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Reciprocal carrier collection in organic photovoltaics
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Buffer layers between the acceptor and cathode can perform several functions in organic photovoltaic devices,
such as providing exciton blocking, protection of active layers against damage from cathode deposition, and
optical spacing to maximize the electric field in the active device region. Here, we study electron collection
by replacing the common buffer layer, bathocuproine, with a series of six, substituted tris(8-diketonato)Ru(III)
analogues in the structure: indium-tin-oxide/copper phthalocyanine/Ce/buffer/Ag. These buffer layers enable
collection of photogenerated electrons by transporting holes from the cathode to the Cgp/buffer interface, followed
by recombination with photogenerated electrons in the acceptor. We use a model for free-polaron and polaron-pair
dynamics to describe device operation and the observed inflection in the current-voltage characteristics. The
device characteristics are understood in terms of hole transfer from the highest occupied molecular orbital energy

levels of several Ru-complexes to the acceptor.
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I. INTRODUCTION

Buffer layers are frequently employed between the acceptor
and cathode in organic photovoltaic (OPV) devices to improve
their power conversion efficiencies (PCE). The layer typically
has multiple functions, including as (i) an exciton blocker that
prevents quenching at the acceptor-cathode (A/C) interface,
(i) a spacer to optimize the optical field at the active
donor-acceptor (D/A) junction,® and (iii) a physical buffer
to protect the acceptor layer from damage incurred during
cathode deposition.>” A commonly used buffer material,
bathocuproine (BCP),” is effective at suppressing parasitic
exciton quenching and protecting the active layers,” but its
ability to act as an optical spacer is limited due to the
thicknesses that can be used. That is, charge transport in this
and similar wide energy gap materials depends on introducing
charge-conducting pathways through traps induced by damage
incurred during cathode metal deposition. Typically, this
damage extends only 5-10 nm from the buffer layer surface.
This thickness, however, is insufficient to use the layer as an
optimal optical spacer that can concentrate the incident field
at the active D/A interface.’%*

Recently, a more thickness-tolerant buffer material,
tris(acetylacetonato)ruthenium(IIl) (Ru(acac);), was shown to
efficiently transport holes along its highest occupied molecular
orbital (HOMO) energy level directly to the acceptor and,
hence, does not depend on the presence of a high density of
trap states for conduction.'” Here, Ru(acac); is a ground-state
neutral metal complex with a low-spin d° open shell,!!
leading to efficient hole transport. Figure 1(a) depicts the
carrier transport mechanism in Ru(acac); buffers. Holes
are injected from the cathode to the HOMO of the buffer
and then transported to the acceptor-buffer (A/B) interface.
Recombination of photogenerated electrons in the lowest
unoccupied molecular orbital (LUMO) of the acceptor occurs
across the A/B interface with the positive charge in the buffer
HOMO.

In this study, a series of #ris(f-diketonato)ruthenium(III)
analogues bearing various aromatic and electron withdrawing
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substituents are used as buffer materials in OPV devices. We
analyze their current density vs. voltage (J-V) characteristics
based on a model employing geminate polaron-pair (PP) and
carrier dynamics.'? The buffer forms a Type-II heterojunction
(HJ)'° with the Cgy acceptor as shown in Fig. 1(b), resulting
in two antipolar diodes with the first (forward) diode formed
by the donor-acceptor (D/A) junction and the second (reverse)
diode formed by the A/B junction. This arrangement results in
an inflection in the J-V characteristics, which is commonly
observed in OPVs with nonideal cathode contacts.!*!* In
previous studies, this behavior has been attributed to a
reverse-biased diode that inhibits charge collection at one
of the contacts'>!® and has been treated phenomenologically
using an equivalent circuit model consisting of two opposing
diodes.!”'® Here the inflection is found to be a fundamental
property depending on the energy levels of the buffer, and is
related to a reduced polaron pair (PP) recombination rate at the
A/B interface. That is, the A/B junction forms a bottleneck for
charge extraction when PP recombination is slow compared to
dissociation into free polarons.

We use ultraviolet photoemission spectroscopy (UPS) to
measure the energy levels at the A/B and buffer/cathode
interfaces, supporting our conclusion that PP recombination
at the A/B interface can lead to a divergence from the ideal
exponential J-V characteristics of a single-junction device.'?
We find that buffer materials yielding the most pronounced
inflection have a deeper HOMO level corresponding to a
larger A/B interface energy gap (defined as the difference in
the LUMO energy of the acceptor and the HOMO energy of
the buffer, viz.: AEyy = Erumo.a —Enomo,s) and a smaller
PP recombination rate. The reduction in PP recombination
with an increase in AFEy; suggests that electron transfer
between the acceptor and buffer occurs via Marcus transfer
in the inverted regime.'® This indicates that charge extraction
and, consequently, the PCE for reciprocal junction devices
can be optimized by tuning A Eyp. The model developed to
quantitatively describe the inflected J-V characteristics is based
on the formalism developed previously by Giebink et al.'? and,
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FIG. 1. (Color online) (a) Schematic of the reciprocal carrier
collection process. (b) Diagram of the model for reciprocal carrier
collection. Exciton flux J, reaches the donor/acceptor interface (D/A)
and creates polaron pairs (PPs) at density ¢{ps. These PPs are in
dynamic equilibrium with electrons with density npa in the acceptor
LUMO and holes with density ppa in the donor HOMO. Similarly, at
the reciprocal acceptor/buffer interface (A/B), there are PPs (density
¢ap) and carriers nag and pap in the acceptor LUMO and buffer
HOMO, respectively. The interfaces are coupled by nps and nap via
current density (/) continutity and whose magnitudes are determined
by the voltage drop across the acceptor §4(V,-Vy,;). Similarly, pps and
pas are determined by respective density of states, injection barriers
(¢n.p and ¢, p), and voltage drops (6 and 6p).

