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Charge carriers are photogenerated with very different spatial distributions in conventional
inorganic photovoltai¢IPV) cells and in organic photovoltai©PV or excitonig¢ cells. This leads

to a fundamental, and often overlooked, mechanistic difference between them. Carriers are
generated primarily at the exciton-dissociating heterointerface in OPV cells, resulting in the
production of electrons in one phase and holes in the other—the two carrier types aaédhdyg
separatedacross the interface upon photogeneration in OPV cells, giving rise to a powerful
chemical potential energy gradieWij,,, that promotes the photovoltaic effect. This occurs also in
high-surface-area OPV cells, although their description is more complex. In contrast, both carrier
types are photogenerated together throughout the bulk in IPV §ellg; then drives both electrons

and holes in the same direction through the same phase; efficient carrier separation therefore
requires a built-in equilibrium electrical potential energy differen¢g,; across the cell. The
open-circuit photovoltag¥ . is thus limited to,,; in IPV cells, but it is often greater thady,; in

OPVs. The basic theory necessary to compare IPVs to OPVs is reviewed. Relevant experiments are
described, and numerical simulations that compare semiconductor devices difietinm the

spatial distribution of photogenerated carriers are presented to demonstrate this fundamental
distinction between the photoconversion mechanisms of IPV and OPV deviceB00®American
Institute of Physics.[DOI: 10.1063/1.1544413

INTRODUCTION cifically consider them. The OPV cells may be based on

_ _ ) organic dyes, semiconducting polymers, small semiconduc-

The conversion of solar energy into electrical or fuel i, mgjecules, or on some combination of these species. In

energy is becoming ever more important as the environmeng cases; however, light absorption by the organic species
tal, political, and physiological costs of our current energyeqyits primarily in the production of excitons rather than
sources become more apparent. Solar cells made from in0fze electron-hole pairs. To produce a substantial photovol-
ganic semiconductors have been studied since the 1950s a{%qc effect, the electrically neutral excitons must either be

have been used as renewable electric power sources in applizagted at(DSSC3, or diffuse to, an interface where they
cations ranging from satellites to residential roof-tops sinCgjissociate into an electron in one phase and a hole in the
the 196051' Recently, several types of solar cells based Onyiher- thusthe charge carriers are already separated upon
organic materials have appeared, raising the intriguing poSspstogeneratiod* Exciton dissociation also can occur at
;ibility of inexpe4nsive solar cells that can be maQe on flexy,1k trap sites, leading to one trapped carrier and one poten-
ible substrate$-* There are some well-known differences a1y free carrier, but this is often just a minor perturbation
between the photoconversion mechanisms in inorganic phgsy the py effect caused by interfacial exciton dissociation.
tovoltaic(IPV) cells and in organic photovoltail©OPV) cells;  |hierna) electric fields are usually not strong enough to cause
most obviously, that light absorption in OPV cells leads t0gyiton dissociation: Given typical values for the exciton ra-
the production of excitonénobile excited states® while in dius ~1 nm, and binding energy-0.25 VP15 3 field of

IPV cells it leads directly to the creation of free electron-hole< 16 \/em would be required to cause excitons to

pairs. This difference, however, has fundamental, and undefissqciatd® we discuss the special features of the photocon-
appreciated, consequences for the theoretical description gfsion process introduced by the interfacial excitonic carrier
the photoconversion process and for efforts to optimize theyeneration mechanism: Most importantly, the different fac-

performance of OPV cells. _ tors limiting the achievable photovoltage in OPV cells rela-
Here we review a simple and general theoretical treats; e to 1PV cells.

ment of photoconversion processes that is valid for conven-  \y then employ a semiconductor device simulation pro-

tional (IPV) cells as well as for all three currently existing ,.am (siMwINDOWS) to illustrate the significant differences
types of OPV cells: dye-sensitized solar c¢XSSC3;? pla- J i i i o i
yp - dy! v P in photovoltaic behavior resulting from the apparently minor

nar organic sgmlcpnductog_(:lgﬂ'g,_ and high-surface-area, gigterence in charge generation/separation mechanism that
or bulk-heterojunction cell?~**This treatment may also be distinguishes conventional from excitonic solar cells. We

valid for quantum dot solar celfS,although we do not spe- compare the differences in charge-carrier distributions, re-

combination rates, angbhotg current density-voltagelf V)
¥Electronic mail: briangregg@nrel.gov curves of the two solar cell types while assuming identical
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FIG. 1. lllustration of the binding energy between a photogenerated positive 2 ’ =
- . g Olexciton binding
charge(hole) at the origin and a negative char@ectron at the indicated
distance from the hole. Potential wells were calculated for a typical inor- energy

ganic semiconductor with an isotropic dielectric constantl5 and a typi-
cal organic semiconductok (=4) assuming point charges. The greater de- r. 2. Energy-level diagram for an excitonic solar cell with no band bend-

localization of the carrier wave functiorfwider bandwidth, lower-effective ing but a band offset. Excitons created by light absorption in both organic
mas3, and the narrower Coulomb potential well in the IPV case, commonly semiconductors 1 and 2 do not possess enough energy to dissociate in the

result in the photoproduction of free electrons and holes at room tempergs | (except at trap sitdsBut the band offset between OSC1 and OSC2

ture. In OPVs, however, localization of the carrier wave functioarrower  oyides an exothermic pathway for dissociation of excitons in both phases,

bandwidth and the wider _Coulomb potentlal well lead to photoproduction producing electrons in OSC1 already separated from holes in OSC2. The

of bound electron-hole pairs, or excitons. band offset must be greater than the exciton binding energy for dissociation
to occur.

