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Intensity-dependent equivalent circuit parameters of organic solar cells
based on pentacene and C g
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We present studies of the current-voltage characteristics of organic solar cells based on
heterojunctions of pentacene angy,@s a function of illumination intensity. The photovoltaic
response at a given illumination level is parameterized and modeled using the equivalent circuit
model developed for inorganjan-junction solar cells. Reduction in shunt resistance and increase in
diode reverse saturation current density are observed upon increase of the light intensity. We
demonstrate that this effect can be modeled by a refined equivalent circuit model that contains an
additional shunt resistance and an additional diode the properties of which are functions of the light
intensity. The effects of these additional components on the overall photovoltaic performance are
discussed. €@005 American Institute of PhysidDOI: 10.1063/1.1895473

I. INTRODUCTION and the fill factor(FF) of the device. When the illumination
) ] ) . is varied, we find a reduction in shunt resistance and an
In recent years, interest in solid-state organic solar cellgycrease in the diode reverse saturation current density upon
has grown considerably due to their possibilities to be fabrijncrease of the light intensity. We propose modifications to
cated onto light-weight conformable substrates, using l0Wihe equivalent-circuit model and show that an additional
temperature processing techniques potentially at low costhynt resistance and intensity-dependent diode parameters
Currently, this class of solar cells has reached power conveg,, describe these light-dependent processes. Finally, we
sion efficiencies of a few percents. Organic excitonic SOlarquantitativer analyze the effects of these light-dependent

cells are typically l(igr_nprised of small molecular weight ocesses on the overall photovoltaic performance.
multilayer thin films; ™ interpenetrating polymer blend bulk

heterojunctioné,‘6 organic/nanocrystal  bulk  hetero-
junctions! or organic/TiGQ heterojunction§:9 Photovoltaic
energy conversion in both multilayer devices and blend de- The devices under study consist of multilayer organic
vices rely mainly on heterojunctions formed between donoffilms deposited on a glass substrate precoated with indium
and acceptor materials. Recently, we have demonstrated théw oxide (ITO) with an aluminum(Al) top electrode, as
multilayer thin-film solar cells based on heterojunctions ofshown in Fig. 1a). ITO (15 per squarg was used as-
pentacene as donor angg@&s acceptor can be a promising

II. EXPERIMENTS

platform for efficient light harvesting partly because of the (a)
relatively large exciton diffusion length of excitons in penta- ~ Al
cene and because of the efficient dissociation of excitons at ] — BCP
the heterojunction formed with &*° L i Ceo

In this paper, we present studies on the dependence of | bstrat pentacene
the electrical characteristics of organic solar cells based on glass substrate ITO
such pentacenefgheterojunctions as a function of light in-
tensity. First, current—voltage-V) characteristics are mod- (b)
eled in a wide range of voltage. For each illumination inten- "?s
sity, the well-known equivalent-circuit model used for — T
inorganic solar celld is applied to parameterize the electri- Jon| Jon R,
cal characteristics in terms of the equivalent-circuit param- @) A 4 3 v
eters, including the diode parameters such as the ideality |
factor n and the reverse saturation current densigy the

photocurrentl,, delivered by the current source, and the dif-
ferent equivalent resistances such as series resisRymead FIG. 1. (a) Schematic structure of a device. Organic and metal layers are

. . deposited in sequence on top of a precleaned ITO glass by physical vapor
shunt resistancie. These parameters are important as theydeposi'{ion in vacuum. Thin layer of bathocuproif®CP) is used as an

are related to experimental parameters, including the operexciton-blocking layer, as suggested in Ref. 2. The overlap area between

circuit voltage(Vge), the short-circuit current densiiydso), aluminum(Al) and ITO electrodes define a device area which is typically

~0.1 cn?. (b) Equivalent circuit typically used fopn-junction solar cells.