hence, can be generally applied to a range of organic junctions
that exhibit reciprocal behavior.

This paper is organized as follows: In Sec. II, we discuss
the theory describing the current in double heterojunctions
characteristic of Ru-complex-based buffers used in OPVs. The
model is based on exciton, charge, and PP dynamics; in Sec. 11T
we describe the experimental methods for materials synthesis,
device fabrication, and measurement; in Sec. IV we provide
experimental results; in Sec. V we fit the experimental data
to the model presented in Sec. II and discuss the physical
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processes that limit the power conversion efficiency in OPVs;
and in Sec. VI, we present conclusions.

II. THEORY

Giebink et al. have proposed a description of the J-V
characteristics of organic (i.e., excitonic) D/A junctions'? that
balances PP generation, dissociation, and recombination at
the interface with free polarons injected from or collected
at the contacts. In that model, excitons with flux, J,, diffuse to
the D/A interface where the bound states are dissociated into
PPs. The PPs subsequently recombine to the ground state at a
rate, k, pa, or dissociate to form free polarons at a rate, kg pa.
Free polarons at the interface (corresponding to a hole density
in the donor, ppa, and an electron density in the acceptor,
npa) can recombine by a Langevin process to form PPs at
a rate k... Here, we assume that there are occupied traps in
the donor and acceptor and that bimolecular recombination is
dominated by free polarons recombining with trapped polarons
at the interface.'? This occurs at a rate kyec.n When free polarons
in the acceptor recombine with trapped polarons in the donor,
PpA,r» and ke , when free polarons in the donor recombine
with trapped polarons in the acceptor, npa ;. The PP density,
£, is then obtained from:

Ji/apa — krpa(& — $0) — ka.pal + Kiee.n"DA PDA.¢
+ krec,anA,tpDA - Oa
— ke, pipA: poA + J/qapa =0,
(1

where the first equation describes the steady-state PP density,
and the second gives the balance of charge, also in steady-
state. Here, ¢ is the electronic charge, apya is the width of the
D/A junction defined by the spatial extent of interacting PPs,
$0=Krec,nDA,0PDA,1,0/ ka,DA0 + Krec, pTiDA,1,0PDA,0/ K, DA 0 18
the equilibrium PP density, and k4 pa.o is the equilibrium PP
dissociation efficiency. Also, npa,0,npA.r.0, PDA.0> and Ppa ;.0
are the equilibrium free and trapped electron and hole densities
at the interface. Important variables used are defined in Table 1.

In quasi-equilibrium, the interface polaron densities are
related to the charge densities at the contact and the injection
barrier following:

kd,DAC - krec,nnDApDA.t

34q(Vy — Vi)
kgT

Qe 8aq(Vy — Vi)
~ N, - _, 2
LUMO €Xp ( kBT) €Xp ( ksT ) ()

NDA = Ncathode CXP <

with a similar expression for holes.”® Here, T is the tempera-
ture, kp is Boltzmann’s constant, n¢,mode 18 the carrier density
at the cathode, N ymo is the density of LUMO states in the
acceptor, ¢, is the electron injection barrier at the contact,
84 is the fraction of the applied voltage, V,, dropped across
the acceptor layer, and V4 is the built-in voltage given by the
difference in the anode and cathode work functions. Now, the
trapped electron distribution in organic materials is commonly
described by an exponential function:

Ep, — E
nt%HAexp w %HA
kgT: a

LUMO

>1/1A, 3
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TABLE 1. Definition of variables.

Variable Definition Units
D/A A/B Junction variables
N 0 Exciton current density reaching D/A HJ cm™2 57!
¢ CAB Polaron pair density at HJ cm™?
apa aap Polaron pair spatial extent cm
kreens Krec, p Krec, AB Free carrier bimolecular recombination coefficient cm 3 s~
k4 pa ky AB Polaron pair dissociation rate s~!
kr pa k- AB Polaron pair recombination rate s7!
14.DA 14.AB Polaron pair dissociation efficiency
1DA> PDA NAB, PAB Free electron and hole densities at the HJ cm™?
1DA.r> PDAL NAB.» DAB.t Trapped electron and hole densities at the HJ cm™3
Jip, Isa JsaB Saturation current density of HJ Acm™?
np, Ny 1 Ideality factors due to trap limited recombination