band gaps, heterojunction band offsets, carrier mobilities,

doping densities, thicknesses, etc. This provides a demon-

stration of the fundamental differences in photovoltaic be-wave function is spatially restricted, allowing it to be local-
havior between IPV and OPV cells in otherwise identicalized in the potential well of its conjugate holeand vice
devices. versa. Therefore, a tightly bound electron-hole pétrenkel

Our discussion is at a general level: Although we mayexciton or mobile excited statés the usual product of light
neglect some details of specific devices in favor of the “bigabsorption in organic semiconductdrét. is a mobile, elec-
picture,” we believe we have captured the essential mechavically neutral species which, to first order, is unaffected by
nistic features that distinguish IPV from OPV devices. In theelectric fields.
following, we always assume ohmic contacts for simplicity, ~ Electronic trap sites in the bulk can facilitate exciton
that is, there is no voltage drop across the contacts, and thissociation into one trapped carrier and one free carrier, but
ratio of electrons to holes at the contacts always remains dhis is not, in general, a viable mechanism for efficient pho-
its equilibrium value. We ignore small effects such as Dem-+oconversion. However, it should be recognized that this pro-
ber potentialt®!” and assume there are no temperature gracess does occur to a greater or lesser degree in all OPV cells.
dients(i.e., Seebeck effects are neglegted The more fundamentally important process, and that which
drives most OPV cells, is the interfacial dissociation of ex-
citons at a heterointerface into a free electron in one material
and a free hole on the other side of the interfd€dg.

A key difference between organi©PV) cells and con-  2).2%71418-21Except in DSSCs, excitons must first move,
ventional (IPV) solar cells(as epitomized by silicorp-n  usually via diffusiof?? (and/or relaxation to lower-energy
junction cellg is the relative importance of interfacial pro- states in disordered materigl¢o the heterointerface and
cesses. This difference is closely related to the charge gethen dissociatéFig. 2) by a mechanism that is not yet well
eration mechanism. Electron-hole pairs are generated immemnderstood:'¢?2=2% The charge carriers are thus already
diately upon light absorption in IPV cells under normal separated from each other across the heterointerface upon
conditions; that is, they are generated throughout the bulgeneration. Given their usually low equilibrium carrier den-
according to the exponential decrease of the incident lighsities, excitonic solar cells under illumination are almost al-
intensity. In contrast, light absorption in organic materialsways majority carrier devices, unlike most IPV cells which
almost always results in the production of a mobile excitedare minority carrier devices. The energy of a thermalized
state rather than a free electron-hole pait®This occurs for  exciton (which is the optical band gaps less than the en-
two reasondgFig. 1): (1) because the dielectric constant of ergy of a free electron-hole pafelectrical band gap the
the organic phase is usually low compared to inorganic semidifference being the exciton binding enerdyig. 2). The
conductors, the attractive Coulomb potential well around thehermodynamic requirements for interfacial exciton dissocia-
incipient electron-hole pair extends over a greater volumeion are clear—the band offset must be greater than the ex-
than it does in inorganic semiconductors dB8gbecause the citon binding energyFig. 2). But the kinetic requirements,
noncovalent electronic interactions between organic moland the role of interface polarizability, exciton transport
ecules are weatknarrow band widthcompared to the strong rates, interfacial electronic states, etc., are not well under-
interatomic electronic interactions of covalently bonded in-stood. The crucial process of interfacial charge-carrier re-
organic semiconductor materials like silicon, the electron’'scombination is also poorly understood in solid-state OPV

EXCITONIC SOLAR CELLS
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% apa % 2| b, f in the bulk [IPV cells, Fig. 3a)] or at the exciton-
cE \\ e s & ; dissociating interfacOPV cells, Fig. 8b)] it is always an
-% % TN %% -« obstacle to efficient photoconversion.
¥ . '
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FIG. 3. A cartoon illustrating the difference in charge-carrier generation Conventional solar cells, almost by definition, all func-

mechanisms in convention&h) and excitonic(b) solar cells. In conven- tion according to the same photoconversion mechanism. one
tional solar cellga), electrons and holes are photogenerated together wher- '

