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Efficient thin-film organic solar cells based on pentacene/C 60
heterojunctions

S. Yoo, B. Domercq, and B. Kippelena)
Center for Organic Photonics and Electronics (COPE), School of Electrical and Computer Engineering,
Georgia Institute of Technology, Atlanta, Georgia 30332

(Received 23 July 2004; accepted 6 October 2004

We have fabricated an efficient organic photovoltaic cell based on a heterojunction of pentacene and
Cso- Photocurrent action spectra exhibit broad light-harvesting throughout the visible spectrum with
a peak external quantum efficien@gQE) of 58+4% at short-circuit condition. Modeling studies
indicate that this high EQE can be partly attributed to the large exciton diffusion length in the
pentacene film as well as efficient dissociation of excitons at the pentaggre@rojunction.

© 2004 American Institute of Physid®©Ol: 10.1063/1.1829777

Organic photovoltai¢PV) cells can be the versatile plat- define several devices with are@) of approximately
forms for inexpensive solar cells and photodetectors due t0.1 cn?. All the photovoltaic properties were measured in a
the capability of being fabricated at low temperatures onN,-filled glovebox without exposure of the devices to ambi-
various conformable substrates potentially at low cost. Oveent air. The filtered output from a 175 W Xenon lari@vI,
the last decade, there have been steady advances in powaodel ASB-XE-175EX was used as a broadband light
conversion efficiencies of devices based on small-moleculsource(350—900 nnh Intensity of the incident lightl, ) was
multilayer thin  fims® and polymer-blend bulk measured with a calibrated Si photodiode.
heterojunctiong'.4 In addition to improvements in device Electrical characteristics of a device(A=0.13
structure and nanoscale morphology in polymer blends£0.01 cnf) with a geometry of ITO/Pentacerid5 nm/Cqg,
choice of the right materials cannot be overemphasized 550 nm/BCP (10 nm/Al are presented in Fig. 2. Under the
achieving high performance devices. Pentacene has been @kumination of the broadband lightl, =100+2 mW/cm),
tensively studied as prtype semiconductor in organic field- the device exhibits a short-circuit current densifgo) of
effect transistors,and is known to exhibit large carrier mo- 15+3 mA/cn?, an open-circuit voltage (Voo) of
bilities (>1 cn?/V's) within the plane parallel to the 363+3 mv, and a fill facto(FF) of 0.50+0.01. These val-
substraté® Due to its polycrystalline morphology, its suit- ues lead to a power conversion efficiencyy
ability for efficient photovoltaic cells, where large charge =g 3. \//1,) of 2.7£0.4%. The inset of Fig. 2 shows the
mobility is required in a direction perpendicular to the sub-oryard- and reverse-bias characteristics, from which cell se-
strate, was unclear. PV devicéS or photodetectofS fabri- ies resistancdReA) and shunt resistancéRoA) are esti-
cated with pentacene to date were mostly based on Schottkyoied to be 2.2+0.2 and 40 000+30Q%n? in the dark
contact between metal and pentac8rérather than organic respectively, and to be 2.140.2 and 3103@n? under

donor/acceptor junction, and PV devices had rather lowyymination, respectively. The significant reduction Bb

efficiencies. , _ under illumination can be due to the field-dependent carrier
In this letter, we report on photovoltaic properties of a”generatioﬁ and/or the photoconductive effdct.

efficient solar cell based on a junction between polycrystal~ |, order to explain the origin of the large photocurrent
line pentacene as donor ang,@s acceptor. A heterojunction gnq estimate the performance under the standard AM 1.5 G
with electron acceptors is desired as it promotes the dissqspectrum, external quantum efficiend@QE), or the ratio of
ciation of excitons, and often allows broader coverage of thgne number of charges generated to that ofitieédentpho-
solar spectrum by compensating for the spectral regiofons, has been obtained as a function of wavelefigtFig.
where absorption by pentacene is low. The device structurg(a)]_ It is observed that efficient light-harvesting occurs

and the energy level diagram of the materials are shown ignyoughout the visible spectrum. The peak EQE of 58+4% is
Fig. 1. Energy levels for these materials were borrowed from

the literature~**3A thin layer of bathocuproinéBCP) was
inserted between & and Al as an exciton blocking layér. (a) (b)

All the organic nlaterials were purified once by thermal ;CIP 3.0 3.5
gradient sublimatioll under vacuum befc_)re use. Or_ganlq ECso 45
layers and Al electrode were sequentially deposited in penta- 42

