
C
O

M
M

U
N

IC
A
TIO

N

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim (1 of 6) 1601001wileyonlinelibrary.com

Revealing the Full Charge Transfer State Absorption 
Spectrum of Organic Solar Cells

Alyssa N. Brigeman, Michael A. Fusella, Yixin Yan, Geoffrey E. Purdum, Yueh-Lin Loo, 
Barry P. Rand, and Noel C. Giebink*

A. N. Brigeman, Y. Yan, Prof. N. C. Giebink
Department of Electrical Engineering
The Pennsylvania State University
University Park, PA 16802, USA
E-mail: ncg2@psu.edu
M. A. Fusella, Prof. B. P. Rand
Department of Electrical Engineering
Princeton University
Princeton, NJ 08544, USA
G. E. Purdum, Prof. Y.-L. Loo
Department of Chemical and Biological Engineering
Princeton University
Princeton, NJ 08544, USA
Prof. Y.-L. Loo, Prof. B. P. Rand
Andlinger Center for Energy and the Environment
Princeton University
Princeton, NJ 08544, USA

DOI: 10.1002/aenm.201601001

Applying this approach to PHJ devices utilizing fullerene 
C60 as an acceptor and a series of different donors, we observe 
strong CT absorption anisotropy for nanocrystalline pentacene/
C60 and microcrystalline rubrene/C60 that reveals the existence 
of at least two different CT states in the former and a con-
tinuum CT absorption in the latter. In contrast, amorphous 
donor/C60 PHJ devices display little to no CT absorption anisot-
ropy, indicating that molecular-scale roughness and intermixing 
in these cases largely eliminates any net CT orientation. Our 
results generally support a Marcus description of the lowest 

Charge transfer (CT) states at the donor–acceptor (DA) interface 
of organic photovoltaic (OPV) cells are widely recognized as 
crucial intermediates for photocurrent generation and recombi-
nation.[1–9] These states typically manifest as a weak, low-energy 
shoulder in the absorption spectrum of DA heterojunctions 
that is red-shifted from the pure D and A excitonic manifolds. 
In many instances, a CT transition lineshape based on Marcus 
electron transfer theory has been used to fit this shoulder and 
extract properties such as the CT state energy, reorganization 
energy, and energetic disorder-induced broadening, which 
together hold important implications for the maximum open-
circuit voltage of a given OPV cell.[10–12] However, because 
the majority of the CT absorption is buried at higher energies 
beneath much stronger D and A excitonic absorptions, fits to 
the low-energy shoulder are in general weakly constrained, 
increasing uncertainty in the extracted parameters and pre-
cluding observation of possible higher-lying CT states that have 
been implicated[4,13] in efficient charge carrier separation.

Here, we present a simple approach to extract CT state 
absorption from the overlapping excitonic background by 
exploiting the alignment of CT states at a planar heterojunction 
(PHJ). Because the CT transition dipole is predominantly ori-
ented orthogonal to the heterojunction interface (see Figure 1), 
transverse magnetic (TM)-polarized light couples to the CT 
transition whereas transverse electric (TE)-polarized light does 
not. The difference between TM and TE-polarized external 
quantum efficiency (EQE) measurements therefore provides a 
means to eliminate the common-mode isotropic D and A exci-
tonic absorption to uncover the full underlying CT absorption 
spectrum.
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Figure 1. a) Schematic showing the overall alignment expected for var-
ious possible CT states at a donor–acceptor PHJ. b) Simplified solar cell 
layer architecture together with the optical field notation used for the 
model in the text.
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energy CT transition in most OPV cells, but suggest that it 
fails in the case of highly crystalline rubrene/C60 PHJs, where a 
qualitatively different CT lineshape emerges.