ever light is absorbed. Therefore, the photoinduced chemical-potentialwh|Ch 'S_ epltomlzed by silicop-n junction SOIa_r cells. ThIS.
energy gradien¥ u,, (represented by arrowslrives both carrier types in ~ mechanism is so well known that the assumptions underlying
the same direction. In the excitonic cétl), however, electrons are photo- jt are sometimes forgotten and it is thought to be the only
generated in one phase while holes are generated in the other via interfa(;i?bssiue mechanism for phOtOCOhVEI’SiOh It has often been
exciton dissociation. Carrier generation is simultaneous to, and identic lied i tv to d ibe OPV I ' H .
with, carrier separation across the interface in OPV céllg;,, therefore applie mcprrec y 10 descn .e cells. Here we review
drives electrons and holes in opposite directions. the generalized forces that drive a flux of electrons through a
solar cell. This treatment does not make any device-specific
- o . assumptions, therefore it is valid for all types of solar cells.
cells;™ although it is somewhat better characterized at the The general kinetic expression for the one-dimensional
ATlArid 19,26-32 ) o
solid/liquid interface of DSSCS! o _ current density of electronk,(x) through any device is usu-
Carrier generation and separation in IPV cells is also gy expressed as
multistep process, but the steps are different. Light absorp-
tion in IPV cells leads directly to the production of electron-  In(¥) =N(X)aVU(X) +kTunWn(x), @

hole pairs together in the same material. Since the two carriefheren(x) is the concentration of electrong,, is the elec-
types have the same spatial distribution in the same chemicglon mobility (not to be confused with the chemical potential
phase, the photoinduced chemical potential energy gradienénergy u), and k and T are Boltzmann’s constant and the

V un, [Fig. 3@] drives them both in the same directit@l-  absolute temperature, respectively. An exactly analogous
though this is a small force in most IP)/sTherefore, elec- equation describes the flux of holes. The only assumption
trons can be separated efficiently from holes in IPV cellsinvolved in this kinetic equation is that the electron current is
only by the action of the electrical potential-energy gradientaffected only by electrical and chemical potential energy gra-
VU, more commonly known as the equilibrium electrical dients; that is, that there are no magnetic fields, temperature
potential-energy difference across the cell, or band bendingr pressure gradients, etc. Equatidh is valid both at equi-
i (=/VU(x) dxat equilibrium. In contrast to IPV cells,  Jibrium and away from it, both in the dark and in the light.
Vun, in OPV cells drives both electron and hoksayfrom The quasi-(i.e., nonequilibrium Fermi level for elec-

the exciton dissociating interfa¢€ig. 3(b)], thus separating trons in a semiconductor is defined as

them further. This is also true, but complicated by geometri-

cal factors, in the high-surface-area OPV cells discussed be- Efn(X) =Ect(X) +KTIn{n(x)/Nc}, )

low. In most casesy up, complementshe effects ofJy,; in ~ where Ey(x) is the electrical potential energy of the
OPV cells, while itopposegdy; in IPV cells. This clearly conduction-band edgé (x)=U(x)+constant; andN, is
leads to different limitations on the open circuit photovoltagethe density of electronic states at the bottom of the conduc-
Vo for IPV and OPV cells. tion band. Taking the gradient of ER) and substituting it

It has become increasingly apparent that OPVs require ito Eq.(1) provides the simplest expression for the electron
different description than IPVs. In 1990, we showed that acurrent

substantial PV effect could be achieved in an electrically
symmetrical cell in whichZ,;=0.18 A kinetic model based Jn(X)=n(X) n VEgn(X). ()
on the asymmetric dissociation of excitons at the porphyrinThus, wheneverVE.,#0, an electron current will flow
ITO interface was developed to explain these results. Latethrough the device.
with the use of carrier-selectiveenergy-selectivecontacts In the classical description of nonequilibrium systems,
we achieved/.~1 V in OPV cells in whichZi,=033More  fluxes are driven by force¥. Equation(3) shows that the
recently Malliaraset al. developed a kinetic model for poly- flux of electrons {,)) is related to théphotg electrochemi-
mer PV cells that included the spatially confined carrier gen<al force VEg,) by a proportionality factor rfx,,). Equa-
eration profiles* Brabecet al. showed thaV/, in polymer  tion (3) and the related equation for holes can be employed
solar cells was not entirely controlled B,;.12 Then, Rams- as a simple and powerful description of solar photoconver-
daleet al. independently confirmed this result and explainedsion systems. For examplany photoprocess that generates a
it with a model that included the effect of the asymmetricnonzero value oV Eg, and/orVEg, will result in a photo-
interfacial dissociation of excitoris. voltaic effect. This can be accomplished in a nhumber of dif-
Carrier recombination is driven partly by the same forcederent ways, only one of which is employed in conventional
that drive carrier separation and partly by kinetic factors thap-n junctions. It is useful to breaK E, into its component
are still poorly understoot’. Whether recombination occurs quasithermodynamic constituerfd) and Vu to clearly re-
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veal the difference between the photoconversion mechanisms e ML o o e
of IPV and OPV cells. Equatiofil) can be separated into 4.6 X YT LA
two independent electron fluxes, each driven by one of the 4.8 06, ;
two nonequilibrium force§¥ U and V. :. Sk . -_:
J,, due to the electrical potential energy gradient is §5.2 1 VL“ eV
85.4 Povmn
3n(0=n(X) X VU (x). (42 e
J, due to the chemical potential energy gradient is 5.8 Jr =
3000 =00 X KTIN() Y N(X) R N W TR
or << ' d >
In(X)=n(X) wn XV u(X). (4b) Rl R A e et
; e —— i
Again, these equations are equally valid in the light and in o 4 ‘LA\\P \5
the dark. We employ u,, andVU,,, to denote these forces “’,45 T TR T T ——
in a cell under illumination. g Sy s 1
The expression for the chemical potential energy gradi- 2 5
ent = Tl
5.5 et
V u(x)=KT/n(x)Vn(x 5 T— A
HX)=KTINGIVR() © B R
can be derived by taking the spatial gradient of the equilib- L ] pdi%s 008 0.
rium thermodynamic expressiom,= kT In(n)+ %" Equa- <t d >

