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Factors limiting the efficiency of molecular photovoltaic devices
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We present a simple model of a molecular photovoltaic device consisting of a two-level system, connected
to external contacts by chains of one or more charge transporting orbitals. Electrons may be promoted in the
two-level system by photon absorption, and charge transported to the external circuit by electron transfer
between neighboring orbitals. Photon absorption and emission are described by a generalized Planck equation
and electron transfer is described by nonadiabatic Marcus theory. We find the steady-state current by solving
the set of coupled rate equations for electron transfer in the system under illumination as a function of bias
applied to the contacts. We calculate monochromatic current-voltage characteristics and power conversion
efficiency as a function of the system size, orbital energy levels, and electron transfer rates, and compare with
the monochromatic detailed balance limit. Using realistic values of the energy levels and charge-transfer rates,
we are able to reproduce a number of commonly observed features in the current-voltage characteristics. These
include a “kink” in the current-voltage curve close to open circuit when large interfacial energy steps are
present or mobilities are low, and a reduction of the open-circuit voltage and crossing of the light and dark
current curves when interfacial recombination is strong. We show that open-circuit voltage is dominated by the
acceptor-donor energy gap when recombination is important, and by the optical gap when recombination is
low. We confirm previous reports that photovoltaic energy conversion can be achieved by interfacial asymme-
try alone and that a potential difference between the electrodes is unnecessary. Improved photovoltaic effi-
ciency of molecular heterojunctions requires ohmic contacts, improved charge-carrier mobilities, and tuning of
the electron-transfer rates at the heterojunction. Maximizing the rate of charge separation does not necessarily
lead to maximum efficiency.
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[. INTRODUCTION the active layers and contributions to the photovoltage from
concentration gradients are negligible, while in molecular
Molecular electronic materials such as dyes, conjugatetieterojunctions strongly localized photogeneration leads to
polymers, and small molecules are gaining interest for applitarge and asymmetric gradients in charge-carrier density
cations in photovoltaics. Attractive features are the possibilwhich are sufficient to generate a high photovolt&ge.
ity of solution processing, compatibility with flexible sub- ~ Such developments have helped to elaborate a device
strates, and the low materials consumption for ultrathinphysics for organic solar cells. However, the question of the
molecular films, all of which offer the prospect of cheaperlimiting power conversion efficiency for a molecular solar
photovoltaic energy generation. Recent improvements in desell has not yet been addressed. In crystalline semiconductor
vice design have led to power conversion efficiencies exsolar cells, a detailed balance treatment has been applied to
ceeding 3% in several distinct material systémSAll of calculate the limiting efficiency; under solar illumination.
these devices rely upon the dissociation of a photogeneratdebr a material with complete light absorption for photon en-
excitation at the interface between an electron donating anergy E greater than some thresholgl;, complete charge
electron accepting material, in one case aided by a sensitizeseparation, and infinite charge-carrier mobilities,has a
Compared to inorganic solar cells, molecular photovoltaiomaximum of 31% atE,=1.3 eV (e.g., Ref. 10 Practical
devices are characterized by a relatively low photocurrensolar cells reach 25%Ref. 11) and the reasons for the short-
density and low fill factor. The low photocurrent density is fall in efficiency are reasonably well understofe., shad-
attributed to the limited spectral sensitivity of molecular sol-ing, series resistance, and surface recombinpatibime same
ids, and the poor fill factor to slow charge transport and highimit cannot readily be applied to molecular photovoltaic
recombination. Improving these requires both the developsystems, which are characterized by narrow spectral absorp-
ment of materials with superior propertidight absorption, tion, low mobilities, and require an additional intermolecular
mobility) and an understanding of the device physics of mo-electron-transfer step to achieve charge separation. These
lecular solar cells. features are due to the molecular nature of the materials and
Recent studiés® have helped to elucidate the mechanismmust be incorporated in any realistic model, and all three
of photocurrent generation in molecular heterojunctions. Irrepresent losses compared to the detailed balance limit. The
particular, it has been demonstrated that, unlike conventiondirst effect, the loss in photocurrent due to the narrow spec-
p-n andp-i-n semiconductor structures, the photovoltage oftral sensitivity of molecular materials, is reasonably well un-
a molecular heterojunction isot limited by the potential derstood. Indeed, new molecular photovoltaic device con-
difference due to different contact work functions. In con-cepts are often evaluated in terms of theionochromatic
ventional devices photogeneration is distributed throughoupower conversion efficiency. The remaining losses, due to
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the rates of intermolecular charge transfer and transport, ar p contact Sensitiser n contact
still largely unquantified. (@)

The purpose of this paper is to examine the loss mecha LUMO J
nisms due to charge transféndependenibf those due to E, —>
poor light absorption, by modeling the molecular photovol- £
taic device as a two-level system. We consider photon ab- g Jg 18
sorption and emission in terms of a detailed balance treat: sy
ment and intermolecular charge transfer in terms of oMo E,

nonadiabatic Marcus theory. We will show that the mono-
chromatic current-voltage characteristics and the maximurr
efficiency are functions of the relevant energy levels of the
photovoltaic device, the intermolecular electron-transfer pa-®)
rameters and the light intensity. The simple model repro-
duces a number of features observed in experimental systen
and predicted by more sophisticated models.