Jon is photo-generated current densif and n are the reverse saturation

JAuthor to whom correspondence should be addressed; electronic maiturrent density and the ideality factor of a diode, respectively,RyahdRp
Kippelen@ece.gatech.edu are series and shunt resistances.
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received, without further treatment except for routine clean- 1 V-JRA

ing procedure. Part of the ITO was etched, and the overlap J= Fs/Rp s exP(m) -

area between the ITO and Al electrodes defined devices with

an areaA of typically ~0.1 cnf. _ <J _ i)} 1)

A thin layer of bathocuproindBCP) was inserted be- ph RpA/ |’

tween Gy and Al as an exciton-blocking layer to prevent

excitons created in thegglayer from being quenched in the

vicinity of the metal, and to protect thegglayer from being

damaged upon deposition of AlAll the organic materials

were purified once by thermal gradient sublimatforn KgT {1 +ﬁ<1 _ Voc )}
T RrA [

wherekg is the Boltzmann constant, is the temperature in
Kelvin, ande is the electronic charge. From E(L), equa-
tions for Jgc and Vg are easily derived:

vacuum before use. The organic layers and the Al electrode Voc= n?ln Js ohRPA (2)
were deposited in sequence through shadow masks onto ITO

substrates by the physical vapor deposition._ _The typical ez 1 1 —3d ex |JSC|RSA> 1 3
vacuum was 10 Torr or less during the deposition of the ST +RyRo ph™ s nkgT/e

organic materials.

The devices were never exposed to air, and their photoEquations(1)~(3) usually need to be solved numerically, ex-
voltaic properties were measured in nitrogen. The filterecbept for the case whers is very small and/oRp is suffi-
output of a 175-W Xenon lamgCVI, model ASB-XE- ciently large so that the effect froRs or R, may be ignored.
175EX) was used as a broadband light sou{280-900 nm Another quantity of interest to evaluate the cell effi-
The intensity of the incident lightl,) was measured with a ciency is the device fill facto=F which is defined by
calibrated Si photodiodddetector area =0.13 énwith  Imax/mad JscVoc, Where Vi, is the voltage at which the
known spectral response. The spectrum of the light sourcBOWer output is maximized ani,,=J(Vimay- It was shown
was measured using a Charge_coup|ed de(MD)_baSed by ShOCkley and Queisgérthat the ideal fill faCtOlFFO of a
spectrometer(Ocean Optics, USB 2000 The current— solar cell described by Eq1), in which Rs=0 andRp— ,
voltage characteristics were measured with a Keithley 2406an be expressed as a monotonically increasing function of
source meter in a four-wire connection scheme to avoid thé'e€ normalized —open-circuit voltagevoc defined by
effect of the voltage drop due to the resistances associateépc/ (NksT/€). WhenRs>0 and/orRp <<, however, the ac-

with the probe lines and the electrical connection. tual FF for a given voc is reduced from the ideal value
FFo(voc), as shown in Fig. 2. The following semiempirical

expressions were shown to be good approximations of the
numerically calculated values &F for o> 102223

Voc— In(VOC + 072

lll. THEORY FFo= , (rg=1hp=0), (4a)
voct1
A. Equivalent circuit model for solar cells: Basic
formulation FFs=FFo(1-1.79+0.19Z (0<rg=<0.4,1fp=0),
Approaches utilizing an equivalent circuit are known to (4b)

be useful in analyzing and parameterizing the electrical char-

acteristics of inorganipn-junction solar cell$>* and have

also been applied to organic solar c8llé°As shown in  FFsp=FFs) 1
Fig. 1(b), the circuit is comprised of a diode, a dc current

source, a shunt resistanBg, and a series resistanBg. The (40
current density of the dc current source corresponds to thg which rg and rp are normalized series and shunt resis-
photocurrent densityl,,. The diode is characterized by its tances defined byRs/Rcy and Rp/Rey, respectively, in
reverse saturation current densityand ideality facton. Rp which Rqy, the characteristic resistance, is defined as
takes into account the loss of carriers via the leakage pathg,-/(|[JsdA) . When bothrg and 14 are larger than zero,
that may be created, for example, through pinholes in thehe fill factor FFgpcan be calculated by substitutifdrs into
film. On the other handRsis attributed to the bulk resistivity Eq. (4¢) after obtainingFFg from Eq. (4b), assuming 1/

of the semiconducting materials, the contact resistance be=0. According to Ref. 23, this method gives reasonably close
tween the semiconductors and the adjacent electrodes, aa@proximations of the numerically calculated results rfgr
the resistance associated with probe lines and inter+1/rp<0.4 andvoc>10, and its accuracy gets even better
connections>**?° Provided that the dark characteristic is if one or both values ofsand 1fp are smalf® Note that the
reasonably modeled using this equivalent circuit wij  FF of the case wheres=0 but 1f+ 0 or FFp, can also be
=0, then the electrical characteristic under illuminatipn  described by Eq(4c) with FFg=FF,, as long as lp<0.4.

