Journal of
AI P Applied Physics *\
Quantum efficiency of exciton-to-charge generation in organic photovoltaic
devices

Leif A. A. Pettersson, Lucimara S. Roman, and Olle Inganas

Citation: J. Appl. Phys. 89, 5564 (2001); doi: 10.1063/1.1359425
View online: http://dx.doi.org/10.1063/1.1359425

View Table of Contents: http://jap.aip.org/resource/1/JAPIAU/V89/i10
Published by the AIP Publishing LLC.

Additional information on J. Appl. Phys.

Journal Homepage: http://jap.aip.org/

Journal Information: http://jap.aip.org/about/about_the_journal
Top downloads: http://jap.aip.org/features/most_downloaded
Information for Authors: http://jap.aip.org/authors

dign up

to recelve our

Downloaded 03 Oct 2013 to 130.127.238.233. 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


http://jap.aip.org/?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/446484806/x01/AIP-PT/JAP_CoverPg_100213/NobelPrize_1640x440.jpg/6c527a6a7131454a5049734141754f37?x
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Leif A. A. Pettersson&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Lucimara S. Roman&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Olle Ingan�s&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.1359425?ver=pdfcov
http://jap.aip.org/resource/1/JAPIAU/v89/i10?ver=pdfcov
http://www.aip.org/?ver=pdfcov
http://jap.aip.org/?ver=pdfcov
http://jap.aip.org/about/about_the_journal?ver=pdfcov
http://jap.aip.org/features/most_downloaded?ver=pdfcov
http://jap.aip.org/authors?ver=pdfcov

JOURNAL OF APPLIED PHYSICS VOLUME 89, NUMBER 10 15 MAY 2001

Quantum efficiency of exciton-to-charge generation in organic
photovoltaic devices

Leif A. A. Pettersson, Lucimara S. Roman, and Olle Inganas®
Department of Physics and Measurement Technology,” pingoUniversity, S-581 83 Linking, Sweden

(Received 7 November 2000; accepted for publication 2 February)2001

We present an analysis of the internal monochromatic quantum efficiency of photovoltaic devices
based on polymer and polymer/fullerene thin films. A quantum efficiency of exciton-to-charge
generation is defined as the external monochromatic quantum efficiency normalized to the
absorption in the active materials of the device. An upper limit of the efficiency can be determined,
and results show that much of the light is absorbed in photoactive layers of the device, whereas only
a fraction of the generated excitons is converted to charge carriers and can be collected as
photocurrent. ©2001 American Institute of Physic§DOI: 10.1063/1.1359425

I. INTRODUCTION build devices in which the absorption of the incident light
will be maximized in the active parts of the device and mini-
One of the most important parameters when studying thénized in the nonactive parts. In this way we may increase the
performance of photodiodes or solar cells is the quanturgfficiency of the device. Accordingly, information about the
efficiency. The quantum efficiency is generally defined as thenternal operation of the devices is required. One way to
ratio of the number of collected charge carriers to the numbegxpress this is through an internal quantum efficiei§)E),
of incident photons at the device, and is named externalhich commonly has been used for inorganic semiconductor
quantum efficiencEQE) or sometimes incident photon to photodiodes or solar celfsin the IQE external optical ef-
current efficiency(IPCE). One advantage of analyzing the fects, such as the reflectance of the cell, should be compen-
EQE rather than photocurrent is that effects due to the spegated for. In contrast to the conventional devices from inor-
tral shape of the incident light, due to light source or meaganic semiconductors, active layers in organic photodiodes
surement equipment, are removed and the true response &fe usually thin compared to the wavelength of the incident
the device is obtained. Here it must also be understood thatigght. Moreover, a highly reflectingmeta) interface is part
possible intensity dependence of the photocurrent is properlyf the device, resulting in @ much more complex distribution
accounted for. Understanding the reasons for obtaining af the optical electric field inside the device. Thus not only
specific quantum efficiency of a device is essential to obtainhe total absorptance of the device must be considered, but
fundamental understanding and thus to improve the devicglso the absorptance of the individual layers. For this reason
performance. reflections and interference inside the device must be ac-
Much work has been directed towards the intrinsic opti-counted for in an appropriate expression for an IQE.
cal and electronic properties of the active materials, which  |n contrast to most inorganic semiconductors the genera-
are tacitly assumed to be the most obvious and importartion of charge carriers in molecular semiconductors is a sec-
factors to affect the efficiency of the photodiodé.Never-  ondary proces&® In the molecular semiconductor bound
theless, the configuration and geometry of the device are alsglectron—hole pairs, excitons are created by absorption of
important for the efficiency;”> an improper combination of |ight. Charge collection requires dissociation of these exci-
materials in the device, or geometries where light is absorbegbns, which typically occur as a result of interaction of the
at less favorable position in the photodiode, will ruin perfor- excitons with acceptors, interfaces, impurities or defects, or
mance. For instance, a very thick active layer can, due ten high electrical fields. One of the most important limiting
internal filter effects, reduce the efficiency of the device;factors for the efficiency of these materials at this time is the
photons can be absorbed in or reflected at the electrode @&hort exciton diffusion length® Conjugated molecules usu-
the illumination side of the device, and thereby decrease thelly have a high absorption coefficiert=@0°> cm™) in the
efficiency of the device. Inversely, the layer might not bevisible at ther—=* transition and thereby a short penetration
thick enough to absorb impinging light and we therefore losedepth of light. Hence it is possible to have a large absorp-
efficiency since most light is reflected and/or transmittedtance using thin layers of the materidtgpically 10—2000
This will result in that few of the incident photons are ab- nm), which is important because of the low charge mobility
sorbed in the active part of the device. However, in all thesef the materials. Photodiodes based on organic molecules
cases it is still possible that the internal generation process ifllso have the advantage of being easy to process and give the
the active part of the device is very efficient. Thus the mail’bpportunity to produce large area devices, and can be antici-
objective in the design of photodiodes and solar cells is tated to result in low-cost manufacturing.
In this article we derive an explicit relationship for ab-