Donor, E;

Il. MODEL

The core of the model is a two-level system consisting of(c)
a lower energy levelthe highest occupied molecular orbital
(HOMO)], which is normally filled, separated by an energy
gap of E4 from an upper leve[the lowest unoccupied mo-
lecular orbital(LUMO)], which is normally empty. This rep-

resents the central light absorbing molecule or “sensitizer.”  F|G. 1. Energy-level diagrams for the three systems discussed in
Photons of energ§, can excite electrons from HOMO 1o the text. Unshaded arrows show forward electron-transfer pathways
LUMO producing an excited statéexcitor). The excited (generating photocurrenivhile shaded arrows show recombination
state may decay by radiative relaxation of the electron to th@athwaysintramolecular and interfacialDotted lines represent the
HOMO (“intramolecular” recombinatioin Alternatively, the  Fermi levels at short circuit. Other orbitals of the acceptor and
promoted electron may be transferred to an adjoining “ac-donor molecules do not take part in electron transfer and are not
ceptor” orbital or directly to a charge collectinghtype)  shown.
contact, or the vacancy in the HOMO level may be filled by
electron transfer from an adjoining “donor” orbital or di- energies are placed symmetrically about the center of the
rectly from a second-type) contact. Each orbital is con- optical gap. Case) and(c) may be considered crude mod-
sidered to have only two valence states, i.e., double ionizegls of a three-layer photoconverter such as a dye-sensitized
tion is assumed to be energetically unfavorable, and for theolar cell*? Cases(a) represents the detailed-balance limit
sensitizer, only the first neutral excited state is included. Thér monochromatic energy conversion. Comparing the char-
system is assumed to be charge neutral in all conditionsicteristics of casegb) and (c) with cases(a) reveals loss
Since observations are usually ensemble averages overngechanisms due to intermolecular charge transfer. Though
large number of similar systems in different states, it is validwe focus on symmetric systems to simplify the analysis, the
to consider the occupation of states in terms of Fermi-Diradnain featuredeffects of orbital energies, transfer rate, and
occupation probabilities. chain length can be extended to more general donor-
We consider the three systems illustrated in Fig. 1(@n  acceptor and donor-sensitizer-acceptor heterojunctions.
the LUMO, at energyE.., attaches directly to the contact
and the HOMO, at energl,, attaches to the contact. In A. Light absorption
(b) and(c), contact is made via acceptor and donor orbitals at
energiesE, and E4, respectively. Physically, the acceptor

and donor orbitals may belong to adjoining layers of other . - 0 . .
organic materials of larger optical gap, or the interfacial Iayelw'th Fermi’s g_olden rulé.. Apply_lng detailed balance be-
tween absorption and emission in a photon flux leads to the

at a metal-organic contact. Remote orbitals of these adjoin- . . "
ing molecules, such as the HOMO of the acceptor and th%ollowmg expression for the ngt steady—'state transition Rate
LUMO of the donor, are assumed to lie so far above or' oM HOMO to LUMO per unit volume:

below the sensitizer orbitals that they are not involved in
electron transfer. This is normally the case for experimental
systems. In casg) a chain ofN additional acceptor orbitals
connects the first acceptor level to theontact andN addi-
tional donor levels connect the donor to theontact. In all  where f, and f. are the occupation probabilities of the
cases the transport of charge from final orbital to contact iHOMO and LUMO, respectivelyw, and u. their quasi-
lossless, i.e., the quasi-Fermi levels of that orbital and thé&ermi  energies (defined through f;=[1+exp(E
neighboring contact are identical. The acceptor and donor ;)/kT)]%), p is the volume density of identical two-level

The rates of absorption and spontaneous emission of pho-
fons of energyEy by the two-level system can be described

K
G+ Gy— J (f,—fo, @

R=p o(Eq— et 1) KT_ 1
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systemsk is Boltzmann’s constant, the temperature arid, We recognize that this description of transitions in a two-
a coefficient of recombinatiofdefined below. G and G,  level system is a very crude approximation to a real molecu-
represent the rates of absorption of solar and ambient phdar sensitizer. Optical transitions in molecules are strongly
tons, given byG.=f . bs andG,=f,.b,, wheref ,..is the influenced by vibronic and excitonic effects, while charge
oscillator strength of the sensitizer ahg, b, are the inci- separation may also involve the formation of intermediate
dent spectral photon flux densities from the sun and the anspecies such as bound polaron pairs. A more realistic model
bient, respectivelyf .. is the relevant quantity defining ab- should include a more detailed description of the photoge-
sorption by a discrete level in a panchromatic spectrumperation and recombination pathways. However, we stress
since it is bandwidth independent and ensures that the alfhat thequalitativefeatures predicted here will result for any
sorption is independent of the broadening of the moleculamechanism where the probability of recombination increases
levels. Modeling the sun as a black body at temperafyre with the population of occupied LUMO and unoccupied

we have for the solar and ambient flux densities HOMO states.
_277X Fs =3 @ B. Intermolecular electron transfer
* o c2hd (eFKTs—1) For all intermolecular electron-transfer steps from an ini-

tial statei to a final statd, we use the rate expression from

and nonadiabatic Marcus theoty,*®
27(1—XFy) E? K = — 172~ (Aig— Nif) 2dn KT
— i =Cis\: e if —ANif if f(l_f ), (7)
b, 213 (eE/kTa_ 1) 3 i—f ifA\if [ f

whereC;; includes the wave-function overlap between initial
whereFg is the relative angular range of the sufithe con-  and final states, including the Franck-Condon facigy,rep-
centration factor,T, the temperature of the ambiert,is  resents the free-energy difference between initial and final
Planck’s constant, and the speed of light. Both fluxes are states\;; the reorganization energy, arfg, f; the Fermi-
evaluated aE=Ey=E.—E, . Ensuring detailed balanckg  Dirac occupation factors for initial and final state. In what
is then given by follows we neglect changes in Coulomb energy so that

Kg=fosd 2mE2/3c?), (4) Aj=E—E;. ®)

where we have used the three-dimensional density of photon The relevant electron-transfer pathwaysff are LUMO

_ 3F2/p3n3 ecinn i
;statesgyd—_&m E%/h"c®, an Iresolvehd thle emlsfsT:n :jn the 15 acceptorca (which is equivalent to donor to HOMO in
orward direction, perpendicular to the plane of the .ev'cesymmetric systemsacceptor to acceptogaa (equivalent to
assuming that emission occurs into free spae&active in- donor to donor, and acceptor to HOMGau (equivalent to
dex n=1). Equation(1) is equivalent to the generalized LUMO to dont;lj (see Fig. 1 To obtain the net electron-