_(voc+ 0.9 FFs

}, O<srg+1lrp<0.9),
Voc lp

can be easily obtained once the functional relatiodgfto The above expressions yield good approximations which
I, is known. In typical inorganicpn-junction solar cells, are close enough in most cases fgi=>10, but it may be
Jor(lL) is regarded linear. beneficial to have more general expressions that are also ap-
In the equivalent circuit model, the current—voltage char-plicable over a range of smaller valuesigf., especially for
acteristic is described BY cells with relatively largen. Therefore, following the proce-
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@) - - subscriptj=0, S, or SP corresponding to the same situation
specified therein(a;, b) is a set of coefficients for each case,
and pp=1, ps=rg, and psp=1/rp. It is emphasized that no
assumption is imposed odgc or Vgc in the method pre-
sented in Ref. 22 for the numerical calculationFé. In fact,

it correctly accounts for a possible reduction in the magni-
tude of Jsc or V¢ due to resistances. Witta;, b)) summa-
rized in Table |, these semiempirical expressions can be used
as good approximations of the numerically calculated values
for voc=1. The validity of FFgp obtained by Eq(5) was
checked forvgc=1 and for several sets @f,rp) fulfilling
rs+1/rp<0.4. It turned out that the relative error with re-
spect to the numerically calculated values was mostly less
than 1% if one or both ofg and 1fp are much less than
0.1, and that it was still within a few percents in the other
cases. Therefore, E@5) provides the approximation that is
similar to Eq.(4), but with the extended range of down

to 1.

The knowledge of the equivalent circuit parameters for a
given solar cell provides useful guidelines to further improve
its performance. If specific physical effects in the device can
be related to specific circuit parameters, and if these effects
can be somehow controlled during device design and fabri-
cation, then the equivalent circuit model teaches us how to
optimize the circuit parameters to maximize the power con-

_ _ o version efficiency. In the following sections, the effects of
FIG. 2. Fill factor vs normalized open-circuit voltagec of a solar cell, . .. . .
following the equivalent circuit in Fig. 1 under the respective influence oftheSe parameters on the electrical characteristics will be dis-

(a) series resistanc®(=FFg) and (b) shunt resistanc®s(=FFp). voc cussed in more details.
=Voc!/ (nkgT/e),rs=Rs/Rep, and rp=Rp/Rey in which Rey, characteristic
resistance, is defined byoc/(|JsdA). The open shapes represent the nu-
merically calculated values obtained by the procedures described in Ref. 2B Effect of equivalent circuit parameters on
The solid I_|nes represent the_ calculated v_alues from the modified semiempits|actrical characteristics
ical equations summarized in TableRF; is calculated from the equation
for FFgpwith rs=0. Inset: Zoomed view for fill factor in the absence of any From the analysis shown above, the influence of
resistance effeckF,. Dashed line: values obtained usin . - P g L
! 0 ne: veld ined using E4g) equivalent-circuit parameters on electrical characteristics can
be quantitatively described. For example, it can be easily
dure of Greeff to numerically calculat&F, we propose the noted from Fig. 2 that a solar cell with a largerwill be

0.8

0.6

FF,

04

()
0.8

o 06

FF

04

following modified equation for each case: subjected to a smaller fill factor than cells with the savige
but smallern because the fill factor increases with the nor-
FF(voc.pjia;by) =1 1 +ayp; exp(— V&C> |:|:J(0>, malized open-circuit voltage. This situation can also be ex-

b; plained in terms ofls. Note from Eq.(2) that voc is a func-

j=0,S or SP, (5) tion only of Jy,/Js whenRp is sufficiently high. 1fJ,, is the

same for the cells under comparison, a cell with a ladyer
in which FFEO) is the expression given in E@4), with the  will have a smallerwgc, and therefore a small&f. Organic

TABLE |. Modified semiempirical equations for fill factors of solar cells described by the equivalent circuit
shown in Fig. 1b).