dAuthor to whom correspondence should be addressed; electronic maiﬁlorptance Qf thej in_diVidual layers in a multilayer configura-
ois@ifm.liu.se tion at oblique incidence. An expression for the quantum
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efficiency of exciton-to-charge generation based on the ex-
perimental efficiency of a device is given. The so-defined
layer internal efficiency takes the optical absorption in the
photoactive layers into account and is used in the study of
some devices. We have determined the optical constants g=sorp
within the active spectrum range, for all materials of the
devices, by using spectroscopic ellipsometry.

A =n, +ik

Il. THEORY

A. Internal quantum efficiency of a thin film m-1
photovoltaic device

The monochromatic quantum efficien@yQE) of a pho-
todiode or photovoltaic device is defined as the ratio of theric. 1. A schematic multilayer structure ofi layers. Each layer has a
number of generated and collected charge carriers to thicknessd; and its linear optical response is described by a complex index

number of incident photons as of refraction,fi;=n; +ik; .
Jsc/q  Jscld
7lEQE_ Ioth - N ’ (1)
_ TEQE
whereJgc is the photogenerated short-circuit current density ~ 7QEc™ ®)

(A/m?), q is the elementary chargeC{,|, is the incident acive

intensity (W/m?), andhw is the energy of the incident light d_escribing the true efficiency _of the material in the photoac-
(J), which means thal=1,/hv is the incident photon flux t|v_e layers of the dev_lce_. In thl_s way, thg reflecteq and trans-
density(No. of photonsin?s)—No. of photons per unit area mltted energy of the incident Ilght,.and light that is absorbed
per unit time. in electrodes and other layers which do not generate photo-
The conservation of energy holds that the sum of theeurrent, will not be accounted for. Only those photons which

total absorptancé), transmittanceT), and reflectancéR) are gbsorbeq wi.thin the active layers and gent_erate a charge
must be unity, which means that the total absorptance in the&rmier contributing to the photocurrent contribute to the

case of a multilayer system can be written as 7QEC- This layer col!ection efficiency is a number, yvhich is
unity or less than unity. In the case gfec equal to unity we
A=1-T-R. (20 have an internal quantum efficiency of 100% and all the

The total absorptance for the complete multilayer stack jbsorbed photons in the active region of the device contrib-
utes to the photocurrent generation.

simply the sum of the absorptance of the individual layers.
However, only those photons that are absorbed inside the

device will have the possibility to contribute to the photocur-

rent. In effect, only a fractiol\lo/hv=AN of the incident B. Absorptance in a layer

photpns can contri.bute to the phptocurrgnt. For inorganic By reference to Fig. 1, consider a plane wave of polar-
semiconductor c_iewces the transmntgr_lce is pre§umably Z€i4tion q (q=s or p) incident at an angle of incidenag,
(T=0) and an internal quantum efficien¢yQE) is calcu-