Planck equation which has been used to describe radiativ,ﬁ
LT : ansfer rate, and hence current, we add the forwardckrate
recombination in semiconductor bas&dnd dye baséd so- o the backward raté, _; for each pathway, respecting the

lar cells. : o i
Assuming that all excitations which do not relax lead toSIgn of Aj; . This gives for the current density
charge separation, the current density generated by light ab- Ji=qpdKi [f,(1—f)—e 2i/KTf (1—f,)] (9)

sorption in the molecular assembly, is given by
for each of the pathwaysa, av, where

d
JgZQJO Rdx, ) Kyr= Cioh g Ve (it =N ZanikT, (10)

whereq is the electronic charge and the integral is taken over For electron transfer between the- 1)th andnth orbit-
the thicknessl of the device(We choose the sign df; such  als in the acceptor chain, we have the current density
that short circuit photocurrent is positiyédt this point we

choose to focus on systems which are optically thin. Al-  J0, =qpdK, [ }(1—fh)—e 2aa/kTf0(1— 0" 1)],
though in the usual detailed-balance treatment of solar cell (11
efficiency unit absorptivity and uniform quasi-Fermi levels

are assumed, this is physically unreasonable for low mobilit)yVhere

systems. Therefore we consider a thin molecular assembly U2 (A Na) 2 s KT

but calculate efficiency in terms @bsorbedrather thanin- Kaa(V)=Caghaq € ‘Taa” ta Thadtl, (12)
cidentphoton flux, in order to make direct comparison with
the detailed balance limit. This yields the net photogenerate\év
current density

heref] ! and ] refer to the occupation probabilities and
aa t0 the free-energy difference between adjacent orbitals.
Orbitals are numbered from @djacent to sensitizeto N
(adjacent to electrodeFor isoenergetic acceptors as consid-

K ;
Jg=0pd| Ge+G,— e 9 e )(fv_fc)_ (6)  ered hereA,,=—q(¢n-1—¢n), Where ¢, is the electro-
eltg e IR —1] static potential at thath orbital. K, is therefore a function
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of the applied biad/, and is shown as such in E(L2). We 7 J
shall see below that when the device is developing a voltage % n n =

A,, is negative. o Jw ) .. 4 o~ u
V1 .7 % / J

C. Calculation of current-voltage characteristics

To solve for the current-voltage characteristic of each of _.™ Y J\A
the structures in Fig. 1, we calculate the net electron curren
J passing from thep to n electrode as a function of the
difference in quasi-Fermi level of the orbitals attached to FIG. 2. Energy-level diagram and chemical potential for dase
those electrodegNote thatJ is defined such that short cir- at operating condition. The gradients in electron and “hole” quasi-
cuit photocurrent is positiveIn each case the Fermi level is Fermi levels,u, and uq (dotted lineg, indicate the direction of
constant at a levelo=E,+Eg/2, in equilibrium. electron flow. The photogenerated potential difference between

Steady state ensures that the net current at each orbital #dp contacts biases the system to oppose photocurrent generation.
zero. Therefore for caséa) we haveJ=J, and qV= u,
— i, - This reduces tqV=2(u.— ug), exploiting the sym-
metry of the system.

For case(b), we have the joint constraintd=J.,—J,,
and Jg=Jeat Jay With qQV=1p5— ug=2(sa= po), where The open-circuit voltag¥ . is given by
Ma, g are the quasi-Fermi levels of acceptor and donor

where

Xc=exd (Ec— pe)/KT]. (18

level. In the case of no interfacial recombinatidf,(=0), Kg
the current density for cage) simplifies toJ=J.,=Jj. Voc=Eg—KkTIn| 57 5-+1]. (19
For case(c), where interfacial recombination is not con- s 0
sidered, we have in additiad=J}, for n=1,... N, with In case(b), a larger set of equatiorisee Appendixgives
N I andV as functions ok., andV is found implicitly as the
qV=2(pa— po), (13 point wherel =0. In the limit of no interfacial recombina-

where ], is the quasi-Fermi level of theth acceptor orbital tion, case(b) simplifies to a form similar to E(16) andV,
is again given by Eq(19).

in the chain. .
Cases(a) and (b) are solved exactly, an¢c) is solved In case(c), where chains of acceptors and donors are
numerically. present, the system is complicated by #eependence of

As explained above, we have chosen to deal with Systemigltermolecular transfer along the chains and cannot be solved
which are optically thin in order to make direct comparison€XPlicitly. We make the assumption that the applied bias is

with the detailed balance limit. In this case the most usefuflivided equally between the intervals connecting neighbor-
quantity is the internal quantum efficien&yQE) ing donors and acceptors in the chains, so that the intermo-

lecular energy difference is
I=J/gpdGg (14

A= —VI2N (20)
and we define the power conversion efficiency in terms of ) _ _
absorbed rather than incident photon flux, i.e., by the maxifor all neighboring donors or acceptors. The intermolecular
mum value of electron transfer rate, E@12), is thus a function oV,

qIVv IV K o(V) = Caa)\;al/ze—(wzm Naa) 14Nk T (22)
7T E, T pdGE, (13
g 579 Note that the sign of,, is negative for positive applied
in the range 82V <V,., whereV,_ is the open-circuit volt-  bjas. This is expected for a system with similar electrode
age.(The power conversion efficiency incorporating absorp-work functions where there is no built-in bias in equilibrium
tivity is recovered by multiplyings by the fraction of light  (as shown in Refs. 45When the device generates photo-

absorbed. current, electrons flow from thp to the n electrode, estab-
lishing a potential difference which opposes further electron
D. Solutions for | -V flow.