14
FFJ(VOC,pJ,aJ,bJ) = {l +ajpj eX%_ LC)}FFJ(O)(VOC,pj), Yoc =1

by
j Cases P, a b; FF
0 rs=1/rp=0 1 1.07 1.0 voc—IN(voct+0.72
voctl
s 0<re=0.4, 1p=0 o 1.30 2.0 FFo(1-1.19+0.1a&
sp O<ret+1/rp=0.4 1hp 0.75 15 . [1 (Voc+0.7) FFs]
° voc TIp
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solar cells can have open-circuit voltages that are comparable (a)
to or larger than those of inorganpm-junction solar cells,

but they often suffer from relatively largeandJs. Their fill 10} | O Dark W /=27 mW/cm’
factors are therefore limited in many cases. For a photovol- :;ﬁ :?(3)0

taic (PV) cell showingVoc=500 mV, for exampleFF, at
T=300 K would be 0.80 fom=1, but it drops to 0.69 for
n=2.

As suggested in the equations given in Sec. Il A,
equivalent resistances can compromise the photovoltaic per-
formance by reducing fill factorsJsd, andVoc. It is impor-
tant to note that the effects of these resistances are relative,
as it can be easily exemplified in their influences . s L L
Observe that Eqsi4) and (5) are functions of normalized
resistancesrg,rp), rather than the absolute values of resis- V (V)
tanceqRs, Rp). It is well illustrated in Eqs(4b) and(4¢) that (b)
the effect ofRgis more pronounced wheds is large, while
the effect ofRp exhibits the opposite trend. In other words,
moderate values of the series resistance might have little ef-
fect on the fill factor in less-efficient solar cells in whidad
is moderate, but could become a more severe limiting factor
in cells with higher photocurrent$Jsd and Vo are rela-
tively insensitive to the values of the resistances in compari-
son toFF up to a certain point, but they can also be signifi-
cantly reduced iRsA becomes too large, or RpA becomes
too small*

The expressions given in Sec. Il A are very useful not
only in assessing the influence of the equivalent circuit pa-
rameters but also in analyzing the experimental data. When V(V)
the equivalent circuit 'm'oo.lel is used in fi@ting. experimentglFlG 5 @ 3V  characteriscs  of  ITOlpentacene
J-Vcurves, howg\{er, It Is Important to maintain onl_y A MINE 45"/ C.o(50 NM/BCA10 nm/Al under illumination of the broadband
mal number of fitting parameters in order to obtain a morejgnt (350-900 nmat varying light intensities, (closed shapgsand in the
meaningful analysis. Note from Eq§2)—(5) that the five dark (open circles (b) SemilogarithmicJ-V curves atl =100 mW/cni
parameters]s,n,Jph, RS! and Rp are linked with one another (Inset: in the da_rk. The solid _Iines if®) gnd (b) are the fitting curves for
by the three constraints fofoc, Jse and FF, all of which each case, obtam_ed by the simple equivalent circuit model. Fitting param-

eters are summarized in Table II.
can be experimentally determined. Therefore, the indepen-
dent parameters can be reduced to only two parameteRs. If
and R, are given, for example,voc and thereby linearity with respect tol_ with the power fit of
n[=eVpe/ (vocksT)] can be determined from the equation for 0.151(A/W)1 %% [dashed line in Fig. B Vo increases
FF. Then,Js and J,, can be determined from Eq&2) and slightly with 1, while FF decreases, which makes stay
(3). Therefore, one can fit the experimeniaV characteris- relatively constant.
tics using onlyRg and Ry as independent fitting parameters.
In the following sections, we will use this method to extract

J (mAfem?)