Layer Variables
8p, 084,08 Fractions of potential dropped across donor, acceptor and buffer layers
Nuomo.p> NLumos Nuomo.s Donor HOMO, acceptor LUMO and buffer HOMO densities of states cm™?
Hp,Hyu Band edge trap densities in the donor and acceptor cm™?
Ip, 14 Characteristic temperature ratio for hole and electron trap distributions in the donor and acceptor
Panode Density of holes in the donor at the anode cm™?
ép, O3 Hole injection barrier into the donor and buffer eV
AEy Interface energy gap at A/B HJ eV

with a similar expression for trapped holes. Here, H, is the
total trap density, T; 4 is the characteristic trap temperature,
and /4 = T/T; o. Then, Giebink et al. derive the following
expression for the current density-voltage characteristics of a
D/A junction in the presence of traps:

qV, k4 pa
J=J - :
‘D<exp <nDkBT> kd,DA,o)
ka pA

qVa
+ Jsal ex — — Jy. 4
A ( p (nAkBT) kd,DA,O) q1d.pA “)

with ideality factors npay = lD(A)/(SA(D)(lD(A) - 1) + 1)

The saturation currents, J;p and J;,, are defined as in
Ref. 12, n4.pa = ka.pa/(ka.pa + kr.pa) 1s the PP dissociation
efficiency, and np) is the ideality factor of the recombination
processes characteristic of the donor (acceptor) layer.

To apply this model to the case of reciprocal carrier
collection as found in Ru-complex (or RuL3, where L = ligand)
buffers, we use a similar approach for both the D/A and A/B
interfaces [c.f., (2)] by considering the polaron states as shown
in Fig. 1(b). The A/B junction is a reverse-biased diode with
respect to the D/A junction, and the two are coupled by current
continuity in the acceptor layer. Hence, we write the following
to describe polaron recombination at the A/B interface, which
is coupled to similar expressions at the D/A junction:

—kr,aB(SAB — ¢aB,0) — ka,AB {aAB + krec,ABNAB PAB = 0
&)
ka.aB $aB — Krec.ABRABPAB — J/qaas = 0.

We have neglected exciton flux as a source of PP generation
since the optical field near the contact is small, minimizing
exciton generation near this second interface.! To further
simplify the model, we ignore the presence of traps in the
buffer. Traps at this interface could be accounted for in the
same manner as at the D/A interface; however, we find that
we can accurately fit the J-V characteristics by assuming a

trap-free junction. Continuity requires that polarons leaving
the D/A junction must build up at the A/B interface.

We can solve for polaron, {ag, and interface electron
densities using (5). As in Ref. 12, quasi-equilibrium for holes
at the A/B interface gives the current-dependent interfacial
electron density, nag:

i ( ka aB J >n exp <536] Va>
AB = | —— — AB,0 —_—
kaaso  JsaB kgT

where

JsaB = qaas(1 — 14, aB)Krec, ABRAB,0 PAB,0- (6)

From the voltage drop across the acceptor &4, we can relate
the electron densities nag and npa via:

. 849 (Va — Vbi)
npA = NAB €XP T ) )

The solution to the double junction then is given by (12)
in Ref. 12 for the D/A junction, and by using Egs. (2), (6),
and (7) to evaluate both the free and trapped electron densities
in the layers. Thus:

J=1 (( ka B J )exp( qVa ) ka,pa >
— JsD - -
kaaso  JsaB npkpT kapA,0

ka aB J O\
+ Jsa -—
kaaso  JsaB

« exp( qVa ) ka pA ) dnaond
- — gNa.padx,
nakgT ka,pa,0
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P\ 7kt
The corresponding ideality factors are given by:
np =Ip/(Up —3dplp—1)),
na =1Ia/(a — s+ 8p)la — 1)),
©))

ap = (1 —npdp)qVvi/np,
ap =1 —nsd8p/la)gVii/na.

The performance of OPVs with reciprocal carrier collection
are fully described by Eqgs. (8) and (9). Note that these expres-
sions are analogous to those for a single junction but differ
primarily in the current-dependent prefactors that result from
the dependence of nps on nap (i.e., on current continuity).
Also, ap) and npe) differ slightly from their definitions
for a single junction but have a similar dependence on trap
temperature, interface energy gap, and voltage distributions
dp, 8a, and 8. The exponent of the second current term in
Eq. (8) precludes an analytical expression for J.

To elucidate the dominant features leading to reciprocal
carrier collection, it is useful to simplify Eq. (8). For example,
one of the diode terms can be neglected when the J-V char-
acteristics are dominated by a single recombination process,
i.e., free electrons in the acceptor recombining with trapped
holes in the donor, or free holes in the donor with trapped
electrons in the acceptor. Indeed, monopolar recombination
is consistent with the analysis of CuPc/Cgq junctions at room
temperature.'> To be general, we keep the second term of
Eq. (8) based on free holes recombining with trapped electrons
by letting J;p— 0, but find that fitting this nonanalytic equation
to our device data yields a trap temperature ratio of /4, =
0.99 £ 0.01. This suggests that recombination occurs via
free electrons with trapped holes. In this case, we keep Jsp,
and set J;4—0, linearizing the right-hand side of Eq. (8).
Additionally, for V, < Vy;, where the A/B junction is forward-
biased, we retain the zero-field dissociation rate for the A/B
junction, k; A & kg aB,0- Equation (8) is thereby simplified