Figure 2 illustrates the orbital energies and quasi-Fermi
levels of system(c) in the general operating condition. At
short circuit, A ,,=0 and the current is driven by the gradient
in quasi-Fermi levels, which is then at its maximum value.
At open circuit, i, and g are constant for all acceptors or

Explicit solutions forl-V are found in case&) and (b),
by exploiting the symmetry of the system. The detailed bal
ance solutiorjcase(a)] is given by the parametric equations

l=—| Gs+Go— ZKg X1 (16)  donors and\ ;, has its maximum magnitude within the pho-
Gs xg—1/ 1% +1 tovoltaic regime.
and We solve case(c) by first solving the central donor-
sensitizer-acceptor unit explicithas casdb)] for J andu?.
qQV=2(pc— o) =E4g—2kTInXx, (17  Then, for eachlJ, the value ofV is found which satisfies
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Jaa=J using Eqgs(11), (20), and(21). Compared to cas@), o 1o
the effect of adding the chains is to decrease the valué of 2 0.9 Detai .
L. . . . . 5] etailed balance limit
for positiveJ points and to increas¥ for negativeJ points, ‘5 .~ 08
similar to the effect of adding a series resistance. g -2 0.7
In all cases, the darB-V characteristic is calculated ex- e g8 0] T e,
actly as the light curve but witX=0 in Egs.(2) and (3). 2 § )
g8 S ST T
IIl. RESULTS g g§ o4 7 ~Ooe
51 _ e
A. Values of parameters used B é 03 e
) . B 024---7" T A =09eV
We have tried to use parameter values typical of real mo- 2 o1d
lecular photovoltaic systems, as far as these are known. We 0'0 """

focus on a system with band gdfy=2 eV since this is
typical of the optical gap of commonly used organic elec- .
tronic21 matrtTe]gials, and oscillator strength,.. of 1 Intensity (Suns)
X 10 “* eV nr. This value off ... is typical of a simple light . . - .
absorbing polymer and is eq%sif/alenl? to a decadi(F:) extinction_F1G- 3 MO.nOChromat'C power conversion eff'c'er(@ssum'ng
coefficient of 10000 drmol~ ! cm™* over a bandwidth of UMt @bsorptivity of a tWO'Ie\lee | system with optical gap of 2 eV
about 0.5 eV centerd oH, . It corresponds to the order of and oscillator strength:210 *! eV n? as a function of light inten-
one excitation per molecule per second at one-sun solar illtY_Under @ 5760-K black body sun. The ful line shows the
mination. For the forward electron-transfer rétg, we con- deta”ed'balance limit. Bro'gerlll'nes Sh‘.)w the system in dase
sider a wide range of values from&4® 10" s 1. Avalue of with A:,=0.7 eV, K;,=10" s, and different electron-transfer
around 162 s~ 1 compares well with subpicosecond transferrate.s fqr mterfac!al recombination, characterized by different reor-
rates reported for polymer-fullereHe® and dye-sensitizéd ganization energiea.,, =0.4 eV, 0.5 eV, and 0.9 eV correspond to

. . electron-transfer rate,, of 4.2x10° ™%, 5.0x10° s ¢, and 1.6
photovoltaic system., represents the maximum electron- <10t g 1 respectivelyav ’ ’
transfer rate, i.e., it is assumed that=E.,. For the accep- '
tor and donor levels we consider values which are withina = . )
few tenths of an eV of the LUMO and HOMO, respectively, definition, and the-V curve is a function only of the energy
Values of A, for experimental systems range from around9ap and concentratia¥. The monochromatic power conver-
0.3 eV for the LUMO-TiGQ gap in dye-sensitized systerfs, Sion efficiency increases monotonically with band gap and
to 0.5—1 eV for po|ymer blend systerﬁsz,zto around 0.9 eV with |Ight intensity. For our standard case Wlﬂ’bzz eV
for polymer-fullerene systenfé,and over 1 eV for polymer- and fos.=10 2* eV n?, 7 varies with concentration from
metal oxide system® When interfacial recombination is 0.73 at one sun to over 0.8 at maximum concentration, as
present, we assume th@t, is equal to the coefficien€.,  shown in Fig. 3. Thd-V curve for this system at one sun is
for forward transfer and select the back electron-transfeshown in Fig. 4.
ratesK,, by choosing the reorganization enengy, . N5, iS
varied from a few tenths of an eV to over 1 eV, modulating 2. Effect of donor and acceptor orbitals

K., by ten orders of magnitude. Although not well known, . .
reorganization energies for back electron transfer are ex- For the system with donor and acceptor orbifatsse(b)]

pected to be relatively large, of order 1 eV, consistent withwe first consider the case when recombination is absent

slow transfe?® For intermolecular electron transfer along (Ka»=0) and look at the effect of independently varying the
chains, we consider low-field rate$,,(0) in the range forward electron-transfer rat€., and the interfacial energy
10°~102 s~1. This incorporates the relevant range of or- St€PAca- 1-V curves at one sun for the systems wilh,

ganic charge-carrier mobilitigsee Eq.(22) below]. Chain ~ —Mca=0-3 €V andAcz=X\:,=0.7 eV, for a range oKc,,
lengths from 1 to over 100 nm are considered. are shown in Figs. @) and 4b). In each case, thieV curve

For the light source we have used a black body sun ofends to.the detailed-balance limit for sufficiently higlaa.
temperature T,=5760 K and angular rangeF,=2.16 AS Kca IS reduced, thd-V curve degrades, developing a

% 10°° at one-sun concentratidf.The ambient(and cel) point of inflection, or “kink,” near open circuit. Thd-V
temperature is taken aB=300 K. These fix the intramo- curve then recedes, so that the current falls off at a voltage
lecular (i.e., radiativé recombination rate, as a function of lower thanV, (the “fall-off” voltage) and the maximum

the HOMO and LUMO occupation levels. In most cases bePOWer point moves to lower voltages. When the fall-off volt-
low, we present the results 48/ rather thanJ—V plots, to ~ 29€ reaches a limiting value close #,(-E,)/q, the curve
avoid dependence on the system thickness. For comparisGtPPS receding and the photocurrent begins to reduce in mag-

with light 1-V curves, dark currents are divided by the factorNitude. For largeid.,, the effect of reducind<., is more
qpdG, for the relevant light intensity. pronounced and this limiting voltage is lower. As thé&/

curve degrades, the negativ@art of thel-V curve and the
B. Effects on thel -V characteristic dark current are both suppressed in magnitude.
The behavior may be understood by considering @4.
for J., as voltage(and henceuw,) increases and, ap-
In the monochromatic detailed-balance lifdbse(@)] the  proaches unity. For finite electron-transfer rtg, a differ-
internal quantum efficiency at short circuit is always unity by ence in quasi-Fermi levelg,.> u,, is then required to drive

