeroh@ibute istheppwEnjeheratatdthoihbieranntutre fiimsatouttiedbaonrdgssbe expr essed
herein in a range format. It is to be understood WO

2011/ 139754CBIBAQY TrandBeidiiof rivae paves bp the silicme thewbiranhansing e Gor

conveni ence and brevity, and thus, should be interpreted in a flexible
manner to Hawkwddhingng thelngnetdee fHmpincreaags el igeistaasdiniadiontlipedreci t ed as t he
limts of the range, but also to include all the individual nunerical

val ues or &shiopdnpecianafipaialse e erptAnten dihe Rl do 4 2 FaUUpiAliner i cal
val ue and sub-range is ustrate ncentration

ligitl: i ted. il
r ﬁnge o:‘ " QBT)[?F”%? ”i@/oageéeozgﬁltﬁ%t /%Ori‘ﬁ'gthilgy%égg H{BLWH‘?t&e&aV%rﬁgPﬁtﬁFude not bonI y
t icit i i ; ML 9 wt % t
50" 1 nol ubR TS er PO A o BB By otz Blsadifidhucd Y Phe
sub-ranges n—ﬁrﬁmge ,theoovg%laﬂxso]rg/ﬁveﬁsﬁ%@ewﬁlewﬁim%m%reé%gt‘% i3 the indicated

range. The term "about™ can iInc traditional rounding according to

si gni fi cantesfstBE Sfeldihg MHERMINGA heWadel ehis thifs d0h bk @ casBemplavage " about * X
to "y- includes "about™ 'x' to about 'y'".
mesh layer 106a achieved a best PCE of 10.9% ata Vgae =-0.75 V. At this same

gate voltage, the grid layer 706a having the geometry shown in FIGS. 7A-7B attains
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CLAIMS 1. A solar cell conprising: a nmesh layer fornmed on a

sem conductor |ayer, wherein the mesh layer includes an electrically
conduct i nyQ 20r12138T3ar ent porous mesh of nanotubes; and PCT/USantiosdT | ayer
formed on the nmesh | ayer, wherein the ionic |ayer seeps through the porous

mesh of nanppEbes RN ifbfdehbt o@%"fﬁ%ﬁérihéM@sfﬂ@@rqmmti@.ﬁatloaxﬁr- 2. A solar

cell conprising: a first nes ayer forned on a sem conductor | ayer,
wherein thggf hrst nmesh layer includes a porous nesh of nanotubes; a first
metal lization layer coupled to the first mesh | ayer; a second high
surface arpar§l ectQompatddyto thendse bl angpnédueos filod thedmugrsed soler flule fir st
netallization | ayer by a gate voltage; and an ionic layer in
el ect ri cal arcungratrine electonyteln-Shiunttionof the wridregllshopldaaniigsditieif@sgecond hi gh
surface area electrically conducting el ectrode. .

larger short circuit current density. The short circuit current density for the mesh

layer 106a was Jscy = 25.0 mA/cm?, while that for the grid layer 706a was a larger

Jsce = 29.8 mA/cm?, as expected. Furthemmore, if the only difference in the short

circuit current of a device with a grid layer 706a and a device with a mesh layer 106a

(both coated with IL electrolyte) lies inthe absorptive losses due to the relative areas

covered by the nanotubes, it should be possible to semi-empirically calculate the

ratio of the current densities obtained in the two cases from considerations of only

the relative solar power absorbed within the silicon in the two cases. The latter can

be determined from measurements of the reflectance of silicon, the reflectance of a

nanotube film on silicon and the transmittance of a nanotube film, on glass (ionic

liquid coated in all cases) recorded over the relevant range of the solar spectrum

(300 nm — 1107 nm). The ratio of the measured current densities is Jscg / Jscm =

29.8 mA / 25 mA = 1.19, while the calculation yields 1.17 which is excellent

agreement given no adjustable parameters and errors to be expected from neglect of

the second transit through the nanotubes that appears in the reflectance

measurement, and neglect of the reflection from the front surface of the nanotube

film/ionic liquid occurring in the transmittance measurement. Reassuringly, correction

for these effects would raise the calculated value, further improving the agreement.