tions 4a) and 4b) show that the electrical potential energy o ) ) ) N o
FIG. 4. (a) SimWindows simulation of a conventional silicg@an junction

gradlen_tVU and the Che_mlcal _pOtentlaI _energy grad|§’m solar cell at open circuit under 50 mW/@iiiumination atA =2.5 eV. The
are equivalentforces. This equivalence is often overlooked g asi-Fermi levels;, andE, are indicated as the upper- and lower-dashed

because of the predominant importancevad in IPV cells.  lines, respectively. In this almost perfect IPV celly(1)=Voe mafl) be-
In OPV cells, howevery u, is often the dominant force. causeVEg,~0 on then-type side andVEr,~0 on thep-type side. There-
Since almost all carriers are photogenerated at the interfad®® Ernx-0~Erp.x=a=(Ern—Erp)max, See Eqs(6) and (7). (b). A less-

. . . . . than-perfect OPV cell, in which there was no band bending at equilibrium
in OPV cells, their concentration gradieffiroportional to (see Fig. 5, exhibits greater splitting of the quasi-Fermi levels under the

Vun, and the carrier diffusion coefficients much higher  same illumination because of its greater band gap, howaxg(l)
than in IPV cells(with their spatially distributed carrier gen- <V mafl) because of substantial carrier recombination.

eration, Fig. 3. This effect, coupled to the spatial separation

of the two carrier types across the interface upon photoge-

neration[Fig. 3(b)], constitutes a powerful photovoltaic driv-
ing force. Thus,VU can be=0, for example, and a highly
efficient solar cell can be made based wholly\oay,, . This

is how dye-sensitized solar cell®SSC$ function!®%? in
which the mobile electrolyte permeating the cell eliminate

the internal electric field¢see below. In solid-state OPV

Any potential difference greater than this will cause the cur-
rent to reverse direction. An example is shown in Fip) 4
for a simulated silicorp-n junction cell that exhibits almost
erfect behavior in whictVEg,~0 on then-type side and
Erp~0 on thep-type side. Therefore, the ohmic electrodes
cells without mobile electrolyte, botNU and Vu must be charg_e up _to th_e maximum possible potential difference for
. the given light intensityl. (The program used to calculate
taken into account. : .
X ; . these results is described below
It is possible to make solid-state OPV cells based en- ; .
The actual photovoltage in a solar cél,(1), is usually

tirely on V uy, , in which VU=0 at equilibrium(and we less thanV {) because of recombination processes
simulate the behavior of such cells below because of their oc.ma P ’

theoretical simplicity. In this case, however, the electric mass transf_er limitations, ettFig. 4(b)]. Under the assump-
S . . . tion of ohmic contacts

field induced by interfacial charge separat®bl,,, will op-

pose further charge separation. Nevertheless, substantial pho-
tovoltaic effects have been achieved in such OPV cells in

; _ (18,2033
which &y;=0. wherex=0 andx=d correspond to the negative and posi-

The maximum photovoltage obtainable in any solar cell ; :
. — . . : tive contacts, respectively, of the solar c@fig. 4). An ex-
at a given light intensity can be derived from Ed3). Since Do :
ample of a solar cell exhibiting a less-than-maximum pos-

VEg, andVEg, are the driving forces for the fluxes of elec- sible photovoltage is shown in Fig(. This is a special

trons and holes, respectively, net current flow must sto;% e of excitonic solar cellsee Fig. 5 designed for basic
when these gradients both become zgdeal cells or when yp - 9. » deslg )
research rather than efficiency, in which there is no band

the electron flux exactly cancels the hole flgnonideal bending at equilibrium except for the band offseBy

cells). The maximum possible photovoltage in any PV cell |s:0_3 eV), and therefor§ U, opposesy up, 18.20.33| this

thus given by the maximum splitting betvyeen the quaSI_case,Voc(I)<VoC mafl) because the quasi-Fermi levels de-
Fermi levels anywhere in the cell at open circuit. : —_— .
crease across the cell at open circuit due to recombination

aVoc,mat!) = (Een—Egp) max- (6) (see also Fig. 8 belowEquationd6) and(7) account for the

quc(I)zEFn,x=O_EFp,x=dv (7)
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35S i cells is the very low equilibrium charge density in most or-
4 ‘Ecb _________ ‘ _________ gani_c materials. Coupled to this, the i_nt_erfacial charge gen-
» 55 "Excitonic" eration process provides a_strong driving force for charge
8 layer separation. Of course&Jy,; still plays a role in most OPV
o SEEf N T T S— cells. For photoconversion to be efficiesdl,; must either
’5 52 ' I promote current flow in the proper direction, as it does in
BIE ; most solid-state OPV celfs*!?or it must be neutralized, as
¢ EEvh ? it is in DSSCS32
X | RN R W PR
0 0.02 004 0.06 0.08 0.1