from the transparent ambient at a multilayer stack hawng
lated as

layers(or phaseps The polarization is described by two mu-
e tually perpendicular polarizations;polarization ang polar-
QE  7EQE . . o L. -
MET1-R™ A ° 3 ization that correspond to light incident with its electric field
vector perpendicular to or parallel to tle plane(the plane
If T is not zero, as often is the case for organic thin filmof incidence. Each phas¢(j=1,2,...m) in the structure has
photovoltaic devices due to thin metal electrodes, the dea thicknessd; and is homogeneous and isotropic with its
nominator of Eq.(3) should be replaced by E¢2). Never- linear optical response described by a complex index of re-
theless, of those photons that are absorbed in the device, onfisactionTi;=n; +ik; , wheren; andk; are the refractive in-
a fraction will be absorbed in photoactive regions or layersdex and extinction coefficient. The complex angle of refrac-
and contribute to the generation of photocurrent. The usefuion ; in layerj is related to the angle of incidence through
absorptance_ ina dewf:e is therefore typically restricted to ongaIO sin o =Ti sinZSj _
or a few active layers, as given by

The absorptance in layg¢rcan be described as the dif-
ference in energy flux of the optical field at the internal sur-

Aacive= 2 A - (4)  faces of the layer compared to the incident energy flax
' tensity S as given by
Having this in mind we can define a quantum efficiency of S
exciton-to-charge generatigiQEC) of an organic photodi- qu:M, (6)
ode or photovoltaic device as S
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where Sﬁ,l’j and Sﬂjﬂ are the normal components of the coefficient for the second subsystem of the multilayer stack
energy flux at the first internal boundary of laygz; = 0)

and the second internal boundary of lay€z;=d;), respec-

tively.

In layer j the absorptance betweem and z,(z;<z,,

0=z;,z,=d;) for a plane wave of polarizatiog at an inci-

dence anglep, is given as

_ “AZ_ oA 20— A(2d ~2,
Agi=Tgl(e M- Ai%2) (1+]rg;[?e™ A2~ 7 722)

+4T|r ;e A% sin(Bj(z,— z1))cogB;(2d;— 74

_Zz)"'%j)]-

The total absorptance of laygis given by writingz, =0 and
z,=d;. In Eq.(7) an absorption coefficient dependent on the
angle of incidence and the refractive index and extinction
coefficient of the layer, equivalent to the customary absorp- ;=

tion coefficient[Eq. (17)] is written as

TN

(\ is the wavelength of the incident lighaand the corre-

sponding extinction coefficient as

K;=Im{Ti; cosé;} =[ 5(— (nf —kZ—nJ sir? ¢)

+(nf =K = ngsin? ¢pg)+4n’k?)] M2
With equivalence to Eq18) we also obtain
Bj=——
where

N;=Re{fi; cose;} =[ 5((n’—k’—n sir? ¢y)

+(nf =K —ngsin? ¢bg)?+4n7k?)] M2
For s-polarized light we obtain
. _Im{R; cos;}  K;
and

_Reffij cosgh} 2
sjl -

sl ngcosgyg
For p-polarized light corresponding results are
. _Im{R;/cosg}
Re{fi; /cosé;}
and

f | |coséyl® .,

cosg; | No COS¢o

In Egs.(13) and(14) |t;j|2 is the internal intensity transmit-
tance coefficient from the incident medium to layesf the

. . .
actual device andg;=|ry;|€'%i is the complex reflection

()

®)

©)

(10

11

(12

(13

(14

(19

from the boundary between interfagéj+1) to phasem
+14

At normal incidence the total absorptance in layeic-
cording to Eqs(7)—(15) reduces to

Aj=T{(1—e‘“Jdi)(1+|rj’|2e‘“idj)

4ol
Bj

In this expression

r;l e_“idi SIF(BJdJ)COE(ﬁJdJ+5],) . (16)

T 17)
is the absorption coefficient,
27Tnj
Bi=— (18
is the phase coefficient, and
n.
Tj:ﬂ—;|tj+|2 (19

is the internal intensity transmittance.

For devices to be used as solar cells the total integrated
absorptance of laygrcan be calculated by using the energy
flux of the solar spectral distributioR(\) as

_IAF(V)dA

A} solar TR (20)

From the point of view of device design Ed$), (7), (16),
and(20) provide the opportunity to optimize layer thickness
(device geometryand thus control where the absorption oc-
curs in the cells in order to enhance the efficiency.

