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Electronic and ionic charge transfer provides a basis for composite semiconductor/electrolyte
systems featuring simultaneous solar/electrical conversion and solar energy storage. This cell
contains both multiple band gap and electrochemical storage, and provides a nearly constant
energetic output in illuminated or dark conditions. Multiple semiconductor band gaps can enhance
the energetics of this interaction. The cell combines bipolar AIGaBs=1.6 eV) and Si E,

=1.1 eV) and AB; metal hydride/NiOOH storage, and generates a light variation insensitive
potential of 1.2-1.3 V at totalincluding storage lossgssolar/electrical energy conversion
efficiency of 18.1%. ©1999 American Institute of Physids$S0003-695(99)01826-4

Whereas electrical needs are largely continuous, clouds-type wide band gap layer. Continuing towards the right-
and darkness dictate that photovoltaic solar cells have ahand side in the scheme, charge excited by the wide band
intermittent output. Photoelectrochemical solar c6REC3  gap photon (v >Eg,), enters the small band gap layer,
can generate not only electrical but also electrochemical erwhere further stimulation, such ased** , occurs by longer
ergy, generating an output insensitive to daily variations irwavelength fiv>Egg) light. In both Schottky, opn-ohmic
illumination~2 In this study, the first multiple band gap so- schemes, the subsequent space charge field minimizes re-
lar cell to combine electrical conversion and storage of solacombination, drivinge™** through the small band gap semi-
energy is investigated. conductor, facilitating charge transfer to the electrolyte. The

In our recent modél, the energetics of twelve distinct photodriven charge sustains reduction at the cathode
multiple band gap® photoelectrochemical solar cell €lectrolyte/interface, and drives extractable work through the
(MBPEOQ) configurations were introduced. The various con-€xternal loadRj,,q. The generated bipolar MBPEC photo-
figurations comprised either Schottky or ohmic interfacialvoltage,Vpnoto, is the sum of the potentials of the individual
electrolyte/semiconductor junctions, utilized either multiplePand gap layers, and is constrained by the saturation current
(bipolan or single (inverted photon events, and included through,jo, through Schottky, opn junctions. This yields a
pathways for optical conversion with or without energy Maximum power point photopotentialymay, less than 60%
storag€e’ We have recently presented experimental results off the band gap in efficient devicés.

a variety of regenerative MBPECs, operating in both _ Electrochemical energy storage can occur Bfgox
bipolar® and inverted! modes at solar energy conversion = Ea+/a—Egs+ , @s indicated in the left bottom portion of
efficiencies approaching 20%, but not capable of energy stof-19- 1. During illumination of this bipolar storage MBPEC,
age. the charging potential for storage occurs minus cathodic and

Each of the distinct bipolar scheméSchottky, direct anodic polarization losses;:
ohmic, m@weq ohmic, and wnh or without storaggre rep- Veharging light) = (NKT/€)(IN[ 1+ ] protol f o w]
resented in Fig. 1, and comprise a two photon/one electron _ _
photoelectrochemical process H2—e~), which may be XX[1+ ] photo J o—s]) — Mcathodet anode (1)

generahzeﬁ for am b_"’r‘Ed ga}g cc‘)‘\r;!gur?jtlon, tI(I) frr}’pgotodn which must generate a potential greater than the redox stor-
process (hv—e"). € wide and small -s- ban age potential:Eg/g+ —Ea+/a™T Tcathode™ Manode N the ab-

gap layers are denoted with respective valence and conduggnce of jllumination, the cell potential is constrained by the

tion bandsE, andEc, and band gafEgw=Ecw—Evw, OF  redox discharge potential:
Ecs=Ecs— Eys. In each of the photocathodic bipolar band

gap energy schemes represented in Fig. 1, light shown inci- Vieaddark =Eg/g+ —Ea+/a— Tcathode™ 7anode (2
dent from the left-hand side, first enters the wide band gap The balancing of the energetics of the solar conversion

layer in which more energetic photons are absorbed; Iesz§nd storage capacity processes are critical for high efficiency

energetic photons are 'Fransmnted, and are absorbed by ﬂé?\d successful rechargability. A complex energetic challenge
small band gap layer. Light of greater than band gap energy,ists to choose bipolar band gaps with a combined maxi-
Ecw, drives electron hole pair excitation, the space chargc?num power point voltage tuned to a high capacity quasire-
layer inhibits charge recombingtion, driving the photogxcitec\,ersime storage redox couple potential, in a system also pro-
electron,e”*, at photocurrent] o, for the p-type (wide ;ging efficient solar to electrical energy conversidigh fil
band gap conduction band into the quasi-Fermi level of the t501or open circuit photopotential, and short circuit photo-
curreny. In a bipolar MBPEC minimization of defects be-
3Electronic mail: chrlicht@techunix.technion.ac.il tween successive semiconductor layers is critical to mini-
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FIG. 1. Energy diagrams for bipolar multiple band gap photoelectrochemistry. Elements of the Schottky or ohmic and direct or indirect semiconductor/
electrolyte interface, are shown as well as regenerative and storage modes. Top left side: Schottky regenerative bipolar MBPEC; note that is both a solid state
pnjunction and a Schottky junction between sglitype and the electrolyte. Top right side: direct ohmic regenerative bipolar MBPEC; note that there are two