. o . r 10.6
the equivalent circuit parameters from our experimental data .
and discuss their influences on the device performance. 3 \'\I\.\@; -
‘s__’ 15+ e ’
- {g ......... gt 104
o RSy Sl 6 A ——;—x A &
IV. RESULTS AND DISCUSSION § ol .. A ot =
~ . . >
A. Photovoltaic response and its modeling using the E - o/ |aV 02 =
. - . . - SC oc - o
simple equivalent circuit model = .l ) g aFF o S
Figure 3 shows the electrical characteristics of a device =" . .®
(A=0.13+£0.01 crd with a geometry of ITO/pentacene -7
(45 nmM/Cg(50 Nm)/BCP(10 nm)/Al under illumination of oL, ., . . . v . . , ,300
the broadband ligh{350—900 nmh, with |, varied between 0 20 40 60 80 100
and 100 mW/crA At 1,=100+2 mW/cm, |Jsd I, (mW/em®)

=15+1.4 mA/cn,Voe=363+3 mV, and FF=0.50+0.01,
FIG. 4. Trends of photovoltaic parameterslysThe solid lines are guides

yielding a Eowe.r conversion eﬁI.CIen((w:FFUSC‘VOC“L) to the eye. Dashed line: power fit fordsd, that is, |Jsd
of 2.7+0.4%. Figure 4 summarizes the dependence of theg 153a/w)i, 0% potted line: Vo calculated from the relation for an

photovoltaic parameters versus intensity|Jsd shows good ideal pn-junction cell.
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TABLE II. Photovoltaic parameters vs light intensitly) and fitting results using the equivalent circuit shown
in Fig. 1(b) (T=300 K).

I Jsd Voc FF 7 Js n RA ReA
(mW/cn?) (mA/cn?) V) (%) (uAlcm?) (Qcn?) (Qcnd)
Dark 2.3 1.8 2.15 40,100
27 4.2 0.328 0.54 2.72 12 2.2 2.19 1,176
43 6.4 0.344 0.53 2.68 20 2.3 2.09 780
63 9.5 0.356 0.52 2.78 29 2.4 2.08 515
84 12.6 0.361 0.51 2.77 42 2.5 2.04 408
100 15.0 0.363 0.50 2.71 54 2.5 2.04 328

To parameterize the current-voltage characteristics othese fits are in good agreement with experimental data
these cells at a given intensity, we used the equivalent circuthroughout the voltage range used. These tight fits obtained
model shown in Fig. (b). Fitting to the model was done at various light intensities suggest that this simple equivalent
based on discussion given in Sec. Il B. First, estimation forcircuit model is appropriate for a given light intensity. It is
Ry(=R%) andRp(=R™) were made from the inverse slopes advised that acceptable fit may also be obtained for a range
of the forward and reverse characteristics, respecti/ely. of {Js,n,Rs, depending on the accuracy of experimental
Jon=[dsd was assumed for simplicity. According to E@®),  data. For example, ak =100 mW/cnf,{Js=54+ 16 uA/
this is a good approximation as long [dgdRsA is not sig-  cn?,n=2.5%0.15 RA=2.04+0.04( cn?} can produce a
nificantly larger tham(kgT/e), within the range of the illu- J-V curve that satisfie§F=0.50+0.01, without change in
mination level of interest. Using these values, estimation foNMoc whenJ,, andRp are set as the same values shown in
Js andn could be directly made by solving Eq®) and(5),  Table II.
even without a further fitting process. The parameters ob-  With the knowledge of the diode parameters, their influ-
tained in this way can serve as guidelines that are accurance on the electrical characteristics can be studied. For in-
enough, in many practical cases within error bound. How-stance, at, =63 mW/cn¥, our device yields an experimental
ever, the method usingsA from the inverse slope of the fill factor of FF=0.52 and an experimental open-circuit volt-
forward characteristic can slightly overestim&gA because age ofVoc=356 mV. With an ideality factor oh=2.4 ex-

dj\-1 KT tracted from the fitting procedures, a valuegj-=5.73 at
(—) =~RA+n— >RA, (V>Vyo, (6) T=300 K can be calculated, yielding a valueFf,=0.576
dv eJ using Eq.(5). The same/gc with n=1(n=1.5 would result
and therefore result in errors in the forward bias regionin FFo 0f 0.75(0.68. SinceRcyA of this device is calculated
Therefore, we varie®s as a fitting parameter, witRs fixed 10 be 37.50 ¢ from the experimental values dkc and
at Rt and obtainedJs,n) fulfilling Egs. (2) and (5) for ~ Voc.Ts andrp have values of 0.0555 and 13.7, respectively.
each set ofRs, Rp) to find the set of parameters minimizing From Eq.(5), one can evaluate that the effectRfresults in