107 10° 10 10* 10° 10” 10" 10° 10' 10° 10° 10* 10°

1. Detailed-balance limit
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FIG. 4. Internal quantum efficiency—voltage-Y) curves for the system in cagb) with optical gap of 2 eV and oscillator strength 2
X102 eV n? under a 5760-K black body sufa) A.,=0.3 eV andK,,=0 for different values oK.,. (b) A,,=0.7 eV andK,,=0 for
different values oK. (c) A.,=0.7 eV andK.,= 10* s~ for different interfacial recombination rates\ {,=0.1 eV, 0.5 eV, 0.9 eV, and
1.3 eV correspond to electron-transfer ratgs of 107 4% s7%, 5.0x 10° s71, 1.6x 10! s7%, and 7.3 10'! 572, respectively.n (a) and(b),
note that the degradation of thev curve neaV,. occurs more easily for the larger interfacial energy step, and that the magnitude of the
IQE collapses at a voltage close t&,(—Eg4)/q. The effect of interfacial recombinatioft) is to reduce the open-circuit voltage and to
increase the limiting reverse current. Although dark current is also increased, the light and dark currents nawy gsokisked toE, under
weak recombination ande(,— E4)/g under strong recombination.

electrons from LUMO to acceptor. This means that These effects on the shape of th& curve are therefore
reaches the value where intramolecular recombination bea consequence of limited electron-transfer rates and limited
comes important, and which determines the open-circuit condensity of states. With infinit& ., (equivalent to the infinite
dition in the detailed-balance case, befqrg reaches this mobility assumed in detailed balancer with high density
value. AsV is further increasedu. remains pinned at its of acceptor state§reventingf, from reaching 1, the |-V
open-circuit value untij, equals it to bring the system into curve would be limited only by the rate of intramolecular
the true open-circuit condition. In this regime intramolecularrecombination at the sensitizer, no kink would appear, and
recombination competes with charge separation, and Jpth the negative current would never saturate with increasing
and J., fall towards zero. This kink effect is more pro- One simple consequence of this behavior is that, in contrast
nounced for larger\., or lower K.,, and for higher light to inorganic semiconductor devices, a low dark current does
intensity, leading to a decrease in power conversion effinot necessarily lead to efficient photovoltaic energy conver-
ciency with increasingK (shown in Fig. 3 for the casa.,  sion.
=0.7 eV). Beyond open circuity, continues to rise until

fa=1 and J reaches its Ilimiting value of

—e Aca/kTgpdK,,. This value is also the limit of the dark The effect of introducinginterfacial recombination is
current, and is due to the limited rate of electron transfeishown in Fig. 4c). This shows light and dark-V curves for
between acceptor and LUMO. the system[as in Fig. 4b)] with A.,=0.7 eV andK_,

3. Effect of interfacial recombination
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=10'?s"1, with different values ofK,,. C,, is assumed 2.0

equal toCc, since the two electron-transfer pathways are 2 ;5] "r——=

between the same two molecules, &g is varied by vary- ‘é 3“ o _qﬁi-‘&:"

ing \,, . Figure 4c) shows that as\,, is increased from a = 101z :j [ ™

small value towardsA,,, where K,, is maximized, the -g 054" o

open-circuit voltage decreases. The effect\gn is quite -~ /f SRS
substantial. Foh ,, values of 0.5-0.9 eW, decreases by 2 00 X2

between 0.5 and 1 V. Those values xf, are reasonable % 05

limits to the reorganization energy for the acceptor-dye re- E K =10
combination step in a dye-sensitized sysféihe reduction § 10

in V,. is larger for largerA., with the result thatV,. is E -1.5-

linked to E,— E4 rather than tdey, as it was in the detailed- o 20

balance limit. It is readily shown that whel,=E4 and T 0s ' 10
Kc.a=Ka, ., both photovoltage and photocurrent vanish, i.e., Voltage (V)
the photovoltaic effect depends upon asymmetry in the

electron-transfer rates at the interface. FIG. 5. Internal quantum efficiency curves for the system in Fig.

Introducing the new pathway allows “cycling” of elec- 4@ (Acz=0.3 eV) with X,,=0.7 eV (K,,~7x10° s™!) and
trons (HOMO-LUMO, LUMO-acceptor, acceptor-HOMO VaryingKc,. Charge separation and interfacial recombination rates
so that the LUMO-acceptor current is no longer required tc"® linked througtCc,=C,, . Bold curves show the transport lim-
vanish at open circuit. Now a¢ is increased, the acceptor- lted regime, wherdc, IS less than the optimurtkc,=<10° s ),

. while light curves show the recombination limited regime where
HOMO currentJ,, increases and cancels out the photocur- g g

| bef ! | | bination b . Kea is t00 high (K.,>10° s71). The inset shows the monochro-
rgr_n ong before !ntre_lm_o ecular recombination ECOMES SI9matic power conversion efficiency as a functionkaf, .