solid statepn junctions, as well as a direct junction between semiconductor and liquid electrolyte. Bottom left side: bipolar indirect ohmic regenerative
MBPEC; note that there are two solid statejunctions, as well as an electrocatalyst situated between the semiconductor and liquid electrolyte. Bottom right:
bipolar band gap indirect ohmic storage MBPEC; note the storage potential is the difference between the two electrochemical redox coapt8/AA

mize dark current, provide ohmic contact without light conditions. This is better illustrated in the schematic Fig. 2,
absorption loss, and maximize cell efficiency. The multiplewhich summarizes the components of an experimentally in-
band gap bipolar storage solar cell, as shown in the bottorgestigated multiple band gap bipolar storage solar cell. Cur-
right of Fig. 1, generates a stable output even under darkent flow through the load is in a single direction both in
illuminated (shown and dark(not shown conditions. Upon

ey iIIumir.1ation., two photons generate eaph electron, a fraction
N AA of which drives a load, while the remainder X&/") charges
Y- Rioa ‘—(1-1/x)e'§ 5z the storage redox couple. Without light, the poteptial falls
%% : BE g ‘é below E, .40, the storage couple spontaneously discharges.
1 € =y . This dark discharge is directed through the load, rather than
§ § £ g S|E|E £ £ §§ . through the multijunction semiconductor’s high dark resis-
EI N N . Y tance, via electrochemical storage processes such as MH oxi-
|~ |~ |~ P PEN PPN o 8] o i I i .
~ 2 TIEIE Al .2 g ,:« dation and NiOOH reduction:
2hy EERlIE] | 1B3E.l: 3 HES MH+OH —M+H,0+e"; E=-08 Vvs H; (3
[ B o O Bt cielss g 1812 8§
c 2 |z < HERSHRE NiOOH-+H,0+ e~ — Ni(OH),+OH";
= |E| (3], ]2] |3 g U5 T
I < s *ls —
-82’&;5%&2? é §§§“ E=0.4 V vs H,. (4)
E |2 §l5121|. |3 z This NIOOH/MH metal hydride storage process is ideal
= g g ;v Eé 13| lalsla for the AlGaAs/Si due to the excellent match of the storage
<|alplé]e|c] |ul=z]E and photocharging potentiald/orage=1.2 V' + %eharging

FIG. 2. Schematic representation of the bipolar gap AlGaAs/SiMH/NIooHWhile  from Eq. (1), VpmafAlGaAs/Si)<1.5 V, using

conversion and storage solar cell. Ec_acaas— 1.6 eV andEg_s=1.1 eV. In addition, MH has a
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high energy storage capacity60 Wh/kg, and high quasire-

versibility providing>500 charge/discharge cyclEs. _ - .
The AlGaAs/Si components in Fid. 2 are prepared b FIG. 4. Two days conversion and storage characteristics of the AlGaAs/Si/
e_ St p 9. ; prep YMH/NIOOH MBPEC solar cell using a graded diffuse filter varied AMO
conventional epitaxial growth atmospheric pressure metalofitumination.
ganic chemical vapor depositidfi.l’ The bottom layer con- | oad ol . tions in i
sists of ap®-Si/n-Sin™-Si multijunction. Antireflection Inea_ryt(_:onstan:jltc.)a pc_)rtﬁntla, mTIensImve ftf(.) _varlatlpnz '? "
films are layers of Mg§/ZnS. Au—Zn/Au and Au—Sb/Au umination conditions. The overall solar efficiency is deter-

. 0 - ) : o i
are evaporated as contacts pnand n-type electrodes. The mined from a 19.6% photopower efficiency; of this 44% is

included backwall photoelectrochemical configuration pre_consumed directly by the load, and the remainder regener-

0 O .
vt phaton absorpto lsses by th redox fbrsgn 1% 1€ 18 0 1 857 enery storege oy, ol
capacity AB MH and NiOOH electrodes were extracted ne 9

i 0,
from the Energizer CP8960D cell and used with a 12 MbOth conversion and storage of solar enérgly18.1%.
The authors are grateful for support by the Israel-Japan
KOH electrolyte.
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