the sum of the squared erraiSSE defined by FFs=0.544, which corresponds to a reduction by 5.6% from
the ideal fill factorFF,. If we also include the effect dRp
SSE =, [{log(|a(V)|) - log(|3s(V)|) }? using the equation foFFgp in Eq. (5) as explained in Sec.
v [l A, the resultantFF is then calculated to be 0.52, which
+{I(V) = Ig(W)?] (7)  corresponds to a reduction by 4.4% from fRies,

over the range of -1.5 ¥ V<1.5 V. J(V) is the current
density generated by the model. The SSE defined in this w
was taken from Ref. 15, and was found to be useful becaus
the logarithmic terms can help avoid overweighing the for-  While the simple equivalent circuit shown in Fig(bl
ward bias region, which can sometimes lead to unsatisfactorgrovides quantitative information on the effect of each resis-
fitting results which overlook the photovoltaic and reversetance on the device fill factor at each illumination level, it
bias regions. Our method was not very sensitive to the choiceas not possible to fit our experimental data over a range of
of SSE for data obtained under illumination because the padifferent|, without a significant change in the diode param-
rameters are determined in such a way thatRReandVyc  eters(Js,n) and in shunt resistand®y, which is in contrast
are matched to the experimental results, but this SSE wa®e an idealpn-junction solar cell. Similar phenomena were
used in particular for fitting the data measured in the dagk. also reported in polymer blend bulk heterojunction solar
may also be set as a fitting parameter, but a fixed value ofells’**®and in small molecular weight multilayer cefts’
Rp=RpStresulted in a sufficiently adequate fit over the volt- Note in Figs. %a) and 5b) that n varies when the cell is
age range used. The fitting curves for dark and for eaclunder illumination or in the dark, and thdt and 1R in-
illumination level are represented by the solid lines in Fig.crease with intensity, while Rg remains relatively un-
3(a), and the parameters extracted from the best fitting resultshanged. It is seen th&t/Rs—1/Rpo)A™* can be well fitted

are summarized in Table Il. Semilogarithmic curves showrby yl, in which Rpq is the shunt resistance measured in the
for dark andl, =100 mW/cn? in Fig. 3(b) demonstrate that dark andy=0.030Q*W™1. In addition, the dependence of

. Extended equivalent circuit for simulation of the
é;ht intensity dependence

Downloaded 10 Apr 2013 to 130.207.50.154. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions



103706-6 Yoo, Domercq, and Kippelen J. Appl. Phys. 97, 103706 (2005)

@ S W I 2
60' 3 S0 nokBT/e RPOA\

[ J
’Z. Vi V%
" + J —_ 1 —_ + —
401 /"<§ - / SL<eXp< nLkBT/e) ) Jon RpA’ ®

Js (pAlcm?)

2
/ /' s whereV’' =V-JRA, andRp, is the shunt resistance deter-
W‘ mined in the dark. The double-diode model was introduced
. previously to account for the recombination current in the
_— 14 dark characteristics of inorganic solar céffsput no light
. . . dependence was usually assumed. The added shunt resis-
0 20 40 60 80 100 tance can describe various bulk photoconductive
(b) effects>41°
In a similar way described in Sec. IV A, the experimen-
3L e |4 tal J-V curves were fitted to Eq(8) at each illumination
- level, with Rg set as a fitting parameter and with the net shunt
resistanceRp=(1/Rpg+ 1/Rp ) ! fixed at the same value
tabulated in Table Il. A set o5, andn_ matching the ex-
perimentalVqoc and FF was numerically calculated for each
set of (Rg, Rp) during the fitting proceszs“. Then, of 1.8 and
Jgo Of 2.3 uA/cm? were used as specified for the dark con-
dition in Table Il. As demonstrated in Fig(dj, fitting with
Op e _ 10 the modified equivalent circuit also resulted in very tight fits
0 20 40 60 80 100 to the experimental data. The best fitting results were ob-
I (mWicm?) tained with n =3.1+0.3 andRA=2.2+0.1Q cn? in the
range of illumination intensities studie(Bee Table IlI). Fig-
FIG. 5. (8) (1/RpA=1/RpA) and(b) (Js=Jsg) andnvs|,. RegandJspare  ure Ab) shows thatlg, increases with,, similar to the trend

the shu_nt resistance and t_he reverse saturation current density in the dal Js shown in the single-diode equivalent circuit model.
respectively. The dashed line is the result of the linear fit for the inverse o

|}
0_.