The monochromatic power conversion efficiency is
given as

JsVocFF

TPower—

lo '
whereV is the open circuit voltage arfeF is the fill factor
of the device.

lll. EXPERIMENTAL DETAILS

Photodiodes were fabricated as thin film multilayer
structures. The devices consisted of a (-
ethylenedioxythiophenepoly(styrenesulfonaje (PEDOT-
PSS (Baytron-Bayer AG layer spin coated on an indium tin
oxide (ITO) glass substrate as the hole collecting electrode
and an evaporated Al layer as the electron collecting elec-
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: - (A 5 o _pithi FIG. 3. Total absorptanc@) and reflectancéR) together with the absorp-
l(ill(%;b%T)A:sgrfputlllc;r:e(r:]c;ezfg;ents of pag-(4-octylpheny}-2,2 -bithiopheng tance of the individual layers in a glass mm)/ITO (120 nm/PEDOT-PSS
' (80 nm/PTOPT (60 nm/Al device.

trode. In the single active layer devices the polymer
poly(3-(4-octylpheny}-2,2'-bithiopheng (PTOPT) was used device and a bilayetheterojunction device. However, spe-

agd mFthe bblltiyter PTOfP;— was utied tolgetherl with fullerepecial care must be given to the transparent glass substrate in
(Ceo). For both types of devices the polymer layer was SPhe absorptance calculations for our device structures. The

cpated from a chioroform solutlon., and in the case of the[ransmission of light through the glass must be treated as
bilayer device the g5 layer was sublimed on top of the poly- being incoherent with respect to other beams, due to the

mer. . . o .
. . _large thicknesqg1 mm), nonuniformity in glass thickness,
Photocurrents were measured with a Keithley 485 pi- g < ) ying

coammeter during illumination of the device through theand finite bandwidth of the light source. This was accom-
. ) o lished by calculating the resultant transmission through the
glass/ITO side with monochromatic light from an MS 257 P y g g

: . glass substrate by summation of transmitted energiesn-
Oriel monochromator and a tungsten-halogen lamp. The 'n'ities> instead of complex amplitudes.

tensity of the incident light was measured using a calibratec? In Fig. 3 the reflectance and absorptance of a glass

silicon photodiode at the same position as the sampels pri%m)/ITO (120 nM/PEDOT-PSS (80 nm/PTOPT (60

to measurements of the photocurrent. For the devices used H?n)/AI device are shown, together with the absorptance of

this study, we have linearity in the relation betwee_nthe individual layers. The transmittan€B of the device was

phqtocurrent-illumination intensity over the range of illumi- zero since the thickness of the Al was sufficient to obtain
Patlo;_fr(:rr:q 1—1OQuW/cmz,"an((j) ghitgcxr/ren;sTT]ayl_then be zero transmittance through the device. In the wavelength
found In the range o@yplga y). ~L—IuA/CnT. The linear- .range 400-600 nm there is a high total absorptance which is
ity of photocurrent and light intensity is a necessary cond|—mainly due to the absorption in the PTOPT layer. The ab-

tion for obtaining the quantum efficiency. At high polychro- sorptance peaks at 525 nm where the total absorption of the

matic illumination levels series resistance may be a problem, i o reaches 0.8. i.e. 80% of the incident photons are ab-

this is not the case at the low intensities used when MeasuL b in the device. Of those photons 90% are absorbed in
ing the EQE.

the PTOPT | here the absorpt is 0.72. Ab 600
The complex index of refractio,=n+ik, of each ma- © BYSr Where e aisoryance 1s ove

. . _ _ nm most light is reflected since the onset of absorption of
terial and the thickness of each layer in the devices A'BTOPT is at 640 nm. Observe that a significant amount of

needed in the calculations and were determined by analysa10t0ns is absorbed in ITO, PEDOT-PSS and Al, an absorp-
of spectroscopic ellipsomet?y:'* Ellipsometric data were tion which is not contributiﬁg to the photocurren,t. The ab-

measured at multiple angles of incidence on separate Iayeg% ; -
. . . rptance of the polymer layer determines the upper limit to
of the materials with a rotating analyzer NIR-VIS-UV the efficiency of this device.

variable-angle spectroscopic ellipsometdr A. Woollam The monochromatic quantum efficiency of this device is

Co., Inc). very low, <0.20%. Considering the fact that some of the
photons are reflected as in the calculated IQE valggg)
the internal quantum efficiency is 1.29 tim@s$ 400 nm and
Absorption coefficient specti@00—700 nmof PTOPT  1.12 (at 500 nm larger than the EQHEsee Fig. 4. If only
and G, as determined by spectroscopic ellipsometry arehose photons absorbed in the PTOPT layer are taken into
shown in Fig. 2. The maximum value of the absorption co-account in the QEC valuernped the corresponding values
efficient for PTOPT and g were 1.25<10°cm™! (at 500 are 1.79 at the short wavelength side and 1.3 at 500 nm.
nm) and 0.9X10°cm ! (440 nm), respectively. Corre- Hence this device is inefficient since excitons are generated
sponding values for the onset of absorption were 640 andhile only a small fraction of these contribute to the genera-
725 nm. The G has a much stronger optical transition be-tion of photocurrent. It therefore can be concluded that it is
tween 300 and 400 nthnot shown here. not the optical part of the device that limits the efficiency in