%y A HIGH-SURFACE-AREA SOLAR CELLS

FIG. 5. An energy-level diagram, at equilibrium, of the simulated devices ; ; ;
used to compare OPV to IPV cells. The only difference between them is that Both DSSCs and bulk heterOJunCtlon cells have a hlghly

the OPV device absorbs light only in the “excitonic” layer, while the 1Py COnvoluted internal geometry that promotes charge genera-
device absorbs the same amount of light with a uniform absorption coeffition and separation, but that also makes them more difficult
cient throughout the_ dgvice. '_I'he contacts are gssumed to be ohmic. Appro§p understand compared to devices with planar interfaces.
mately 67% of the incident light is absorbed in the cell. The same physical principles that apply to planar junctions
apply also to them, of course, but it becomes harder to visu-
alize the forces when the interface is nanostructured in three
usual logarithmic increase & with light intensity through  dimensions. Since charge carriers are generated throughout
the logarithmic dependence of the quasi-Fermi levels on cathe “bulk” in these OPV cells, albeit via interfacial exciton
rier concentration$Eq. (2)]. dissociation, it might be thought that they would behave
In general, the photovoltage of a solar cell is a functionmore like an IPV cell than a planar excitonic cell. But this is
of both electricaland chemical potential energy differences. incorrect. Since DSSCs are the more mature and better un-
The common assumption thal,; alone sets the absolute derstood technology, we treat them first.
upper limit to the photovoltagés| — %)>"8is clearly not The presence of-0.5 M mobile electrolyte ions perme-
true in general. This assumptigmtrue, however, for a spe- ating the entire nanostructured Ti@im in a DSSC elimi-
cific photoconversion mechanism—namely, that which gov-ates all equilibrium or photoinduced electric fields with a
erns conventional solar cells. When both electrons and holescreening length of-1 nm?24° Therefore, to a good approxi-
are photogenerated together in the same semiconductamation, the entire bulk of the device can be considered
phase, and thus have the same spatial distribu¥iqry,, (X) electric-field free, that isVU(x)=0. Furthermore, it has
drives them both in the same directipfig. 3a)]. To sepa- been shown both experimentdfly> and by numerical
rate electrons from holes then requires a built-in electric posimulations® that changing the equilibrium electrical poten-
tential differencedy;. In this case,; sets the absolute tial ((J,) across the device via changes in the work func-
upper limit to V. becauseit is required for charge separa- tions of the electrodes has little or no effect on the device
tion. behavior. It was concluded that the PV effect in DSSCs is
Excitonic solar cells, however, are fundamentally differ- driven almost entirely by uy,, . 263240
ent: The charge-carrier pairs are already separated across an lllumination leads to electron injection from the ad-
interface upon photogeneration creating a la¥ge,, [Fig.  sorbed dye into Ti@and hole injection into solution—again,
3(b)] which tends to separate them further; thus, an internalhe carriers are separated across the interface immediately
electric field is no longer a requirement for charge separatiompon photogeneration. This, by itself, means gt is not
and J,; doesnot set the upper limit toV,.. It has been solely determined byJy;. But the spatial distribution of the
shown experimentally in both solid state OPV c&tf€and  photogenerated charge carriers in this case is essentially
in DSSC$*?thatV,s~1 V can be achieved under conditions identical to that of the light absorption profile and thus
where J,i=0. Numerical simulations of DSSCs also have V u,,(x) will initially drive some electrons away from the
shown thatV, is practically independent aB,,;.3° When  substrate electrodgat V<V,). The initial values of
experiments were designed to test the relative influence oV up,(X) upon illumination, however, are important only for
i andV uy,, in OPV cells,V u;,, was shown to be capable transient measurements; it is the steady-state values of
of overwhelming@,;.%° Although perhaps counterintuitive Vup,,(x) that determine the PV effect. AV=V,, the
when seen in the context of conventional solar cells, the facsteady-stat® w,,(x) will be approximately zero throughout
that g V. can be much greater thad,; could have been the TiO, as the interfacial recombination process balances
easily predicted on the basis of Eqgs. 3-7. the photoinjection and charge redistribution processes. The
Vu plays a role in the current flow of all devices, but its major potential drop occurs across the Ji€dlution (elec-
importance declines as the equilibrium carrier concentratiotron conductor/hole conductointerface. When producing
increasegEq. (5)]. In metals, for example, the carrier con- power, that is, a¥ <V, Vup, drives electrons toward the
centration is so high that no significant concentration gradisubstrate electrode. The flux of holes to the counter electrode
ents can be achieved; therefore, the second term i(Eq. occurs by a similar mechanism. Therefore, even though the
can be neglected. In highly doped semiconductors, signifiphotogenerated carrier profile is similar to that in an IPV
cant values oVu can be achieved only in the minority car- cell, the fact that carriers are already separated from each
rier density. One reason for the importanceVgi in OPV  other across the interface upon generation, and the fact that
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bulk electric fields are eliminated, leads to a powerful PVEXxcitations in this excitonic layer thus naturally lead to elec-
effect driven almost entirely by uy, .*° It is worth noting  tron transfer to the left, and hole transfer to the right in Fig.
that the DSSC is still by far the most efficient of the OPV 5, as well as to recombination in the excitonic layer.
cells. To make the cleanest comparison with the OPV cell, this
Bulk heterojunction cells have a nanostructured mor-excitonic layer was also included in the IPV device. But in