S - glass substrate

vacuum through shadow masks onto pre-cleaned indium tin cene v 4.9
oxide (ITO) substrates. The typical vacuum was 1Torr ITo 6.2
during the deposition of the organic materials. ITO OOOOO “ 170
(15Q/sq) was used as received without further treatment ITO —1 Al
except for solution cleaning. Parts of ITO were etched to pentacene pentacene Cg, BCP

FIG. 1. (a) Schematic device structure and molecular structure of pentacene,
dAuthor to whom correspondence should be addressed; electronic mailind (b) energy diagram of a device. Energy values are approximate and
kippelen@ece.gatech.edu given in eV with respect to the vacuum level.
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FIG. 2. Current densityJ)-voltage (V) characteristics of a device with a (c)
geometry of ITO/pentacefds nm)/Cgo(50 Nm/BCP(10 nm)/Al under il- 60}
lumination of the broadband light100 mwW/cn?, 350—900 nm, closed — _LTY%
cir_cle) and in the _darl(gpe_n circl_e. I_nset: fuII‘-range curves in_semilogarith- § 40 gral%s 177 0.01
mic scale under illuminatiogsolid line) and in dark(dashed ling w L pentacene 1.50 0.43
d 20} Ceo 210 0.01
BCP 1700
. . 1 | A =670 nm
observed at=670 nm at which most of the excitons are 0 : Al 16080
generated inside the pentacene layer considering the absorp- ] 50 (nm)100 150
P

tion spectrum of pentacene filthand that of G film.*®
M|Cr0_SCOp|C processes involved in the gen_eratlon OfFiG. 3. () External quantum efficiencEQE) vs the wavelengtki) of the
photocarriers under the influence of both generation and rencident light. (b) Calculated distribution of the squared electric field

combination of excitons were shown to be well described bystrengtlh,I\E\Z, at3=670 rr\]m Inormalized by tf:\at of the incigen(tj lighEo|”.
_ ; ; 6 Vertical lines indicate the location of each interface. The distaacés
the Steady state diffusion equaﬁaﬁ measured from the glass/ITO interfa¢e). Calculated EQE as a function of
2 pentacene diffusion lengttLp) at A=670 nm.Lcg=40 nm was assumed.
Dd p(Z) +G(2) - Dp(Z) =0 (1) Inset: (n,k) values used for the calculation {b) and(c).

dZ L2

in which L is the exciton diffusion lengthD the diffusion  (iffusion length of pentacen@.p) at A\=670 nm[Fig. 3c)],
coefficient,p(z) the density of excitons at a locatian and Lp is estimated to be 65+16 nm. The diffusion length fgg C
G(2) the density of excitons generated aper unit time. (| ) used for this calculation was 40 nm which is the value
G(2) is proportional to the squared electrical field strengthreported by Peumans, Yakimov, and Forfsut choice of
|E(2)|? times the absorption coefficient'® The solution to Lcgo had little effect on EQE ak =670 nm because absorp-

Eq. (1) may be expressed as tion by Gy, film is low at this wavelength. The error range in
, this estimation was obtained in consideration of the limited
Dp(2) = (a— EJ e—z’/LG(Z/)dZ/)ez/L accuracies pf the avallaple optlcal constants fpr egch layer. It
2 is also advised that estimation for exciton diffusion length

, can yield different results depending on the model describing
+| b+ Ef e?ItG(z')dZ |e?t, ) generation of ph_otocurren_t, boundar_y conditions, and oth_er
2J)4 related assumptions. Exciton diffusion lengths of organic

) materials that were measured in various ways are summa-
wherea andb are constants that are determined by boundaryi;ed in Ref. 16.