Figure 2a–d shows log-scale TE- and TM-polarized EQE 
spectra for PHJ OPV cells with microcrystalline rubrene, amor-
phous rubrene, nanocrystalline pentacene, and amorphous 
N,N′-di(1-naphthyl)-N,N′-diphenyl-(1,1′-biphenyl)-4,4′-diamine 
(NPD) donor layers, respectively. Fullerene C60 is the acceptor 
in all cases. Morphology designations of the donor layers are 
based on grazing-incidence X-ray diffraction (GIXD) measure-
ments (see Figure S1 in the Supporting Information), in which 
pentacene adopts both the thin-film and bulk polymorphs and 
microcrystalline rubrene adopts its orthorhombic polymorph. 
Each compound exhibits preferential out-of-plane orientation, 
in which the c-axis of pentacene and a-axis of rubrene are 
normal to the substrate. Scherrer analysis of the X-ray diffrac-
tion trace of pentacene suggests domain sizes of approximately 
20 nm, and previous studies on similarly grown crystalline 
rubrene films reveal domain sizes on the order of 100 μm.[14,15]

Clear anisotropy emerges in the low-energy CT shoulder of 
the microcrystalline rubrene and nanocrystalline pentacene EQE 
spectra, with a stronger TM signal that is consistent with absorp-
tion by CT transition dipole moments predominantly oriented 
orthogonal to the DA interface (i.e., out-of-plane). Anisotropy is 
not observed in the CT shoulder of bulk heterojunction devices 

(shown in Figure S2 in the Supporting Infor-
mation) or for the devices with amorphous 
donor layers in Figure 2b,d despite expectation 
of CT transition dipole alignment from their 
nominal PHJ structure. This fact implies that 
some degree of interface roughness and/or 
entropy-driven D and A molecule intermixing 
must occur in the PHJs with amorphous 
donors, rendering the local equivalent of a 
bulk heterojunction with randomly oriented 
CT states. Previous studies of both small 
mole cule[16–18] and polymer[19–21] PHJ OPV 
cells support this hypothesis.

Figure 3 quantifies the CT absorption ani-
sotropy of each device by plotting the nor-
malized EQE measured at a single photon 
energy (marked by the dashed line in each 
panel of Figure 2) as a function of polariza-
tion angle, φ, defined in Figure 1b. Here, φ 
= 0° corresponds to TM polarization and 
φ = 90° corresponds to TE polarization. 
Decomposing the incident electric field, Ei

, into its TE and TM vector components, 
eeE E E ei [ sin ] [ cos ]0 TE 0 TMφ φ= + , implies that 

the EQE polar pattern can be described in 
terms of its relative TE and TM constituent 
amplitudes ( EQETE  and EQETM , respectively) 
according to 

EQE EQE sin EQE cosTE
2

TM
2φ φ φ( ) = +

 
(1)

The solid lines in Figure 3 show the fits 
obtained for each device using the normal-
ized EQE amplitudes listed in Table 1. There, 

the corresponding EQE dichroic ratios, R EQE /EQETM TE≡ , 
range from unity for the amorphous PHJs up to R ~ 4.5 for the 
microcrystalline rubrene/C60 PHJ. To model the polarized EQE 
and rigorously extract the CT absorption, we separate EQE[22–24] 
into absorption ( Aη ), exciton diffusion ( EDξ ), exciton dissociation 
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Figure 2. Polarized EQE as a function of incident photon energy for a) a microcrystalline 
rubrene/C60 bilayer cell, b) an amorphous rubrene/C60 bilayer cell, c) a nanocrystalline pen-
tacene/C60 bilayer cell, and d) an amorphous NPD/C60 bilayer cell. Anisotropy is observed 
in the low energy, CT state-related EQE of panels (a) and (c), indicating net transition dipole 
alignment orthogonal to the heterojunction in these cases. All of the devices exhibit isotropic 
EQE in the higher energy donor and acceptor excitonic absorption manifolds. Dashed lines 
in panels (a), (c) and (d) denote the incident photon energies at which the EQE polarization 
dependences in Figure 3 are recorded.