phology similar to DSSCs but lack mobile electrolyte. There-the IPV case, the light absorption coefficient was set constant
fore, electric fields must be taken into account. In the mosthroughout the cell. An energy-level diagram of the simu-
efficient cells to date, an electron conducting, nanoparticulatéated devices is shown in Fig. 5. When illuminated, the light
phase(e.g., derivatized g;) or CdTe quantum rod$ is dis- s incident on the left-hand sidéhs). The doping levels were
persed at a concentration substantially above its percolatioget such that the bands in both tha-type” (Ilhs) and “p-
threshold into a hole-conducting polymer phase. Excitonsype” (rhs) layer are flat at equilibrium to simplify the com-
generated in either phase dissociate at the nanostructured iparison; both semiconductors have the same band(2ap
terface. Electrical contacts are made from two materials witheV) and thus the band offset barrier for electrdfs3 eV) is
different work functions, e.g., ITO and Al, and the associatecthe same as that for holes. All carrier mobilities are set to 1
built-in field helps drive electrons to the Al contact and holescn?/V s. The only difference between the IPV and OPV cells
to the ITO contact. As in DSSCS$;?°it is primarily by virtue  in our comparison is that the absorption coefficientais
of the extremely large asymmetry between the rapid interfa=10° cm™! everywhere throughout the 101 nm thick IPV
cial exciton dissociation rate and the very slow interfacialcell, while «=10" cm™? in the 1 nm thick “excitonic layer”
recombination rafe that a substantial PV effect is achieved. of the OPV cell ande=0 cm™! elsewhere. The amount of
Although much remains to be learned about bulk heterojunctight absorbed is thus practically the same in both cells; only
tion cells, it is safe to say thatuy, plays a role inthem very its spatial distribution, and therefore the spatial distribution
similar to its role in DSSCs, but modified by the presence ofof photogenerated charge carriers, differ between the simu-
both bulk and nanoscopic electric fields. Therefdrg, in  |ated OPV and IPV cells. We emphasize that the simulations
bulk heterojunction cells is a function of bot@, and are not meant to correspond quantitatively to any actual solar
Vun, , @s well as being strongly dependent on the interfaciakg||s.
recombination rate. This is a reasonable, but still imperfect, model for exci-
tonic (OPV) solar cells. It neglects light absorption in the
bulk and exciton diffusion to the interface—the rate of light
absorption in the excitonic layer in the model is thus equiva-
Some of the experimental and theoretical factors thatent to the rate of excitons arrivingnd dissociating at the
distinguish IPV from OPV cells were described above. Theinterface in a real OPV cell. So the important problems of
most fundamental difference between them is quite simplegxciton diffusion and dissociation kinetfé$* are not ad-
involving just the spatial distribution of the photogenerateddressed here. Light absorption in the OPV model produces
charge carriers. Therefore, it should be possible to reproduaenly electrons in one OSC and only holes in the other, except
much of this difference in behavior between IPV and OPVfor the few minority carriers that are thermally emitted over
cells with a semiconductor device simulation program.the band offset barrier. So far, this is a realistic representation
To test this proposition, we employed the freeware simula©of an excitonic cell. However, the existence of high concen-
tion program simwiNDOwsS (http://www-ocs.colorado.edu/ trations ofbothelectrons and holes together in the 1 nm thick
SimWindows/simwin.html*>*3This program is designed to “excitonic” layer of the model is not physical. In a true
simulate the behavior of conventional semiconductor devicesxcitonic cell, there is no “excitonic layer:” Electrons are
such as solar cells, vertical cavity lasers, light-emitting di-simply injected into one OSC and holes into the other by
odes, etc. It numerically solves the coupled differential equainterfacial exciton dissociation. Essentially all recombination
tions (transport, continuity, and Poissonthat describe op- is interfacial in a real OPV cell, while in the model it occurs
toelectronic phenomena in semiconductor devices. Bylmost entirely in the excitonic layer by the same mecha-
design, it equates light absorption with charge-carrier generazisms (primarily Schockley—Hall-Read recombinatjahat
tion. sIMwINDOWS is thus ideally suited to describe IPV de- occur in bulk semiconductors. There is as yet very little
vices; but in order to employ it to compare IPV to OPV cells, known about the interfacial recombination mecharignm
we needed to adapt it to simulate the interfacial exciton disOPV cells, so the assumption of bulklike recombination in
sociation process. Hence, we made the following assumptiotihe excitonic layer seems, for the moment, as reasonable as
for the simulated OPV cells: Light absorption occurred onlyany other assumption.
in a 1 nmthick “excitonic” interfacial film at the heterojunc- The simulated photocurrent-voltage curves for the two
tion between the two organic semiconductofSo our different types of cells under1 sun illumination are shown
knowledge, ndhomojunctionOPV cells have been reported, in Fig. 6. The IPV cell generates a weak PV effect. The
probably due to the difficulty of doping organic photovoltageyV,.~0.3V, is determined by the band offset at
semiconductor?) This “excitonic” layer was designed to the heterointerfaceg,;=0.3 eV, because the band offset
mimic as closely as possible the excitonic charge generatiorectifies the photocurrent: Electrons diffusing to the left and
process: We set the conduction-band edge at the potential bbles diffusing to the right will “fall” over the barrier and
the more negative semiconductor and the valence-band edgend not to return. Thus, as usual in conventional c¥llsjs
at the potential of the more positive semiconducféig. 5.  limited to J,;. Under applied bias, the current can have