[0076] Although the PCE of grating MIS cells could exceed 17%, it was found

that they degraded rather drastically with time. The degradation was traced to

electrons that accumulated from the environment at the SiO layer surface. Because

this charge tended to neutralize the trapped positive charge inthe SiO layer

(responsible for generating the inversion layer that permitted the wide electrode

spacing) the magnitude of the inversion layer decreased, degrading the solar cell
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3. The solar cell of claim2, wherein the built-in potential of the
junction of the first nesh |ayer and the sem conductor |ayer is sensitive
to a vol twigeoappbised by the gate voltage. 4. The sol ar eelrlusediiosanm 2,
wherein the interface dipole of the junction of the first nesh layer and

the sem copduehfcel aKelsd §fe‘%ﬂf@l?ﬂ%g,%i&ﬁ’ar@in%@%fbé!@@\eambh@ﬁ]dbc}é thée gate
voltage. 5. The solar cell of claim2, wherein the gate voltage includes a

plurality plersioh &iyecsd & SpontaBo@ddhbigb38ardRCT MbipR0ihAtd B¥d fréblém. Ree sol ar
cell of claim2, wherein the first netallization layer forns a first

el ectrode anrdet inghesdataniFIBi glsirsple hddittonaf the eldctrelyteiag #d ignie oendiyetl ng

el ectrode a second el ectrode. 7. The solar cell of claim2, wherein the
first metalayérzi@Bieyan With ée date ¢lpeiiigaty Bapting. yields Reshed AT RARIEE\EIENt ayer by an

i nsul ati ng Ia¥ 8. The solar cell of claim2, wherein the fir

metal | i zat PO 1°é%$at%f??‘éb‘?h°§9c%‘?ﬂt5‘&ﬂ“§”9lWt%ﬁot:@ﬁwe{sﬁ’f‘ "’?3@9%‘@” 9 The sol ar
cell of claim 2, I ncl udes a ene | ayer.

10. The soP%fPrec?éypatSff'e '%?Fm?é \/\Ai'éercé'isﬁc’{%\%%?f rtg‘?a%gﬁnf%glfgre?ﬁ)cl udes

sem Conduch r}%atu%no%menlerc?rglﬁe]a%d|t|g-rb%dﬁgés%e fﬁl%étor% tr%t%eraa?e fiéM'Er ein the first

mesh | ayer nanow
necessary to achieve the maximum power conversionefficiency. Such gap like

feature is not anticipated in the case of conventional metal electrodes. In that case, a
grating MIS Schottky junction solar cell with the SiO layer replaced by the ionic liquid
electrolyte may provide the solution to the previous degradation problem even
without the need for active gating (while gating incurs little energetic penalty, it does
add to the device complexity). Finally, such solar cells may also benefitfrom a
texturing of the Si semiconductor layer 102 to trap more of the light that would
otherwise be reflected from its surface. Recently arrays of nanoholesin a p-n
junction Si solar cell have been demonstrated to enhance the device performance.
The large spacing pemitted between the grid lines of the grid layer 706a in the
electrolyte coated solar cell 100c indicates that substantial benefits of both the
inversion layer and the additional light trapping may be achieved by filling the
nancholes with electrolyte.

[0077] It should be emphasized that the above-described embodiments are
merely possible examples of implementations set forth for a clear understanding of
the principles of the disclosure. Many variations and modifications may be made to
the above-described embodiments without departing substantially from the spirit and
principles of the disclosure. All such modifications and variations are intended to be
included hereinwithin the scope of this disclosure and the present application.
[0078] It should be noted that ratios, concentrations, amounts, and other

numerical data may be expressed herein in a range format. Itis to be understood
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12. The solar cell of claim2, wherein the sem conductor surface has been
nodi fied to change the surface state density permtting additional

per f or mrarwe 2eniaprsenrent by t he applied gate voltage. 13pCThs2@ialoasiorel | of
claim2, wherein the series resistance of the solar cell is sensitive to a
vol t age applat a@dhhyatdefonadt & used tcrgenveiidncelame bsoditgrand &lus, sibuidlbai m 2, wherei n
the first mesh layer includes a netallic grid. 15. The solar cell of claim
2, wher ei nintdngrefediirsé flepitsié maayesto innlgdmwsnlatmmﬂ@luamgﬁre)@ﬁqﬁﬁv 16. A sol ar
cell conmprising: a Pl‘ld | ayer fornmed on sem conductor layer; a first