Figure 3. Polar EQE measured as a function of the polarization angle, φ,  
for several of the devices in Figure 2. The data were obtained at a single 
incident photon energy in the CT state absorbing region of each device, 
denoted by the vertical dashed lines in Figure 2. The solid lines show fits 
to Equation (1).
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( dissγ ), and charge collection ( CCχ ) efficiencies, and further dis-
tinguish between the excitonic and CT state contributions for a 
given polarization and incidence angle according to 

EQETE A,EX
TE

ED
TE

diss CC A,CT
TE

CCλ η λ ξ λ γ χ η λ χ( ) ( ) ( ) ( )= +  (2)

The expression for TM polarization is analogous. The absorp-
tion efficiency in the isotropic excitonic manifold ( A,EXη ) is 
obtained from the transfer matrix method, followed by solution 
of the diffusion equation for EDξ , which is defined as the exciton 
particle flux reaching the heterojunction divided by the donor 
and acceptor layer-integrated generation rate.[22,25,26] For a given 
wavelength and incidence angle, the exciton diffusion efficiency 
is typically only a weak function of polarization ( )ED

TE
ED
TM

EDξ ξ ξ≈ ≡  
since it is mainly the magnitude, rather than functional form of 
the generation profile, that is affected by the polarization change 
in Fresnel coefficient phases (see Figure S3 in the Supporting 
Information).

The polarized EQE difference spectrum, 
EQE EQE EQETM TE∆ = − , can therefore be expressed as

λ ξ λ η λ η λ

η λ η λ
( ) ( ) ( ) ( )

( ) ( )
∆ = − 

+ − 

EQE 1 ED A,EX
TM

A,EX
TE

2 A,CT
TM

A,CT
TE

C

C
 

(3)

where C1 and C2 are constants. The value of the EQE differ-
ence spectrum is therefore that, when the TE and TM exci-
tonic absorption efficiencies are similar, the left-hand term in 
Equation (3) becomes small, enabling the CT-related term on 
the right-hand side to be recovered.

Focusing on this latter term with reference to Figure 1b, the 
CT absorption efficiencies reflect the local power dissipation at 
the heterojunction Q z dz( )

HJ∫( ) relative to the incident intensity 
(I0) and depend explicitly on the local field intensities at the 
heterojunction (z dHJ= ) according to

n
E

E
n Mx x

x xA,CT
TE

org HJ
CT

2

0
2 org HJ CT

TEη δ α δ α= =
 

(4a)

and

η δ
α α

δ α α( )

=
+

= +

A,CT
TM

org HJ
CT

2
CT

2

0
2

org HJ CT
TM

CT
TM

n
E E

E

n M M

y y z z

y y z z  

(4b)

Here, Ex,y ,z  are the vector components of the electric field 
evaluated at z zHJ=  for each respective polarization, HJδ  rep-

resents a narrow width at the heterojunction that encompasses 
the effective volume of CT state absorption, and Mx,y ,z are the 
local field intensity enhancement factors arising from the weak 
solar cell microcavity that couples to the respective direction-
dependent components of the CT state absorption coefficient 
ellipsoid, CTx,y ,zα . Note that Equation (4a), (4b) tacitly assumes 
that the CT absorption is weak and does not perturb the optical 
field distribution that is otherwise determined by the solar cell 
structure and optical constants.

The right-hand CT state contribution in Equation (3) may 
therefore be rewritten as 

C M M Mz z y xEQE ( )CT 2 CT
TM

CT||
TM

CT||
TEλ α α α∆ = + − 

′

 (5)

where x yCT CT CT||α α α= ≡  owing to the assumption of azimuthal 
symmetry (about the z-axis) for the distribution of CT state 
orientations. Based on the CT EQE dichroic ratios obtained 
from the fits in Figure 3 at a wavelength where excitonic absorp-
tion is negligible, it is straightforward to determine the relation-
ship between the in-plane and out-of-plane CT state absorption 
coefficients ( CT||α  and zCTα , respectively) via