SIMULATIONS
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FIG. 6. The simulated photocurrent density-voltage curves for the two cells 19§ten(€.gl, Q,

described in Fig. 5. lllumination as in Fig. 4.

FIG. 7. Simulated dark currents, dJs, and photocurrents, LJs, as a function
] » ] o ) of doping levels in cells like that shown in Fig. 5. The dJs, dot-dashed lines,
either positive or negative polarity in the IPV device becausere identical for both IPV and OPV cells. The solid and dashed lines repre-

both carrier types are photogenerated throughout the bullgent the Ls of the OPV and IPV cells, respectively? ¢ ° means the
The applied potential can then drive photogenerated carriedPPing density on the Ihs isNg=10°cm® and on the rhs,N,
S ; . . . . =10° cm 3. The doping level of 18 cm 2 corresponds t@,=1.7 eV.
in either direction, although it is more efficient to drive them |, mination as in Fig. 4. The data for LJ, i@m 2 are from Fig. 6.
in the “downhill” direction relative to the band offsets
(Fig. 6).

The OPV cell generates a much stronger PV effe@.  tial, can be injected across the interface. It may also be ob-
6) than the IPV cell because the charge carriers are generatsedured by the dissociation of photogenerated excitons at trap
only at the heterointerface and they are already separatesfates in the bulk. This leads to the production of one free
across the phase boundary. This produces a large chemiczrrier and one trapped carrier in the bulk, resulting in pho-
potential gradienfFig. 3, Egs.(1) and 4b)], in addition to  toconductivity (sometimes misleadingly referred to as
the rectifying effect of the band offset, that drives the elec-“photodoping”). Finally, facile carrier injection from the
trons toward the negative electrode and the holes toward thelectrodegobservable as a dark currgetin also obscure the
positive electrode. This beneficial force due Yqu,,, is  characteristic)-V behavior of an excitonic solar cell.
lacking in the IPV cell. Therefore]g. and the fill factor are The simulated dark currents for both the IPV and OPV
higher than in the IPV case, aid,.=0.6V in a cell in  cells of Fig. 5 were identical and were many orders of mag-
which @,;=0.3 eV. Figure 4b) shows the band diagram of nitude lower than the photocurrentSig. 7). The very low-
the same cell at open circuit. This simulation, and a numbedark current is a result of the low doping, the ohmic contacts
of other experimental and simulated resait§;}8-20:32:353945  gnd the lack of intragap states. Therefore, only carriers ther-
show that there is nothing unusual about obtaininy,.  mally emitted from the ohmic contact into either the
>y - In fact, this is often expected for an OPV cell becauseconduction- or valence-bands contribute substantially to the
the PV effect isenhancedy the interfacialV uy,, . dark current, because the equilibrium carrier concentration in

Under “forward” bias, the OPV cell shows only a very these almost intrinsic semiconductors is insignificartin
small current(Fig. 6). This is a consequence of the low- such cells, IPV or OPV, one cannot quantitatively compare
doping density (1.4 10° cm™%) and of electrons being pho- dark currents to photocurrentss is commonly done in con-
togenerated only on the Ihs of the devidgg. 5 and holes ventional, highly doped PV cells. The number of photogener-
only on the rhs. When the applied bias drives the photogeated carriers constitutes such a major perturbation on the
nerated carriers back toward the interféf@ward bias fora  equilibrium carrier density that the photocurrents are quali-
p-n junction), they can only recombinéheir usual fateor tatively different from the dark currents.
be thermally emitted over the heterointerface barrier. The The changes in the simulatddV behavior with doping
very low current in the “forward” bias direction is due to density were investigated. In the cells shown in Figb)45,
thermal emission over the interfacial barrighe effective and 6, the doping density was set such that there was no band
width of which is potential dependentWe have observed bending at equilibriuntexcept ford,;=0.3 eV at the hetero-
such behavior experimentally in OPV ceffsot shown. This  interface in order to eliminate one of the two driving forces
is in contrast to the IPV device in which photogeneratedfor electron transfer through the bulk. The resulting doping
electrons on the rhs and holes on the Ihs produce a substagiensities N,=Ny=1.4x10° cm %), although far higher
tial current under forward bias. than the intrinsic carrier levels for semiconductors of band