The approach in Sec. Il has been applied to a single layer

IV. RESULTS AND DISCUSSION
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FIG. 4. Monochromatic quantum efficiencyéog), internal quantum effi- ~ FIG. 6. Monochromatic quantum efficiencyéqe), internal quantum effi-
ciency (70g), and quantum efficiency of exciton-to-charge generation ¢'€NcY (mge), and quantum efficiency of exciton-to-charge generation
(m0ed of a glass(1 mm)/ITO (120 nm/PEDOT-PSS80 nm/PTOPT(60  (70ed ©of a glass(1 mm/ITO (120 nm/PEDOT-PSS(90 nm/PEOPT
nm)/Al device. (60 nm/Cgp (31 Nm/Al device.

this system, but rather exciton dissociation, internal trapsing the absorption of light. The absorptance values as shown
and charge transport that are the limiting factors. In a systeny Fig. 5 were used to calculate the IQE and QEC of the
with a much lower absorptance in the polymer layer and withjeyice as shown in Fig. 6. The EQE reaches 28.7% at the
the same efficiency the value of the QEC would becomeshort wavelength side and an efficiency of 16.2% at 500 nm
higher. It should also be noted that the calculated absorpn comparison to the IQE values of 38.0% and 18.4%, re-
tance in the PTOPT layer is low above 620 nm and hence thgpectively. Thus the IQE is 1.3200 nm and 1.13(500 nm)
QEC is only calculated to 600 nm. larger than the EQE at this wavelength. It has previously
The heterojunction bilayer photovoltaic devices typically peen shown that in the case of a polythiophene/fullerene de-
have a better performance than the single layer devices. Njce, contributions to the photocurrent must come from ab-
Fig. 5 the total absorptance, total reflectance, and absorRyrption in both the polymer and thes@ayer? Using this
tance of the individual layers of a glags nm/ITO (120 assumption the QEC (PTORTC,) reaches a value of
nm)/PEDOT-PSS(90 nm)/PTOPT (60 nm/Cqo (35 NMI/Al 21 294 at 500 nm, which is 1.3 times larger than the EQE.
device are shown. Observe that the thickness of the PTOP\lyhen considering QEC values of absorption only in the
layer is the same as for the single layer device. The Al thickpTOPT or in the @, the values becomes very large and at
ness was also in this case large enough to obtain zero trangome wavelengths larger than 100@&specially the ).
mittance of the device. In this device a significant amount ofrhis would imply that more charge carriers are generated
photons is absorbed in the electrode materials; ITO, PEDOTihan the number of photons absorbed, which is not a realistic
PSS, and Al. The PTOPT has a peak in the absorptance gtesumption; we regard 100% as an upper limit for the va-
500 nm where it reaches 0.64 and corresponding values fqfgity of the model. Hence also from this type of consider-

the Gy layer are at the short wavelength side 0(400 nm).  ation it must be concluded that the photocurrent generation is
Considering the absorptance for both the PTOPT and gge Cqye to absorption in both the polymer and the fullerene.

(the heterojunctionwe obtain at 464 nm a value of 0.81, Moreover, the QEC was employed to determine the
which determines the upper limit of the efficiency consider-yigth of the charge generation regions in the PTORJ/C
device. A QEC that reaches 100% can be calculated by as-
suming that only a fraction of the total absorption in the
PTOPT and G, layers contributes to the generation of pho-
tocurrent. The width of the active regions in the PTOPT
layer and the g, layer can then be determined by adjusting
them to obtain a QEC of 100% for the total action spectrum.
However, this method to determine the widths of the active
regions is in principle the same as the box model proposed
by Rostalski and Meissnéf,which is based on the assump-
tion of a space charge region of charge generation, rather
than of exciton diffusion as described by Ghosh and Féng.
o iSO i Assuming that the active absorption occurs at regions at the
400 450 500 850 €00 850 700 heterojunction in the PTOPT layer and thg,Gyer as well
Wavelength {nm) as at the Gy/Al interface, widths of the active regions were
FIG. 5. Total absorptanc@) and reflectancéR) together with the absorp- determined to be 7 nm n th? PT_OPT la,y,er and 11 nm in the
tance of the individual layers and PEOPT in a glassmm/ITO (120  Ceo layer. If the active region is positioned only at the
nm)/PEDOT-PSS90 nm/PEOPT(60 nm)/Cqg, (31 nm)/Al device. PTOPT/G, interface, the result became 7 and 15 nm in the

Absomtance
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