conditions at the interfaces. Then, the photocurrgjptis Absorption profile calculated ak=670 nm for each
given byJoh=iencsncdDipi| in whichi refers to either the  |ayer indicates 65% of the incident photons are absorbed in
donor or acceptor layep; is the derivative ofpi(z) at the  the pentacene layer and the others are either reflgt8sd)
donor/acceptor interface, angts and 7cc are quantum effi-  or absorbed in the Al12%), ITO (3%), and G, (2%) layers.
ciencies associated with charge separation and collectiormpe quantum efficiency of exciton-to-charge generation
respectively>'® As described by Petterssan al, interfer-  (QEC), or EQE divided by the absorption in thactive
ence effect was taken into account when calculafi(g) and Iayers,zo is therefore 87%. If either ofjcs and 7cc were
G(2).** Equation(2) was then used to obtaip(z) andJy,  smaller than one, highdr, would be needed to match the
Boundary conditions op(z)=0 at the donor/ acceptor inter- experimental result. However, QEC that is fairly close to
face andp’(z)=0 at the ITO/pentacene ancdfBCP inter-  unity suggests approximation ofcs=7cc=1 may be re-
faces were imposejtf’. 7cs and cc were assumed equal to 1. garded as valid and that the pentacepgj@nction serves as
Optical constantgn,k) for each participating organic mate- the site for efficient charge separation.
rial, ITO and Al were taken from the literatuf&:*° From the overlap integral of EQE) with the distribu-
The calculated field distribution at=670 nm indicates tion of photon flux under AM 1.5 G illumination, we prgject
that |E(2)|2 is enhanced in the vicinity of the junction by the Jsc to be 8.2+0.7 mA/crh under 1 sun(100 mwW/cnf).%*
presence of interference effect in a current geométge  Then, 7 is projected to be around 1.5% under such condi-
Fig. 3(b)]. Upon comparison of the experimental data withtions using the typical parameters at a similar levelgg.
the calculated results for EQE as a function of the excitorCurrently, the most limiting factor is the relatively oMg .
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The values reported in PV cells based on copper phtha|ocya§5. E. Shaheen, C. J. Brabec, N. S. Sariciftci, F. Padinger, T. Fromherz, and
nine (CuPg and G is around 500 mV at 1 sun leveéland ~ J: G- Hummelen, Appl. Phys. LetZ8, 841(2002. o
those based on pdly-phenylenevinylengPPV) derivatives C. Waldauf, P. Schilinsky, J. Hauch, and C. J. Brabec, Thin Solid Films
- 451-452 503 (2004.

and methgnc’fu”erene ShOWOC’ over 800 mV for Slml!ar °C. D. Dimitrakopoulos and P. R. L. Malenfant, Adv. Matéweinheim,
conditions? When the energy difference between the highest Ger) 14, 99 (2002.
occupied molecular orbital of donor and the lowest unoccu-°s. F. Nelson, Y.-Y. Lin, D. J. Gundlach, and T. N. Jackson, Appl. Phys.
pied molecular orbital of acceptor is assumed to correlate Lett. 72 ”1854(199&- ; ) |
with Voo, 2? this difference can be attributed partly to the |- W-Kelley, L. D. Boardman, T. D. Dunbar, D. V. Muyres, M. J. Peller-
smalle(chionization otential of pentacene C(lom gred with o5 2N T. P. Smith, J. Phys. Chem. B7, 5877(2003.

,p . P P 80. D. Jurchescu, J. Baas, and T. T. M. Palstra, Appl. Phys. Bdt3061
CuPc and PPV derivatives. (2004).

In summary, we demonstrated that high efficiency can be°r. signerski, G. Jarosz, and J. Godlewski, Synth. Net. 135 (1998
achieved in polycrystalline pentacengjCheterojunctions. . Puigdollers, C. Voz, A. Orpella, I. Martin, M. Vetter, and R. Alcubilla,
The spectrum of the EQE shows that efficient photoelectrig,Thin Solid Films 427, 367 (2003.
conversion is possible throughout the visible range. The high 1'7'6;2(;56‘93' Kim, K. Kim, J. H. Kim, and S. Im, Appl. Phys. Legd,
EQE values in the'red part of the spectrum are a'trrlbuted t@2 3 Watkins and Y. Gao, J. Appl. Phy84, 5782(2003.
the Iarge exciton dlf‘fUSIC_m I_ength of the h'_g_h'mOb"'ty poly- 3 G. schroeder, C. B. France, J. B. Park, and B. A. Parkinson, J. Appl.
crystalline pentacene thin film and the efficient charge sepa-pPhys. 91, 3010(2002.
ration at the junction. High photocurrent found in this type of ““A. R. McGhie, A. F. Garito, and A. J. Heeger, J. Cryst. GrovaR 295
cell demonstrates that pentacene is a promising material fqg(L19/Z4; - L ar Jo 1. Aol PBGSAST
high efficiency solar cells and photodetectors. When the ;Jo* ettersson, L. S. Roman, and O. Inganas, J. Appl. PBgS:
multilayer struc;tu_re is further optlmlzeq to r'naX|m|z]go 1% peumans, A. Yakimov, and S. R. Forrest, J. Appl. P38, 3693
and whenVqc is increased by the engineering of frontier (2003.
orbitals, further improvement in the photovoltaic efficiency *'R. A. Synowicki, Thin Solid Films313-314 394 (1998,
may be expected. 183, P, Park, S. S. Kim, J. H. Kim, C. N. Whang, and S. Im, Appl. Phys.

Lett. 80, 2872(2002.
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