In many actual devices, the very low-“forward” bias gap=2.0 eV, are still lower than what is generally measured
current(Fig. 6) that is diagnostic of a low-doped excitonic for molecular semiconductopslt is quite difficult to dope
solar cell is obscured. For example, if the exciton-molecular semiconductd¥s*®and most of what appear to be
dissociating interface does not cleanly rectify the currendopants in OSCs are probably either electron or hole ftaps.
(e.g., the doped Sn@liquid crystal porphyrin interfacé) Nevertheless, we simulated a series of cells like those shown
there can be a substantial current under “forward” bias bein Fig. 5 but with doping densities ranging from *1@o
cause either electrons or holes, depending on applied pote@@'’ cm™3, corresponding t&,; ranging from 0.3the band
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FIG. 8. The simulated electron photocurredt, ( solid line) and the hole
photocurrent {,, dashed lingfor both (a) IPV and (b) OPV cells under

illumination at short circuit. The simulated cells are those of Figs),45), . . .
and (6); illumination as in Fig. 4. because the band offsets effectively prevent diffusion of

electrons to the right, and holes to the left across the hetero-

interface. The total photocurrent density through the cell
offset leve) to 1.7 eV. The doping density of thetype side  Ji=J,+J, is much less than it could be because holes are
was always set equal to that of tipetype side, that isNgy photogenerated on then‘type” side (lhs) and electrons on
=N,. Only the J-V curves of the lowest- and highest- the “p-type” side (rhs) leading to substantial recombination.
doping densities are shown in Fig. 7; all others ranged uniThe electron flux to the lhs electrode at short circuit is only
formly between the two shown. The dark currents were iden-~2.5 fold higher than the flux of holes. In other words,
tical for the OPV and IPV devices, of course, since the only~40% of the possible photocurrent is lost because both elec-
distinction between them is the spatial distribution oftrons and holes are flowing to the same electrode where they
photogenerated carriers. The dark currents under forwaradecombine.
bias increased steadily with doping density, and the transition In contrast, Fig. &) shows that the interfacial photoge-
between the region of exponentially increasing dark currenberation process in the OPV cell results in a very high degree
and the linear region of resistance-limited current movedf rectification of the photocurrent: The electron flux to the
steadily to more negative potentials. The phdt¥ curves at illuminated electrode is>10° times higher than the hole
the lowest doping density in Fig. 7 also were shown in aflux. This is because only electrons are injected into the Ihs
linear graph in Fig. 6. The corresponding curves at thephase via exciton dissociation, and the only holes present in
highest-doping density show the same limiting photocurrenthis phase are those resulting from thermal emission over the
as at low-doping density, but much highég. and fill factor 300 meV potential-energy barrier at the heterointerface.
caused by the greatly increased driving force for carrier separhus, recombination in the bulk and at the electrical contacts
ration. Still, the OPV cell has a higher-fill factor and a in these majority carrier devices is insignificant; the only
slightly higherV, than the IPV cell, showing that two driv- significant recombination occurs at the exciton dissociating
ing forces for charge separatioV(y plus Vu) are better interface.
than just one YU), all else being equal. Only when the Recombination of photogenerated charge carriers is the
doping density approached ¥@m2 did the photocurrents bane of all solar cells, and it is usually what prevents them
start to quantitatively match the dark currents, offsetly ~ from reaching their theoretical efficiency limits. The spatial
as expected for a conventional IPV cell. From now on, thevariation of the recombination rates of the two types of simu-
results and discussion refer again exclusively to the lowdated solar cells are shown in Fig. 9. As expected from the
doped devices in which the bands are flat everywhere excepharge generation mechanisms, recombination in the IPV
at the heterointerface. cell occurs mainly in the bulk, while recombination in the

Figure 8a) shows the individual carrier currents in the OPV cell occurs mainly at the interface. Minimizing the re-

illuminated IPV cell of Fig. 5 at short circuit. This quantity is combination rate is one of the most important endeavors in
directly proportional to the gradient of the carrier concentrathe development of any solar cell, and it is clear that very
tions in a cell with no electric fielflsee Eq.1)]. There are different procedures are required for IPV and OPV cells.
higher currents of electrons on the Ihs and holes on the rhBulk properties are most important for IPV cells because
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carriers are photogenerated and also recombine in the bulkaechanism that emphasizes the importancé’gf, but in

Interface properties are most important in OPV cells becausepPV cells, A u, often plays the predominant role because

carriers are photogenerated and recombine at the interfacgharge carriers are photogenerated via the interfacial exciton

Optimizing bulk properties, such as crystallinity, is thereforedissociation process. This, we believe, is the most important

key to the performance of IPV cells; while optimizing inter- mechanistic difference between IPV and OPV cells, and it

facial properties, such as maximizing the exciton dissociamust be taken into account in order to understand the OPV

tion rate and minimizing the interfacial recombination cells and to optimize their efficiencies.

rates’>?® are essential for improving OPV cells. The device files and parameter files used in the simula-
These simulations prove that a simple difference in thejons are available as supplemental matéeial.

spatial location of photogenerated charge carriers, with every
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