to:
qVa ka,pa
J=1J — : —J
< SD<eXP <nDkBT) kd,DA,O) ph)/

14 Do AL (10)
X X )
JsAB P npkpT

where the photocurrent density is Jpn = g4, paJx-

In Fig. 2 we plot characteristic curves predicted by Eq. (10)
for several values of J;ap, where we assume k; pa = k4.pa.0
for simplicity. The simulations show that the characteris-
tic “opposing diode” behavior is increasingly apparent at
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FIG. 2. (Color online) Characteristic current density-voltage (J-
V) curves calculated from the model in text re-create the inflection be-
havior seen in OPV devices with a charge extraction barrier. For these
calculations, we assume J,, = SmA is the photocurrent, and J;p =
10 A and n = 3 are the reverse saturation current density and ideality
factor of the forward donor/acceptor junction, respectively. Solid and
broken lines correspond to different saturation currents of the reversed
acceptor/buffer junction spanning Jap = 12.5, 2.5, 0.5, 0.2, and
0.04 mA/cm?. Symbols show the reverse bias slope generated by
shunt resistances of 300 Q2 (triangles) and 1 k2 (squares) in the
equivalent circuit model, shown in the inset.

decreasing reverse-diode saturation currents. Furthermore,
current saturation occurs in both forward and reverse bias,
as rectification of either the D/A and A/D junction corre-
spondingly limits the total current. The magnitude of the
inflection depends on the ratio of J;p to Jyap. The current
behaves like a single diode with ideality factor, np when
Jsas > Jip, or as antipolar diodes with a J-V inflection as
JSAB _>‘]SD'

As noted above, the resulting inflection, or S-shaped kink,
in J vs. V near zero bias has been previously qualitatively
attributed to a reverse-biased diode at one of the contacts
and is typically described by an equivalent circuit model as
shown in the Fig. 2 inset.!>!”:!8 Both junctions are described
by the Shockley equation modified to include a series (Rj)
and junction shunt (R) resistance. Only the active junction
is forward biased and produces photocurrent; the second
junction is reverse biased. In this case, we can write the
phenomenological pair of equations as

J=Jlex A4l -1+ Vi —
s1 p niksT Rpl ph
V \%
—J =Jp exp—q2 —1) - ==,
I’lszT sz

Here, the subscripts 1 and 2 refer to the D/A and A/B
junctions, respectively, and the applied voltage is dropped
across the two junctions via, V, —JR; = V| + V,. At low
current densities, the effect of R, is small, and hence is
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ignored. When R, > V,/J, then the coupled equations are
reduced to

s (1= 2)" Vo ) 1) 4 La
= J; _— ex —_
st Jsz P I’llkBT Rpl

nykgT J
+ quBl In (1 — J—2> — Joh- (12)
P N

Equation (12) has the same form as (8) for a single junction
if the shunt current is negligible, i.e., R, —00. Note that the
physical origin of the shunt resistance cannot be understood
using the equivalent circuit to fit the large reverse bias slope and
simulate the commonly observed deviations from the Shockley
equation. The effect that parallel resistance has on the reverse
bias slope is also shown in Fig. 2 for R, =300 £ and 1 k 2. In
contrast, the treatment here and in Ref. 12 attributes the reverse
bias slope to the field dependence of the PP recombination rate,
as described by Onsager-Braun dissociation.?!

III. EXPERIMENTAL

Materials. Preparation of the metal complexes
employed the following precursors: ruthenium(III)
chloride hydrate (99+4%); 1,3-dephenyl-1,3-propanedione
(98%); 4.,4-difluoro-1-phenyl-1,3-butanedione (97%); 4,4,4-
trifluoro-1-phenyl-1,3-butanedione  (99%); 4,4,4-trifluoro-
1-(2-naphthyl)-1,3-butanedione (99%); 4,4,4-trifluoro-1-(2-
thienyl)-1,3-butanedione (99%). Various Ru p-diketonate
derivatives were synthesized by the “ruthenium blue” method
of Endo et al.”> summarized in Fig. 3(a). Ruthenium
trichloride was refluxed in ethanol under N,. Excess chelating
ligand was introduced, and the liberated H was quenched
with multiple fractions of bicarbonate. Complexes were
purified over an activated alumina (neutral, Alfa Aesar)
column with benzene (EMD; 99.92%) as the eluant and
recrystallized from ethanol or ethanol/benzene. Ligands were

Mixed Valent
(a) "Ruthenium Blue" R!
H,O/EtOH KHCO,4 0=
RuCl; ——» + ——Rul _ 3
Reflux: 5 hrs Reflux: 3 hrs O 3
00 o
R*R

4) Ru(fhna); 5) Ru(fhsa),

6) Ru(thba);