R
M M

M
z z y

x

EQE
EQE

TM

TE

A,CT
TM

A,CT
TE

CT
TM

CT||
TM

CT||
TE

η
η

α α
α

= = =
+

 
(6)

which leads to

r
RM M

M
z x y

z

CT

CT||

TE TM

TM

α
α

≡ =
−

 
(7)

Using the absorption coefficient dichroic ratio, r , in 
Equation (7), it is then possible to define a CT state orienta-
tional order parameter in the same manner as for nematic 
liquid crystals[27,28]

S
r

r

1
2

= −
+  

(8)

The order parameter S defined in Equation (8) can range 
from S  = 1 corresponding to perfect CT state alignment normal 
to the DA interface, to S = −0.5, corresponding to perfect in-
plane CT state alignment. An order parameter of S  = 0 indi-
cates random CT transition dipole orientation. In Table 1, 
S = 0.85 is found for the microcrystalline rubrene/C60 CT state, 
which exceeds that even for well-aligned nematic liquid crys-
tals with S  ≈ 0.7.[27] A comparatively lower orientational order 
of S  = 0.57 in the pentacene/C60 case is tentatively ascribed 
to increased interface roughness that results from the much 
smaller pentacene grain size. A small, but finite order param-
eter is also noted for the amorphous NPD/C60 interface, sug-
gesting that weak alignment may in fact exist, though the 
increase in uncertainty associated with small S  makes the reli-
ability of any such conclusion questionable.

Inserting the result of Equation (7) into Equation (5) then leads 
to an explicit expression for the CT state absorption coefficient

C
M M M r

z
z y x

EQE

/
CT 2

CT
TM TM TEα λ ( )( ) = ∆

+ −
′′

 
(9)

Adv. Energy Mater. 2016, 6, 1601001

www.MaterialsViews.com
www.advenergymat.de

Table 1. Normalized TE and TM EQE magnitudes (EQETM and EQETE) 
extracted from fitting Equation (1) to the data in Figure 3. The resulting 
EQE dichroic ratios (R) and CT state orientational order parameters 
(S) derived from transfer matrix modeling are also provided.

Device EQETM EQETE R S

Microcrystalline rubrene/C60 0.99 0.22 4.50 0.85

Nanocrystalline pentacene/C60 0.99 0.59 1.68 0.57

Amorphous NPD/C60 0.98 0.97 1.01 0.14
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For highly aligned CT states where r  >>1, Equation (9) sim-
plifies to Mz z~ EQE /CT CT

TMα ∆ . Thus, when the excitonic term 
in Equation (3) is minimized at a heterojunction with highly 
oriented CT states, the EQE difference spectrum is directly 
proportional to the CT absorption spectrum modulo local field 
factors that vary slowly with wavelength. While the local field 
factors are most rigorously determined from a transfer matrix 
calculation of the complete solar cell structure, a good analytical 
approximation can be obtained by considering only the metal 
cathode as described in the Supplementary Information, since 
this is the dominant influence on the optical field distribution.

Figure 4 shows the EQE difference spectra (∆EQE) for PHJ 
devices with microcrystalline rubrene, nanocrystalline penta-
cene and amorphous NPD along with the difference spectra 
predicted using the model described above. In each case, 
simulations using the individual layer optical constants (solid 
light lines) capture the optical interference-related behavior of 
∆EQE in the excitonic absorbing region, but lack the low energy 
CT-related structure highlighted in Figure 4b,c. Alternatively, 
using Equation (9) to deduce the CT lineshape for each case 
(dark solid lines, right-hand axis) and adding them into the 
model enables the full EQE difference spectra to be reproduced 
(dashed lines). It should be noted that the donor layers them-
selves are slightly anisotropic, with rubrene oriented preferen-
tially out-of-plane with its a-axis normal to the substrate[29–31] 
and pentacene standing up with its long axis approximately 
orthogonal to the substrate. The impact of this on the ∆EQE 
spectrum is small, however, as evidenced by the reasonable fit 
to the excitonic regions in Figure 4a,b based on isotropic optical 
modeling. While a more rigorous description of the fields is 
possible using the 4 × 4 anisotropic Berreman transfer matrix 
model,[32,33] control experiments carried out for a pentacene-
only device in Figure S4 in the Supporting Information dem-
onstrate a negligible difference between TE and TM EQE in the 
low-energy CT region and thus no impact on the CT lineshape 
in Figure 4b is expected.