nificant. Open circuit is thus reached whern, is much

smaller than its detailed-balance open-circuit value and the 4. Optimization of electron-transfer rate

kink observed in Figs. @) and 4b), which is due to limited

LUMO—accgptor transfer, _d|sa_1ppears. . whereK_, is low and intramolecular recombination domi-
The additional recombination pathway also increases thﬁates and the other wheke,, is significant and interfacial
’ U

saturation value of both the light current and the dark cur- - : X
rent. The effect is greater for the light current leading to recombination dominateX., and K, are determined by

crossing of the light and dark currents below thaxis. Such “the same parametérca (=Cay) Whlch suggests that simply
crossings are commonly observed in molecular photovoltaigy varying the |nter.molecu|ar coupling fa_ctﬁrca We may
systems:3262" These different saturation currents in light movia_frolmvone regime to the_othm(zr. In fF'g'hS we shoyvhthe
and dark are due to the different magnitude of the IimitingrAesu_tgg -V cu;ves,_%ar?am\?tr_llf:hll Cla’ ?r the case with
Jay - In the light, the occupation level of the HOMG=(1 ca=0-3 eV andi,, =0.7eV. This clearly shows a transi-

%) is generally smaller than that in the dark, and Conse:uon from charge-transfer-limited behavior, characterized by

quently the limiting value ofd,, is larger. Physically, we ?g?fg;';? rlgz\:)];:lbfii(:t(i)(;’rﬁtir!r?i\'[,\(‘afjc%zhr:g\t/j%? acrrg?::t::r?z]éfjob
may consider that the photoionized sensitizers introduce ' y

additional pathway for recombination in the light. Such an OI\;VOVO;(');JChe'ghECral'o-\l;vh?n?gl?]\g%r Ir?](t)ﬁil[omgs(;egémﬁ I:]a
effect has been observed in dye-sensitized solar cells witf >0 P Y, y

polymer electrolyte, where the recombination current unde rﬂ;ecﬁezr;frﬂgm%is?g:zf?;Z? tﬁet;gztsepsc:rtd,:g?'tgdséeg'rg]t%n
illumination is observed to increase with increasing light Y ) P

intensity28 rate does not necessarily lead to the highest efficiency.

In this system, increasing light intensity increases the ef-
ficiency of charge separation relative to interfacial recombi-
nation. Increasing thus moves the system from a recombi- ~ When the system is extended by adding chains of donors
nation limited regime at lowX, through an optimum and acceptors, with zero-field intermolecular hopping coeffi-
condition, to a charge-transfer-limited regime at highirhe  cient K,,(0), thel-V curve degrades both with increasing
effect on power conversion efficiency is illustrated in Fig. 3chain lengthN and with decreasing,,(0). The efect of
for the systems in Fig.(4) with differentK, . V. increases varying K,,(0) for N=10 is illustrated in Fig. 6, for the
with X in the recombination limited regime, before saturatingsystem withA,=0.3 eV andK,= 10" s andK,,=0. A
in the transport limited regime. Such behavior has been obreorganization energy,, of 0.9 eV is used as typical for
served experimentalR/Figure 3 shows that the power con- hole transport in organic semiconductd?dut other values
version efficiency can easily be reduced to one-quarter of thegad to similar results, changing only the slope of th¥
maximum available by interfacial recombination. These ef-curve neaV,.. ReducingK,,(0) introduces a kink in the
fects are studied in more detail in Ref. ZBlote that because J-V curve and suppresses the laMsaturation current, ex-
we are dealing with noninteracting molecular systems, we d@actly as reducing, in Fig. 4. The explanation is analogous.
not observe effects—typically the fall in efficiency with light In this case reducini,,(0) (rather tharK,,) limits the rate
intensity—which are due to bimolecular recombinatjon. of supply of charge from sensitizer to contacts, introduces a

The above discussion has identified two regimes, one

5. Effect of chains of donors and acceptors
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FIG. 6. I-V curves for the system in Fig.(@ (A.;=0.3 eV)
with K;,=10" s~ ! and with ten additional acceptor and ten addi-
tional donor levels, as a function &f,,(0) [case(c)]. The effect of
low mobility along the chains is to degrade th¥ curve, similar to
the effect of decreasinl§.,. IncreasingN produces a qualitatively
similar effect to reducind<,4(0).

FIG. 7. Measured monochromatic light and dark current
density-voltage curves for Ti{conjugated polymer/Au photovol-
taic devices, made from polymers with different ionization potential
(IP): F8T2 polymer, IR-5.5 eV and PFB polymer, 5.1 eV
(Ref. 33. The effect of increasing the energy step between HOMO
and cathode work functiomominally 5.1 eV for Ay is to degrade
thel-V curve, as predicted in Fig. 4The low photocurrent for PFB
&gymer is due to weaker light absorption at the measurement

velength.

Fermi-level gradient betweem. and u,o, and effective
charge separation is stopped before true open circuit, as so
as intramolecular recombination begir,,(0) can be di-
rectly related to the low-field mobility of the molecular

) donors and acceptors joined at an interface, where only the
chain, through

donor and acceptor closest to the interface absorb light. The
_ 2 other is an asymmetric version of cad® whereAy,=0,
Kaa0)=kTe/qa’, (22 and the sensitizer is assumed to be part of the dcci)nor phase.
wherea is the intermolecular separation. A typical organic This may represent a bulk heterojunction solar®célivhere
hole mobility of 104 cn? V™! s with a=1 nm leads to light is absorbed in the donor and charge separation occurs
K., of order 16 s™1. Figure 5 shows that such values may only for excitons adjacent to the interface. Comparison of the
lead to degradet+V curves in films only ten molecular spac- |-V characteristics of this system with cagg above shows
ings thick. that for systems where interfacial recombination is impor-
The effect of increasing)l is similar to reducingk ,,(0),  tant, replacing the donor-sensitizer-acceptor system with the
and an example is presented below in Fig. 8. Both may beonor-acceptor system tends to incredge. However, low
considered as a series resistance effect, also visible in thgobility within the donor phasérepresented by lovK,,)
effect of the chain resistance on the gradien#dngV close  reduces the efficiency of charge separation and may tend to
to V... We show below that quantitatively and qualitatively decrease photocurrent.
similar behavior to Fig. &) has been observed in practice.