FIG. 3. (a) “Ruthenium Blue” process for synthesizing the Ru-
based complexes. (b) Molecular structure of the ligand bonded to the
Ru core for each buffer layer. Numbers given to each material are
ordered by decreasing voltage at the inflection.
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chosen based on their ability to maximize vapor processability,
increased intermolecular electronic communication, and the
relative HOMO energies of the resulting complex. Depending
on the magnitude of the electron withdrawing effects exerted
by the B-position substituents’>>»>* on the electron density of
the chelating oxygen atoms® in each ligand, the d-orbitals
of the metal complexes are progressively stabilized via
increasingly electron-deficient chelating atoms. The resulting
products were characterized by electron impact ionization
mass spectrometry (HP 5973), ultraviolet-visible spectroscopy
(Agilent 8453), and solution cyclic voltammetry (EG & G
Potentiostat/Galvanostat, Model 283).2°

Device Fabrication and Characterization. Devices were
deposited on glass substrates commercially coated with indium
tin oxide (ITO with thickness, 1500 4= 100 A sheet resistance,
20 £ 5 Q/sq.; transmission, 84% at a wavelength of A =
550 nm). Substrates were solvent cleaned and UV-ozone
treated for 10 minutes prior to loading into a high vacuum
deposition chamber (base pressure <2 x 1076 Torr). All ruthe-
nium analogues, copper phthalocyanine (CuPc from Aldrich;
97%), Ceo (MER; 99+ %), and Ru(acac); (Aldrich; 97%) were
purified via thermal gradient sublimation (base pressure <
2 x 1077 Torr). Organic and Ag (Alfa Aesar, 99.9999%) layer
thicknesses and deposition rates were monitored by a quartz
crystal microbalance to yield OPV devices with the struc-
ture: ITO/CuPc(400A)/Cg(400A)/buffer/Ag(1000A). The J-
V measurements were performed using a Keithly 2420
SourceMeter® in the dark and under AM1.5G, 1 kW / m? white
light illumination from a 300W Xe arc lamp, with total power
measured using an NREL-calibrated Si photodiode. Fits to
the J-V data were performed in Matlab using a nonlinear,
least-squares, trust-region algorithm.

UV Photoelectron Spectroscopy. The HOMO energies of
the RuL; buffer layers on Cg/ITO or Ag were measured
by UPS. ITO-coated glass substrates with sheet resistance of
< 15 @/sq. were solvent cleaned and UV-ozone treated prior
to loading into an ultra-high vacuum (UHV) chamber. Prior to
the deposition of a 50 A thick RuLs film: (i) 50 A thick Ce
films were deposited onto ITO substrates, or (ii) 300 A thick
Ag films were deposited onto p-type Si. The organic films
were deposited by organic molecular beam deposition (base
pressure: 10~° Torr) from Knudsen cells, while the Ag films
were deposited in a separate UHV interconnected chamber by
thermal evaporation. Thickness was monitored by an ellipso-
metrically calibrated quartz crystal microbalance. Following
deposition, the samples were immediately transferred under
UHV (<1 x 107 Torr) to the UPS chamber. Photoelectron
spectra were collected using a Thermo VG hemispherical
electron energy analyzer with a pass function full-width half
maximum of 0.16 eV (calibrated by fitting the Fermi step of
a freshly deposited Au film) to filter electrons photoemitted
from the sample by a 21.22eV He(I) emission line from a
gas-discharge lamp. To minimize sample charging, electrical
contact to the ITO film was maintained by a metal clip
attached to a copper puck and connected to ground. The sample
was biased at —9.00 V to ensure that the low-kinetic-energy
electrons pass through the analyzer.

The LUMO energies were estimated by electrochemi-
cal methods?’ performed under nitrogen against ferrocene/
ferrocenium in dry acetonitrile with tetrabutylammonium
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FIG. 4. (Color online) Current density vs. voltage (J-V) char-
acteristics under approximately 1 sun AMI1.5G illumination of
ITO/copper-phthalocyanine (40 nm)/Cgy (40 nm)/buffer (10 nm)/Ag
(100 nm) devices. Data are shown by symbols and lines. Slight
differences in photocurrent magnitude from device to device are
attributed to small variations in light intensity and device efficiency.

hexafluorophosphate as the supporting electrolyte. Silver refer-
ence, platinum counter, and glassy carbon working electrodes
were used with the potentiostat.

IV. RESULTS

The Rul; complexes investigated, each with a different
ligand, L, are shown in Fig. 3(b). Each complex was used as
a 100 A or 200 A thick buffer layer in the OPV structure of
Sec. III. Devices with a 100 A thick buffer layer exhibited
similar performance independent of composition, as shown in
Fig. 4. Power conversion efficiencies range from 1.0% =+ 0.3%
to 1.4% =+ 0.3% and are comparable to that of an analogous
BCP-based device.! Since performance is independent of Ru-
complex composition, we infer that electron transport through
these thin layers occurs via trap states due to damage incurred
during cathode deposition, similar to electron transport via
BCP traps.

In contrast, devices with 200 A thick buffer layers exhibit
performance that is strongly dependent on buffer layer com-
position. Figure 5 shows the J-V characteristics for a series
of Rul;-based devices under 1 sun illumination. These same
characteristics are replotted in greater detail in the semi-log
plot of Fig. 6. A current inflection results in a reduction in fill
factor and, concomitantly, power conversion efficiency.