(R,-R,,HA" (ka'cm®)
| |
| ]
g
3
C‘H
!
I‘\) 2
RA (Qcmd)

shunt resistance, that i§1/ReA-1/ReoA)=0.030 W1, . The solid  When the dependence df_on I, is assumed linear, the

lines are guides to the eye. linear fits forJ,n, Js;, and 1Rp result in the final electrical
characteristic which is expressed as a function oés fol-
lows:

Voc on | was different from the typical logarithmic relation
(dotted line in Fig. 4 observed in typical inorganic \V4 \4
pn-jurjction c_ellsl,l that is, Eq.(Z) in Whi_ch n_and Jg are Jsto(“P(m) - ) + RooA
substituted withng andJgg, which are the ideality factor and
the reverse saturation current density obtained in the dark, + h[a(ex;n( \V& )_ 1) g+ YV7:|, (9)
respectively. n.kgT/e

In order to take into account this unconventional light
dependence, we propose to modify the equivalent circuit ani which V'=V-JRA, ReA=40 1000} cn?,
to incorporate an additional shunt resistatg ) and a sec- =7-5X10* A/W, 3=0.15 A/W, and 7:0-0309_1W_21,
ond diode, as shown in Fig. 6. In this modified circuit, the Where Js (1) =aly ,Jp(1) =B, and [Re (I )A] =1, *°
value of R, and the reverse saturation current dendigy ~ ReA andn_ were fixed at 2.2) cn* and 3.1, respectively, as
and ideality factom, of the second diode, may be regardedtheir variations were relatively small.
as functions of light intensity in general. The current-voltage ~ AS shown in Fig. 8, the experimental photovoltaic pa-

characteristic for such circuit is then given by rameters as a function of are in very good agreement with
the model prediction given by E@9). In addition, one can

use this model to gain insight into the relative effects of the

R; different equivalent circuit parameters. In other words, one

MWAV—o can simulate hypothetical cell photovoltaic parameters in dif-
T
"4

ferent ideal situations. Figure 8 describes how Fie Vg,

and » are influenced wheRg, Ry, andJg; are sequentially
added to the ideal cell in which all of these components are
absent. It can be easily noted thR4 and Jg, are the major
factors limiting the cell efficiencies at high intensities. These
effects may also be well illustrated by observing changes in
FIG. 6. Modified equivalent circuit containing the additional shunt resis- simulatedJ-V characteristics upon addition of these param-

tance(R ) and diode(Jg, ,n,) the parameters of which may be dependent on : : :
light intensity. Parameters with the subscript “0” indicate those obtained ine.ters' For example, the dashed line in Flga) /shows a

the dark. Components with the intensity-dependent parameters are enclos@Hn_u'ated‘]_V characteristic at, =100 mW/Crﬁ of a cellin
by the dashed line. which the effects of the dependence of the circuit parameters