In the case of the PHJ device with nanocrystalline pentacene/
C60, the complete CT state absorption spectrum is described by 
the superposition of two separate Marcus Gaussian lineshapes 
as shown by the dashed lines in Figure 4b, the parameters 
for which are provided in Table 2. For comparison, the para-
meters of a conventional Marcus Gaussian fit to the low energy 
shoulder of the unpolarized EQE are also included Table 2. 
The fact that these parameters differ from those of the more 
strongly constrained, low energy CT fit of the ∆EQE spectrum 
(i.e., CT1 in Table 2), points to the inherent uncertainty asso-
ciated with subjectively choosing what portion of the unpolar-
ized EQE shoulder to fit as well as the unavoidable correlation 
that exists between ECT and λ when less than half of the Marcus 
Gaussian parabola is constrained by the data. Although we have 
neglected the impact of disorder for the sake of simplicity, it 
is also important to note that the associated inhomogeneous 
broadening artificially increases the extracted reorganization 
energy as pointed out by Burke et al.[34] and therefore the values 
listed in Table 2 implicitly include the influence of disorder.

Although we cannot rule out the possibility that the higher 
energy peak stems from an upper excited CT manifold, we 
speculate that both the thin-film and bulk-phase pentacene 
polymorphs identified from GIXD coexist at the interface with 

C60 and contribute to separate CT states. The thin film phase is 
known to persist up to thicknesses ~180 nm[35] (exceeding that 
of our devices) and has been observed together with the bulk 
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Figure 4. a) Polarized EQE difference spectra measured for three PHJ 
devices (symbols) together with predictions (solid lines) from the model 
described in the text. b) Zoom-in of EQE difference spectra for the penta-
cene/C60 device, plotted as absolute magnitude on a log scale. The light 
green solid line shows the model prediction based only on donor and 
acceptor excitonic absorption whereas the dashed green line shows the 
prediction incorporating the CT state absorption spectrum shown by the 
dark green line. Thin dashed lines show the underlying individual Marcus 
Gaussian lineshapes that make up the CT state absorption spectrum. 
c) Zoom-in EQE difference spectra for the microcrystalline rubrene/C60 
device together with model predictions incorporating without (light blue 
solid line) and with (dashed blue line) the phenomenological CT state 
absorption spectrum plotted on the right-hand axis (dark blue solid line).
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phase at the film surface using near-field infrared micro scopy.[36] 
It is therefore reasonable to expect that both phases are present 
at the heterojunction of our devices. These phases are primarily 
distinguished by different molecular packing densities,[35,37] and 
can have different ionization potentials,[38] which would in turn 
directly impact the CT state energy with C60.[23] In particular, 
theoretical calculations[35] predict the ionization potential dif-
ference between the pentacene thin film and bulk phases to be 
0.30 eV, which is comparable to the 0.34 ± 0.04 eV difference in 
CT energies found experimentally in Table 2. Alternatively, it is 
possible that the two CT states identified here instead originate 
from different mutual orientations of pentacene and C60 (e.g., 
C60 adjacent to the pentacene long axis versus C60 in line with 
the pentacene long axis).[13] This hypothesis seems unlikely, 
however, because the GIXD data indicate that the pentacene 
molecules in both thin-film and bulk phases largely share the 
same upright orientation (i.e., long axis normal to the substrate).