We use UPS to characterize the effect of the buffer energy
levels on the J-V inflection to clarify the conduction mecha-
nisms in RuL3.% Thickness-dependent UPS measurements of
the HOMO and vacuum level (Ey,.) of thin films have often
shown that: (1) the Schottky-Mott limit of E,,. alignment
across an interface is not generally valid due to the presence
of an interface dipole, and (2) there can be additional E\,.
shifts through the bulk due to built-in fields. We measured the
HOMO and E,. energies for 50 A thick buffers deposited on
Ceo, with results summarized in Fig. 7(a). There is no apparent
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FIG. 5. (Color online) Current density vs. voltage (J-V) char-
acteristics under approximately 1 sun AMI1.5G illumination of
ITO/copper-phthalocyanine (40 nm)/Cgy (40 nm)/bufter (20 nm)/Ag
(100 nm) devices. Data are shown by symbols, and fits to the model
in text up to breakdown at ~0.5 V are shown by solid lines. Inset: Fit
(line) of the measured reverse bias characteristic (symbols) ignoring
the voltage dependence of the polaron-pair dissociation rate.

correlation between the HOMO and LUMO levels and device
performance due to band bending between the buffers and Cg
(observed as a shift in E\,.). However, thickness-dependent
UPS data for the parent Ru(acac); shows that most of this
shift occurs over a distance of ~100 A from the interface,
and the vacuum levels at the interface are nearly that of Ceo.10
This suggests that the interface dipole is small so that the
energy-level alignment at the A/B interface is independent of
the E\, shift through the bulk. In support of this conclusion, we
observe a correlation between the HOMO energy and device
performance by aligning the vacuum levels at the A/B interface
as shown in Fig. 7(b). We find that a deeper HOMO (a larger
A Eyy ) results in the inflection in the J-V characteristic shifted
further toward reverse bias.

10
€
(8)
<10’
E
2, 1
210 * 1)acac
[J) ® 2)bhba
e , 3)bhf2
c10 ® 4)fhna 4
2 v 5)fhsa 3
S 5 A 6)fhba
“10 ] , ] ,

0.0 0.2 0.4
Voltage (V)

FIG. 6. (Color online) The J-V characteristics in Fig. 5 replotted
on a semi-log scale. Fits to the data using model in text are shown by
lines.
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FIG. 7. (Color online) (a) Energy levels measured by a com-
bination of ultraviolet photoelectron spectroscopy (for the highest
occupied molecular orbital, HOMO) and cyclic voltammetry (for the
lowest unoccupied MO, or LUMO) for 5-nm-thick RuL; buffer layers
on Cep (5 nm)/ITO. (b) Energy-level alignment at the acceptor/buffer
interface obtained assuming vacuum-level alignment.

V. DISCUSSION

The J-V inflection observed in these reciprocal carrier
collection devices is a feature that is frequently found in
OPVs, and often results from conditions used in device
fabrication.!>!® In some cases, the inflection can arise from a
hole or electron transport layer with poorly matched transport
levels.'*?%2% Applying the model in Sec. II, we find Eq. (10)
has the functional form to replicate the inflection as shown by
the inset of Fig. 5, which is a fit to the Ru(fhna); device data
with all the parameters taken independent of voltage (solid
line). This simplified expression fits the inflection but not the
reverse bias slope.

The dominant source of reverse voltage dependence of the
current is the PP dissociation rate, and therefore also n,, which
is described by Onsager-Braun dissociation.?! The reverse-
biased electric field lowers the barrier for separating coulombi-
cally bound PPs and increases the dissociation rate following:

3 E
kaaB = —krec AB €XP <——B>(11 (2v/=2b)/v —2b),
drayg kgT
13)
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with a similar expression for k; pp. Here aagp is the initial
PP separation, b = ¢ F; /(8w eky*T?), Ep is the PP binding
energy, F/ is the interface electric field, and J; is the first-order
Bessel function. This model applies for fields directed from
the acceptor toward the donor where it enhances charge
separation—this is the case at the D/A junction when V, <
Vi When a junction is forward biased at V,, > Vy;, the field
is directed from the donor toward the acceptor so that it does
not enhance charge separation. As stated previously, this is
the case at the reversed A/B junction when V, < Vy;, and we
retain the zero field dissociation rate ks o = k4 aB.0-

Expanding the Bessel function in (13), and assuming the
interface field is linearly dependent on voltage (i.e., the current
is sufficiently small to avoid space charge effects), then:

kapa = kapao(l — BV,). (14)

This rate appears explicitly in Eq. (10), and is also present
in Jsp and J;, via g pa. The large and constant reverse bias
slope suggests that 1, pa is small over this voltage range,
such that 7y pa = ks pa/krpa. Then Jsp is constant and the
photocurrentis Jyn = g Jxkg pa,0(1 — BV,)/K, pa = Jph,o(1 —
BYV,). Then (10) becomes

qVa
7= —14BV,) = Jo(l— BV,
( D(exp (nDkBT> + ) o, 0( ))/
JsD CIVa
1+ — . 15
x < * JsaB P (nDkBT>> (1

These approximations account for the first-order field
dependence of PP dissociation, and allow fitting the Ru(fhna);
data as shown in Figs. 5 and 6. Note that the data under
forward bias do not show the saturation of the second
junction, as is apparent in Fig. 2. This is attributed to forward
biased breakdown of the A/B junction at V, & 0.5V in the
experimental devices.