O
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FIG. 7. (a) Best-fitting result using the modified equivalent circuit model. / Wiem?
Open circles: experimental data Bt=100 mW/cni. Solid line: fitting L(m cm’)
curve. Inset: wide-range plot in semilogarithmic scale. Hypothetied ) ) ) o .
curves are presented to illustrate the effect of the series resisfancee  FIG. 8. Simulated photovoltaic parameters as a function of light intehsity
additional shunt resistandg, and the additional diodéJs.,n) on the (@ FF, (b) Vo, and (c) efficiency. In all cases, the open circles are
electrical characteristics; dashed line: case where there is no additional dgxperimental data, and the lines are the calculated values usin¢dEq.
ode, andRs=0 andRs=Rp, Dash-dotted line: no additional diode, aRd ~ With @,y, and Rs as specified in the bottom part of the figure. Unless
=Rs, but RA#0. Dotted line: no additional diode buRp=(Rng:  Specified as zero,a=Jg(1)/I =7.5X10* A/W, y=[Rp (I )A]/I,
+Ro, )™ and RA#0. In all cases,RoA=40100Q c?, and RA  =0.030Q7'W™, B=J,,(1)/1.=0.15 A/W, and RA=2.2Qcn? were
=2.140 cn? unless specified as zero. For details on fitting results, refer toused. Jso,o, and ReA are 2.3uA/cm?, 1.8, and 40 10@)cn?,
Table III. (b) Js, and n_ vs I, obtained by the fitting process using the respectively.
modified equivalent circuit. The dashed line is the result of a linear fit for
Jg, that is,Jg =[7.5X 1074(A/W)]I,.. The solid lines are guides to the eye.
=100 mW/cni. If one maintains only the effects of the se-
. . . _ ._ries resistance, the efficiency reduces to 3.7%, due to a
(Rp,Jg) on the light intensity have been eliminated, and in . &y .
. iy decrease irFF. If the effects from botRp_andRs are in-
which Rg=0. Under such conditions, one would observe an .
o . cluded but the dependence of the reverse saturation current
open-circuit voltagé/qc of 407 mV, a fill factorFF of 0.67, o T 0
. . on light intensity is ignoredy reduces to 3.4%. These values
and a power conversion efficiencyy of 4.1% at I

of efficiency have to be compared with the efficiencyrobf
2.7% that is measured &t=100 mW/cn? in our devices.
TABLE lIl. Fitting results using the modified equivalent circuit shown in  Thig ana|y5i5 shows that the effective increase of the reverse

Fig. 6. saturation current density with illumination intensity results
Jeg= 2.3 uAICT?, =18, RogA= 401000 crr? in a decrease qf bo.tvoc.adeF, which accqunts fgr half of
the total reduction in efficiency from a maximum ideal value
of 4.1% to the measured value of 2.7%. Possible explana-
I st ReA RelA® tions for the origin of the dependence of the circuit param-
(mW/cn?) (uAlc?) n (Qen) (Qenf) eters on light intensity may include the field-dependent re-
27 22 3.2 230 1210 combination of photogenerated carriers, as was suggested by
43 42 3.4 2.22 795 Schilinsky et al’® in bulk heterojunction cells.
63 54 3.2 2.20 522 In Fig. 8, one can also note that the effectRp{ on FF
84 61 3.0 2.14 412 and efficiency is more significant than thatR{in low light
100 68 2.9 2.14 331 intensities but it stays almost constant upon an increae in
%Rp, Was calculated frorRe = (1/Rs—1/Reg) Lin which Ry is the netshunt  €VEN though the nékp continues to decrease. It is due to the
resistance tabulated in Table II. fact that the normalized shunt resistangeremains rela-
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tively unchanged because the decreasgdmvith 1, is com- literature®***'° and if these physical processes can be con-
pensated with an increase jdd. On the other hand, the trolled during cell design and fabrication. As it was demon-
effects ofRgandJg, become more significant &sincreases, strated in pentacene field-effect transistors that the transport
indicating they are among the most important parameterproperties can be improved via interfacial enginee?ﬁ"l?d,
that need to be controlled in order to ultimately achieve aor example, if one can identify the interactions between the
highly efficient solar energy conversion in this type of cells.organic film and the adjacent layer that will lead to a change
in film morphology, favoring an increase of mobility and/or
reduction of contact resistance, this can potentially lead to a
V. CONCLUSIONS decrease in the series resistance upon careful control of the

In summary, the electrical characteristics of efficient so-"élated processes. Such studies are currently under way.
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and Voc. For th'e pentacene é@ cells InveStlgated _In,thls designed experiment. For example, if the thickness of a semiconductor
study, a good fit to the current-voltage characteristics was jayer is varied while all the other conditions remain unchanged, the por-
found over the range of light intensities up to 100 mW7#cm  tion from the bulk resistivity of the material can be separated from the
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e ; ; : This observation is in line with the study on the characteristics of a
mﬂcamly further |mproved if these various effects can be multilayer CuPc/ G solar cell reported in Ref. 3. In that report, the simi-

dire_CﬂY_ConneCted to physical processes taking_place ir' thes@ar pattern of results were obtained by fitting the “net photocurrent” de-
excitonic cells such as those already mentioned in the fined by the difference id(V) under illumination and in the dark. While
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