The step-like CT state absorption spectrum extracted for the 
PHJ device with microcrystalline rubrene/C60 in Figure 4c fun-
damentally differs from that for pentacene/C60, with no obvious 
basis in the form of Marcus Gaussian lineshapes. It is better char-
acterized by an absorption “edge” at ≈1.1 eV that is suggestive of 
a dense distribution of long-range CT states predicted previously 
by Ma and Troisi[9] for a crystalline tetracene/perylene tetracar-
boxylic dianhydride DA junction. The nature of this intriguing 
CT state absorption spectrum will be the subject of future work.

In conclusion, we have shown that anisotropic CT state absorp-
tion originating from the natural transition dipole alignment at 
ordered PHJ DA interfaces can be exploited to reveal the full CT 
state absorption spectrum in organic solar cells. Two distinct CT 
absorption peaks with Marcus Gaussian lineshapes were uncov-
ered for a nanocrystalline pentacene/C60 PHJ and tentatively 
assigned to different crystalline phases at the heterojunction with 
C60. In contrast, the CT absorption of a microcrystalline rubrene/
C60 interface exhibits a featureless “step-like” spectrum, perhaps 
pointing to the emergence of a continuum CT density of states 
at highly crystalline DA heterojunctions.[9] These higher energy 
CT absorption features are typically buried by stronger exci-
tonic absorption and, to our knowledge, have not been observed 
before. The polarized EQE analysis introduced here should there-
fore provide a new tool to more comprehensively understand the 
nature and role of CT states in organic solar cells.

Experimental Section
Fabrication: All devices were grown via thermal evaporation at a 

base pressure of 10−7 Torr using pre-patterned indium-tin-oxide (ITO) 
substrates. Microcrystalline rubrene devices were grown on top of a 

5 nm tris(4-(5-phenylthiophen-2-yl)phenyl)amine layer by depositing 
22 nm of rubrene via thermal evaporation. Abruptly heating the samples 
on a hotplate in a dry nitrogen environment at 140 °C for 7 min then 
converts the as-deposited rubrene film to a highly crystallized layer. 
Subsequently, 20 nm of C60 and 10 nm of bathocuproine (BCP) were 
thermally evaporated. The amorphous rubrene/C60 device was grown by 
depositing 20 nm of rubrene on ITO followed by 20 nm of C60 and 10 nm 
of BCP. The pentacene/C60 bilayer device was grown by depositing 85 nm 
of pentacene on ITO followed by 35 nm C60 and 10 nm BCP. The NPD/
C60 bilayer device was grown by thermally evaporating 25 nm of NPD 
on ITO, followed by 25 nm C60 and 10 nm BCP. All devices were capped 
with a 100 nm thick aluminum contact and encapsulated in a nitrogen 
glove box.

Characterization: EQE data were measured using a laser-driven Xe 
light source (Energetiq) filtered through a monochromator with order 
sorting filters and chopped at 400 Hz for synchronous photocurrent 
detection with a lock-in amplifier. The beam was incident at an angle 
of 30° with TE or TM polarization defined using a broadband wire grid 
polarizer fixed on a rotation mount. Current–voltage characteristics 
were measured both in the dark and under one-sun simulated intensity 
using an HP 4145b parameter analyzer and a Newport 6700 Xe Arc 
Lamp; performance metrics are provided in Figure S6 in the Supporting 
Information. GIXD experiments were conducted at the G1 hutch 
(11.25 +/− 0.05 keV) of the Cornell High Energy Synchrotron Source. 
The beam was selected to be 0.05 mm tall and 1 mm wide. The width 
of each sample was 5 mm. The X-ray beam was aligned above the 
critical angle of the film but below that of the substrate, at a 0.18° 
incident angle with the substrate. X-ray scattering was collected using a 
2D CCD detector, positioned 128.2 mm from the sample as estimated 
with a silver behenate calibration sample. All images were background 
subtracted.

Modeling: The transfer matrix method was used to model the 
absorption and optical field distribution in each device, which 
subsequently served as the generation profile input for numerical solution 
of exciton diffusion efficiencies. Optical constants for each layer in the 
model were measured via variable angle spectroscopic ellipsometry.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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