Comparing Eq. (15) with the equivalent circuit expression
of Eq. (12), we find the discrepancy between the models is due
to the shunt resistance and field-dependent dissociation terms.
For typical devices, the natural logarithm term in Eq. (12) is
negligible, and the reverse bias slope is linear in V, /R ,. In this
case, the equivalent circuit analysis allows R, to accurately
reflect the first-order field dependence of PP dissociation,
where R, is given by:

R, = 1/[(Jpno + Jsp)B]. (16)

Thus, the phenomenological equivalent circuit model con-
verges to the physical model for back-to-back junctions in
OPVs.

The J-V data can now be fit using (15) with only five pa-
rameters: np, J;p, JsaB, Jph,0, and B. This is further simplified
since np and J;p depend only on the donor and acceptor
and, hence, should remain independent of the buffer material,
while we expect J;ap to depend only on buffer composition.
We also find that B is varied to match the reverse bias slopes
of the different devices, as discussed above. In Figs. 5 and 6
we plot the J-V data (points) along with the fits (lines). For
V, > 0.5V, the current grows exponentially due to breakdown
of the reverse-biased A/B junction. The fitting parameters are
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TABLE II. Fit results to model in text for OPVs with several
different RuL; buffer compositions.Common Parameters: J;p = 16.0
+ 1.5 uA/em?, np = 3.31 £ 0.05.

Buffer Joap (mA/cm?)  Jyno (mA/cm?) BV

1) Ru(acac); 9 (+100/-2) 52+0.1 0.31 £ 0.01
2) Ru(bhba); 2.1+02 5.7+0.1 0.15 £ 0.01
3)Ru(bhfy); (924+08) x 102 63401  0.19+001
4) Ru(thna); (6.4 £ 0.5) x 1072 54+0.1 0.23 +0.02
5)Ru(fhsa); (2.0 £0.2) x 1072 5.6 £0.1 0.14 £ 0.02
6)Ru(fhba); (64 +08) x 10 55401  0.17 +0.03

listed in Table II, and the errors represent a 95% confidence
interval for the nonlinear regression fit. Due to the lack of
J-V inflection, the fit only gives a lower limit to J;ap for the
Ru(acac); device.

The position of the J-V inflection is determined by Jag,
which varies over three decades for the various Rul; buffers
studied. Now, J; ap is given in Eq. (6), and we expect pap, o and
Nr.aB = (1 — 14, aB) = ky aB/(k, AB + ka,AB) t0 be dependent
on the positions of the buffer HOMO and LUMO energies.
We treat the dissociation rate, k; s, as constant for all buffers
since it is a function of hole mobility and dielectric constant
through k. and Ep*’ in the Onsager-Braun model, which
we expect to be reasonably materials independent. Hence,
the current inflection is determined either by the carrier
density at the A/B interface, pag o, or by the recombination
rate, k, AB-

The energies in Fig. 7(b) reveal a correlation between device
performance and the HOMO position at the A/B interface.
However, away from this interface [Fig. 7(a)], vacuum level
shifts eliminate this consistent variation of device performance
with HOMO energy. This suggests that the observed Jsap
trend is not dominated by variations in papo & exp(—(Efp-
Enomo.5)/ksT), and we do not observe this relationship in
JsaB- To simplify the analysis, therefore, we assume that pag o
and all the other terms in Eq. (6) are consistent across this set
of devices, varying only the PP recombination rate k, ag.

The J-V inflection, therefore, occurs when k. ap < kg4 B,
so that Jyap & 1y AB X k, ap. In Fig. 8 we plot Jyap vs. AEy,
and scale the right axis by typical values for the terms in
Eq. (6) to represent k, ag. We use aap = 1.5 nmm,'? pua =
1072 em?/Vs! up = 107> cm?/Vs, oo = 8 x 1077
S/em,*? o = 2 x 1077 S/em,'? g4 = gp = 3,2
kieeaB = q(ua +pp)/e for Langevin recombination,?®
kgag = 10° s7! from Eq. (13) with a PP binding en-
ergy of 02 eV, papo = op/qus = 107 cm™ and
nago = oa/qua = 10 cm™, which are typical of
trapped carrier densities that dominate the intrinsic car-
rier density in equilibrium conditions for disordered or-
ganic semiconductors.’>** These estimates yield k. ap ~
(7 x 10'° cm?/As)Jyap. This suggests that k. sp ranges
from 6 x 10% s7! to 4 x 10° s~!, which is similar to rates
reported for electron transfer from donor to acceptor moieties
connected by a steric spacer in solution and for solid phase
Langmuir-Blodgett films of donor-acceptor dyads.>~’

The variation in recombination rate between the several Ru-
complexes studied implies that k, op decreases approximately
exponentially with increasing A Eyy. This can be understood

PHYSICAL REVIEW B 84, 045315 (2011)