The- effect of interfacial recombinatiqn on this_ system is IV DISCUSSION
again to reducd/,., as for the case without chains. Perfor-
mance is then transport limited at low mobility, but becomes A. Comparison with experimental systems

recombination limited and mobility independent at higlger Several of the features discussed above for the simple
valugs. The shape of thv curve is thus controlled py the  model have been observed in experimental molecular photo-
relative importance of interfacial recombination and intermo-,qjtaic systems. The kink in theV curves shown in Figs.
lecular charge transfer from sensitizer to electrodes. 4-6 has been observed in devices made from multilayer,
vacuum deposited molecular fild/8*2and in hybrid metal-
oxide-polymer device$® In all cases the kink is present
So far we have considered donor-sensitizer-acceptor sysvhen the energy stefp at one or other collecting electrode
tems where only the central sensitizer absorbs light. This iexceeds about 0.4 eV. Reference 2 shows that replacing the
most relevant to dye-sensitized solar cells but not obviouslyndium tin oxide (ITO)-copper phthalocyanin€CuPg inter-
appropriate for other donor-acceptor photovoltaic systemdace (A=0.4 eV) in a CuPc/g, device with polyethylene-
To address the wider validity of the model, we have solveddioxythiopheng PEDOT)-CuPc (A =—0.1 eV) removes the
two alternative systems, representing donor-acceptor sy&ink in the J-V curve and improves device performance. A
tems. Both produce the same qualitative dependendeVof similar effect has been observed in the same system by modi-
characteristic on charge separation rate, recombination ratgjing the electron collecting interfacd.Recent studies in
and light intensity. The first model consists of equal chains obur laboratory of the effect of interfacial driving force on this

6. Extension to donor-acceptor systems
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FIG. 8. (&) Measured current density-voltage curves for JiB8T2 polymer/Au devices with different polymer thicknesses under
simulated sunlightfrom Ref. 33. (b) Simulation of current density-voltage curves for the mddeke(c)] for different lengthsN of chains
of acceptors and donors, representing different thicknesses, and allowing for optical filseenigxt The qualitative behavior observed in
(a) is reproduced. The experimental curves also show shunt resistance effects, not included in the model.

feature in TiQ-polymer structures show that while the kink Perimental measuremenitsan intermolecular spacingof 1
is present when Adeffective work functiong,=4.9 eV for M and a relatively high mobilityK ,,(0)=10"*s™"] in or-
bithiopheng polymer (F8T2 polymer (ionization potential  1OF predicted by the.model is very S|m!lar to that observed.
IP=5.5 eV), it is removectither by replacing the polymer A further prediction of the model is that the effect of

with another of lower IRof around 5 eV or by replacing the ntérfacial energy step on thV curve should be enhanced
Au with a contact of higher,, such as Pt (IR5.6 eV) or 2 temperature is reduced. This has in fact been observed in
w .

33 - P polymer/fullerene photovoltaic devices where the fill factor
T o e et io ISIlod 1 ", o and e cun devlops o pa: o ieion
r':nearvoC (Ref. 36 as the measurement temperature is re-
dark current, as expected from the model. The fact that thauced from 50°C to 20°C.
degradation of the-V curve is observed for organic—metal ., )¢t experimental molecular photovoltaic systems, no
|nterfa<_:es suggests th_at only a limited density of sites at th@ink is observed and/, is low compared taE,/q. This
metal interface is available for charge transfer with the or-g,gqests that interfacial recombination limits performance.
ganic layer. _ In fact, the crossing of light and dark-V curves in the
Studies of the Ti@-F8T2 polymer system show that the negativel regime, which is shown in Fig.(é) to result from
kink is more pronounced for higher light intensityand for interfacial recombination, is commonly observed in
thicker polymer films®® Both are consistent with the model practicel>2¢2’The crossing effect is less severe in the sys-
predictions in a general wayl-V curves as a function of tems which exhibit the best power conversion efficiéricy
polymer film thickness are reproduced from Ref. 33 in Fig.indicating that interfacial recombination in those systems is
8(a). The decreasing short circuit current density with film slower. Relatively slow interfacial recombination in those
thickness is due to filtering of the incident photon flux by thesystems (10Q:s—1 ms) has indeed been confirmed by
“dead” layer of polymer lying more than one exciton diffu- measuremen ;38
sion length from the TiQinterface. In Fig. 8) we present Finally, the model predicts that increasing driving force
simulatedJ-V curves as a function of thickness for the sys-for charge separation should tend to impraygand reduce
tem in Fig. 4b) (E,=1.7 eV) with chains of acceptors and Yoc- This is compatible with experimental studies(bfuid
donors 50—110 units in length. This system is not an ideaglectrolyte dye-sensitized solar cells, showing that increas-
model for the experimental system since the model supposdRd the electron affinity of the electron acceptor by coating
an interface next to the sensitizer and a chain of hole trang¥ith silica® or intercalation of lithiurfi’ leads to increased
porting molecules leading from interface pocontact, while  Jsc and reduced/,. as expected. A study of the effect of
in the experimental system the chain occurs between the seMarying the donor-HOMO energy step in solid-state dye-
sitizer and the interfacial step to the contact. Nevertheles$ensitized systems also showed that the yield of charge sepa-
the effects of interface and chain are simileoth introduce ratlon41 increases with increasing donor-HOMO driving
a Fermi-level gradient between electrode and sensitaed  force:
by choosing conditions where the interfacial step is not lim-
iting, we focus on the effect of chain length. For this system
we calculate] rather than to allow for the optical filtering Although extremely simple compared to real devices, the
effect. We use an absorption coefficient 0 20° cm *and  model allows us to make some general comments about the
an exciton diffusion length of 5 nm, in accordance with ex-design of molecular solar cells.