met al | i zat Iesited 2gbe @%?flt@ﬁfa[‘@e thba'ﬁ?th‘Ciuﬁ§@|“ hegppividual ”Um%(ﬁa'i onic layer in

el ectrical comunication with th drha % d the sem coElduc(tjor | ayer.
17. The soVareESHO-FANIED 3”9?!*?835 Pigthate éeﬁFf&aT'h’g}é‘?e”f’ﬂ'd’F‘ 888 an

whor el n_t nedtenae Payeltt iaelo IRBLRE ey Bl 2ad®e B 1 P ori 0.
about 5%” should be interpreted to include not only the explicitly recited
concentration of about 0.1 wt% to about 5 wt%, but also include individual
concentrations (e.g., 1%, 2%, 3%, and 4%) and the sub-ranges (e.g., 0.5%, 1.1%,
2.2%, 3.3%, and 4.4%) within the indicated range. The term “about” can include

traditional rounding according to significant figures of numerical values. In addition,

the phrase “about ‘x’ to 'y includes “about ‘x’ to about ‘y"”.
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19. The solar cell of claim 16, further conprising an insulating |ayer

di sposed between the sem conductor |ayer and the first nmetallization |ayer.
20. The swbaniigsbis4of claim 19, further conprising: PCTAISD®ES 03418y er
formed on the insulating |ayer, the mesh |ayer electrically isolated from
the grid layer; and a second netal loLagmson | ayer coupled to the nesh | ayer.

1. A solar cell comprising:

a mesh layer formed on a semiconductor layer, wherein the mesh
layer includes an electrically conducting, transparent porous mesh of
nanotubes; and

an ionic layer formed on the mesh layer, wherein the ionic layer seeps
through the porous mesh of nanotubes and directly contacts the

semiconductor layer.

2. A solar cell comprising:
a first mesh layer formed on a semiconductor layer, wherein the first
mesh layer includes a porous mesh of nanotubes;
a first metallization layer coupled to the first mesh layer;
a second high surface area electrically conducting electrode coupled
to the first metallization layer by a gate voitage; and
an ionic layer in electrical communication with the first mesh layer and

the second high surface area electrically conducting electrode.

3. The solar cell of claim 2, wherein the built-in potential of the junction of the
first mesh layer and the semiconductor layer is sensitive to a voltage applied

by the gate voltage.

4. The solar cell of claim 2, wherein the interface dipole of the junction of the first
mesh tayer and the semiconductor layer is sensitive to a voltage applied by

the gate voltage.

5. The solar cell of claim 2, wherein the gate voltage includes a plurality of solar

cells.
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10.

11.

12.

13.

14.

The solar cell of claim 2, wherein the first metallization layer forms a first
electrode and the second high surface area electrically conducting electrode

a second electrode.

The solar cell of claim 2, wherein the first metallization layer is insulated from

the semiconductor layer by an insulating layer.

The solar cell of claim 2, wherein the first metallization layer directly contacts

the semiconductor layer.

The solar cell of claim 2, wherein the first mesh layer includes a graphene

layer.

The solar cell of claim 2, wherein the first mesh layer includes semiconducting

nanowires.

The solar cell of claim 2, wherein the first mesh layer includes metallic

nanowires.

The solar cell of claim 2, wherein the semiconductor surface has been
modified to change the surface state density permitting additional

performance enhancement by the applied gate voltage.

The solar cell of claim 2, wherein the series resistance of the solar cell is

sensitive to a voltage applied by the gate voltage.

The solar cell of claim 2, wherein the first mesh layer includes a metallic grid.

31



WO 2011/139754 PCT/US2011/034107

15.

16.

17.

18.

19.

20.

The solar cell of claim 2, wherein the first mesh layer includes a

semiconductor grid.

A solar cell comprising:
a grid layer formed on a semiconductor layer;
a first metallization layer coupled to the grid layer; and
an ionic layer in electrical communication with the grid layer and the

semiconductor layer.

The solar cell of claim 16, wherein the grid layer includes an electrically

conducting grid of nanotubes.

The solar cell of claim 16, wherein the grid layer includes an electrically

conducting metallic grid.

The solar cell of claim 16, further comprising an insulating layer disposed

between the semiconductor layer and the first metallization layer.

The solar cell of claim 19, further comprising:
a mesh layer formed on the insulating layer, the mesh layer electrically
isolated from the grid layer; and

a second metallization layer coupled to the mesh layer.
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