FIG. 8. (Color online) Saturation current, Js;ag, and polaron
pair recombination rate, k, ap, at the acceptor/buffer layer junction
compared to the interface energy gap AEu. = Erumo.a —Eunomo. s
for the different buffer compositions. Here, J; Ap is obtained by fitting
the current density vs. voltage characteristics to the model in text.
k; ap is estimated from J,ap using (6) as described in the text.

in terms of electron transfer from the acceptor LUMO to the
buffer HOMO, described by Marcus Theory in the inverted
regime.19 The electron transfer rate can be expressed as k, ap =
kr.aB.0exp(—(A — AEy)? /40 kpT) and in the inverted regime
when AEy > X, the molecular reorganization energy, the
rate of charge transfer is reduced exponentially with AEZ.
However, it has been shown for organic molecules with phonon
energies > kpT that the charge transfer rate can be significantly
enhanced by nonadiabatic, phonon-mediated processes.'*-33-38
In this case, one must sum all high-energy phonon modes
according to their Frank-Condon weighted density of states.
For simplicity, we use the two parabolic potentials of Marcus
Theory and consider the electron in the acceptor LUMO to
be in its vibronic ground state, while we use an average
vibronic energy to represent the numerous modes of the buffer
molecule. In this case, the electron transfer rate is given by

o0
kras = V413 W2 MkpTIMP? Y eSSV jw!
w=0

x exp(—(A — AEyL + whv)?/4 X kzT), (17)

where / is Plank’s constant, M is the electronic coupling matrix
element, /v = 1500 cm™! is the average phonon energy mode
chosen to represent skeletal vibrations, and S is the electron-
phonon coupling strength.3-37

In Fig. 8, we show a fit of (17) to our measured &, ap Vs.
AEy data, where A = 0.6 eV, S =3.0,and M = 0.34cm™".
Errors in our model parameters for calculating &, ap from Jsap
would only result in scaling M with a square-root dependence.
There are a family of curves described by Eq. (17) that fit
our data within a 95% confidence interval, given by § = 4.1—
2.5 A where A = 0.1-1.0 eV. This range is consistent with
transfer rates observed in solution.>>3 Note that J, o for the
Ru(acac); device is undefined due to the lack of an inflection;
i.e. the absence of a reverse-biased characteristic suggests that
Jsap 1n this case is too large to measure. The point indicated
is, therefore, a lower limit for this compound. Additionally,
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while the assumption that 1, a5 = kr aB/(kraB + k4, AB) &
k, aB/ka ap 1s valid for the inflected devices with small J a5,
it is not necessarily accurate for those based on Ru(acac)s.

Our analysis shows that hole-transporting buffer layers
can limit the current in OPVs under intense illumination.
This effect can be minimized and under many practical
conditions even eliminated if the HOMO-LUMO energy at
the A/B interface is minimized, thereby maximizing the PP
recombination rate, k,. In the case of the RuL3; compounds,
Ru(acac); is an optimized buffer compared to, for exam-
ple, Ru(fhba);, where AFEy is increased from 1.1 eV to
2.6 eV with a corresponding decrease in k,, which depends
exponentially with A Eyy 2.

VI. CONCLUSION

In summary, we synthesized a series of tris(8-
diketonato)ruthenium(IIl) analogues for use as hole trans-
porting buffer layers. The resulting OPV J-V characteristics
are described in terms of reciprocal carrier collection at
the donor/acceptor and acceptor/buffer layer junctions. The
material-independent performance observed for buffer layer
thicknesses <100 A suggests that charge transport in this case
is due to damage-induced defects in the RulL3; complex on
metal cathode deposition, similar to that observed for BCP
buffers. Incorporating thicker (200 A) films'® leads to device
characteristics that strongly depend on the composition of the
buffer. Specifically, we observe an increasing J-V inflection
for buffer materials with deeper HOMO energies.

We utilized a detail balance model to describe the observed
J-V inflection based on free-polaron and PP recombination
dynamics and compared our results to the phenomenological
antipolar diode equivalent circuit model that is often applied
to OPV devices that exhibit an S-shaped kink in their J-V
characteristics. The inflection is found to depend strongly on
the acceptor/buffer layer saturation current, Jsag, that leads
to a barrier to charge extraction. Here, J;ap depends on
the material-dependent PP recombination rate, k. ap, and the
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equilibrium hole density pag o, at the A/B interface. While a
larger buffer HOMO energy would suggest a larger injection
barrier from the cathode, and therefore a reduced pag, o, our
UPS data suggests the presence of vacuum level shifts that
offset the variations in HOMO energies. We find that J;ap
varies by several orders of magnitude between the materials
studied and is a function of the HOMO energy of the buffer and,
hence, the A/B interface energy gap A Eyy, ag. The behavior of
Jsap 1s understood in terms of nonadiabatic electron transfer
in the Marcus inverted regime.

Generally, we have shown that a barrier to charge extraction
can dramatically reduce OPV power conversion efficiency
and have demonstrated that free-polaron and PP dynamics
can be used to understand and optimize the choice of buffer.
For reciprocal carrier collection devices, device architectures
should utilize buffer materials that provide a small AEyp
and large PP recombination efficiency to optimize power
conversion efficiency.
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