B. Implications for device design
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First, we have confirmed that photovoltage generatiorparameters are known. In this respect a more complex, two-
from a molecular heterojunction does not require any differ-<dimensional model has been developed recently to study the
ence in work function of contact materials. In accordanceeffect of morphology on the efficiency of donor-acceptor
with previous resulté? our calculations show that photocar- Systems'* the qualitative effects of transfer rates and ener-
rier generation localized at a molecular heterojunction leadgetics in that model are compatible with the predictions of
to photovoltages of order 1 eV, using typical physical paramihe simple model presented here.
eters.

Second, we show that efficiency is a nontrivial function of V. CONCLUSIONS
the interfacial charge-transfer kinetics. Very fast interfacial ) _
charge transfer at the heterojunction leads to losses to inter- N conclusion, we have presented a simple model of a

facial recombination, and eventually to reduced efficiencyMolecular photovoltaic device based on a two-level, light
However, very slow charge transfer at heterojunction orabsorbing system, connected to external electrodes by chains

other interfaces ultimately leads to intramolecular recombiOf charge transporting orbitals. Using detailed-balance argu-

nation and reduced efficiency. The latter factor means thdf?€Nts to describe photon absorption and emission, and nona-

contacts which are blocking for charge injection lead to poodiabatic Marcus theory for electron transfer, we find simple
photovoltaic performance. This implies that, in contrast tomathematical expressions governing the steady-state current-

inorganic devices, the best efficiency is not achieved in deY0ltage characteristics of such a system. This allows us to
vices with the lowest dark current. study the effect of intermolecular charge transfer on the
For devices of order tens of nanometer thick, efficiencyPOWer conversion efficiency without considering the effect

may be limited by the rate of intermolecular charge transfe SPectral sensitivity. We focus on several simple configu-
through electron and hole transporting layers. Low charget@tions which can be solved analytically or with simple nu-

carrier mobilities lead to substantial Fermi-level gradientsMerical calculations. For perfect absorption and lossless
within the device, which enhance both intramolecular and-harge transfer to the electrodes, monochromatic power con-

interfacial recombination in the active region. Charge-carrier/€sion efficiencies of 70% are predicted. Slow charge trans-

mobilities may need to be improved by 2—3 orders of mag_fer due to large energy steps at the electrodes leads to slow

nitude to achieve reasonable efficiencies and optical depth§harge collection rates and degrades the fill factor, even
Poor mobility is also likely to enhance bimolecular recombi-t10ugh dark currents are low. Fast charge transfer leads to
nation. which is not considered here. strong interfacial recombination, reduc¥g., and a cross-

In the most efficient experimental systems, interfacial re/nd In light and darkl-V curves. In this limit the open-circuit
combination dominate¥,.. Monochromatic power conver- voltage is linked to the dn‘fgrence in acceptor and donor en-
sion efficiencies in efficient molecular solar cells are around"9Y. levels. Extended chains of acceptors and donors con-

10%%2 Comparison of the parameters of the real photovol-”eCting the sensitizer to electrodes lead to degragiéd

taic system with our model shows that the primary loss is iftU"ves reminiscent of series resistance effects, if charge mo-

V,., which is linked to the difference in the donor HOMO bilities are low. Although the model is highly simplistic, all
Pf these effects are observed in experimental systems. To

and acceptor LUMO levels and is much smaller than th ; ; o
optical gap.(Part of the difference is, however, due to the Ncrease the monochromatic power conversion efficiency

panchromaticity of the experimental systems, and other fac@20ve the 10-20 9% currently achievable, charge-carrier mo-
tors listed below. Therefore to improve efficiency for any bilities should be improved, ohmic contact_s shpuld be used,
given system it is necessary to minimize the rate of interfa—and_ e]ectron—transfer rates at the heterojunction should be
cial recombination relative to the rate of charge separatior®Ptimized.

This may be achieved by tuning the energy steps, reorgani-

zation energies, or the intermolecular coupling. The interfa- ACKNOWLEDGMENTS

cial charge-transfer kinetics may need todbewed dowrto
increase efficiency. Such an effect has indeed been observ
n ﬁ-)ép2;‘{2ﬁgt?rllgy;nzﬁg?;né?g;ﬁ;%ﬁsére to real molecul&hetan Tuladhar for discussions of unpublishgd e_:xperimental
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trapping of charge carriers in lower-energy levels and will

reduceV,.; Coulombic effects on excited states and transi- APPENDIX

tions; intermediate states in charge separation, such as bound
polaron pairs; bimolecular recombination between neighbor-
ing molecular systems; and heterogeneity in the molecular
assembly, which may lead to shunt paths between the elec-
trodes, reducing both fill factor and,.. The model pre-
sented here provides a basis to study such systems of more
complex energetic and geometric structure, once appropriatnd

The authors are grateful to James Durrant and Pablo
%?chegoin for useful discussions, to Sandrine Heutz and Sa-

In case(b) Jq is given by the solution to

Kg
x2—1

Xc—1

GstGo X.+1
C

Jg=0pd (A1)
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qQV=2(pa— po) =2E,— Eq—2KTINX,, (A2) =<1, giving a lower limit tox. . The limiting x. values are the
_ _ solutions to quadratic equations for each of the two limits.

wherex,=1/fa—1, x,=1/fc—1, and In the limit of no intermolecular recombination, cad®

_ Kaof e~ KayOan (1~ o) — Jg/qpd a3 simplifies to Eq.(16) with x given by the positive root of

? (Kea= Kap) fe= (Kay Sca= Kay 8ap) (1= o) (Ge+ Go+ Keadeaf a) X2 —[Kea(1— f o) — Keaf adealX

with 8g,=e~ (B E/kT and 5, =e~ (EaEJ/KT Knowing f,

andf . allows one to calculaté., and hencd,, andJ, for X,

within the allowed range. The limits tq, are determined by and V by qV=2E,—E;—2KT Inx,=2E,—E;—2KT In(1/f,

the constraints that the occupation function of the acceptor-1) as above. In this limi¥, is identical to the detailed-

level, f,, must be=0, giving an upper limit tax., andf,  balance limit in cas¢a).

—[Gs+ G+ Kyt Kea(1—f5)]=0 (A4)
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